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The photodependent production of hydrogen (H,) as a promising source of renewable
energy is currently of great interest. Green algae carry out photoproduction of H, associated with
electron transport during photosynthesis and catalyzed by [Fe]-hydrogenase, which is sensitive to
oxygen and is inactivated by water photolysis. The issue of incompatibility between water
photolysis and hydrogenase can be solved by creating deprivation of nutrients such as nitrogen and
sulfur. The results have shown that H, generation by Chlorella vulgaris Pa-023 is stimulated 2.5
times by sulfur deprivation and 2.7 times by nitrogen deprivation compared to algae grown on a
complete Tamiya medium. The use of a specific inhibitor of PS I1I, DCMU (3-(3,4-
dichlorophenyl)-1,1-dimethylurea), demonstrated that during nutrient deprivation in algae operates
a PS ll-dependent pathway of H, generation. Thus, sulfur and nitrogen deprivation stimulates
photoproduction of H, by C. vulgaris.

Chlorella vulgaris — hydrogen production — sulfur and nitrogen deprivation
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B Hacrosimee Bpemst 00JbLION HHTEpeC BBI3bIBAaeT (POTO3aBHCUMOE MPOU3BOICTBO BOJIO-
porna (H;) xaxk mepCcreKTUBHOTO MCTOYHHKA BO30OHOBIsIeMOol 3Hepruu. Brinenenue H, B 3em1eHbIX
BOJIOPOCIISAIX CBS3aHO C (DOTOCHHTETHYECKUM TPAHCIIOPTOM BJIEKTPOHOB U Katanmusupyercs [Fel-
THAPOTeHa30l, KOTopasi YyBCTBUTENIbHA K KUCIOPOAY M MHAKTUBHpYyeTcs (oTonm3oM Boxabl. He-
COBMECTHMOCTb MEXIY (OTOIM30M BOJBI U THAPOICHA30il MOJKHO MPEOJOJICTh CO3/1aB AeUIUT
OHMOT'eHHBIX JIEMEHTOB, TAKHX Kak a30T U cepa. Pe3yibTaThl ToKas3anu, 4To NMpH JeUIuTe dI1e-
menToB (orosbienenne Hy Bogopocinio Chlorella vulgaris Pa-023 crumynupoBaiocs: npu He-
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JocTaTke cepsl B 2.5 pasa, nedumure a3ora B 2.7 pasa, 10 CpaBHEHHUIO ¢ KOHTPOJIEM — MHKPOBO-
JIOPOCIISIMH, BBIpALIeHHBIMU Ha TosiHoneHHol cpene Tamust. [Ipumenenne naruduropa OC I — 3-
(3,4-muxnoppenni)-1,1- IMMETHIMOYEBHHBI [TOKA3aJI0, YTO TPH Je(HUIUTE OHOTCHHBIX JIEMEHTOB
B C. vulgaris neiicteyer ®C II-3aBucuMslii myTh npon3sBoiactea Hy. Takum o6pasom, JeduuT Kak
cepsl, TaK 1 a3ota crumysmpyer dorossigenenne H, B C. vulgaris.

Chlorella vulgaris — ssi0enenue 60dopoda — deuyum cepor u azoma

Nowadays, green algae are used as raw materials in various sectors of the
economy: food industry, pharmaceuticals, agriculture, cosmetology, and energetics as
biofuel producers [6]. Green algae can produce hydrogen (H,) as a promising source of
renewable energy [2, 3, 5, 10]. H, generation in green algae is associated with electron
transport during photosynthesis and is catalyzed by [Fe]-hydrogenase [2, 5, 10].

Presently, one of the important aspects of H, production is the selection of H,-
producing organisms and the optimization of conditions that ensure high H, yields. For
example, the deficiency of certain elements is one of the ways to regulate carbon
metabolism, which contributes to the creation of anaerobic conditions in algae and the
long-term production of H, [1, 9, 12]. The deficiency of various elements can lead to
inhibition of photosystem (PS) Il in green algae, followed by oxygen assimilation during
respiration, which is the main reason for the formation of anaerobic conditions in algae.

Researchers have shown that the green algae Dunaliella salina produces H, under
different growth conditions [11]. The lack of some nutrients in the environment
suppresses the activity of PS 11 of D. salina and, accordingly, leads to a decrease in the
oxygen concentration in the cell, stimulating the release of H, [11]. Sulfur deprivation
leads to the inhibition of PS Il in other green algae Chlamydomonas reinhardtii with
subsequent oxygen assimilation during respiration, which is the main reason for the
formation of anaerobic conditions in algae [1, 2, 12]. Nutrient limitation, particularly
nitrogen, can promote lipid accumulation in green algae [4].

In green algae, hydrogenase is responsible for the production of hydrogen. There
are several sources of electron transport to hydrogenase, starch is the main source in the
dark [5, 10]. Under these conditions, cells experience a severe energy shortage due to the
simultaneous cessation of photo- and oxidative phosphorylation [5, 10]. During
anaerobiosis, starch is broken down into fermentation end-products such as formate,
acetate, ethanol, and carbon dioxide. When the algal culture is transferred from dark
anaerobic conditions to light, the hydrogen yield increases by several orders of
magnitude compared to dark conditions, but these changes are transient and completely
extinguish within a few minutes. Under light conditions, electrons begin to be actively
supplied to hydrogenase from the photosynthetic electron transport chain, which leads to
the active work of PS Il. Nutrient deficiency in algae inhibits PS Il and water oxidation
activity, but, since it has little effect on cellular respiration, it leads from an aerobic to
anaerobic state [1, 10]. Nitrogen deprivation stimulated H, yield in green alga
Parachlorella kessleri RA-002 isolated from Armenia [8]. Moreover, during nitrogen
deprivation, PS Il activity decreases up to 20 % contributing to the creation of anoxic
conditions and H, production [8]. However, the mechanism of H, production by green
algae under nutrient deprivation remains unclear.

In this work, the previously unexplored H, generation in sulfur and nitrogen-
deprived Chlorella vulgaris Pa-023 isolated in Armenia has been investigated. To reveal
the mechanism of H, production under these conditions, PS Il inhibitor DCMU (3-(3,4-
dichlorophenyl)-1,1-dimethylurea) was used.
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Materials and methods. C. vulgaris Pa-023 (Microbial Depository Center, NAS, Yerevan,
Armenia) was grown upon continuous illumination (2000 lux) (fig. 1A). This strain was cultivated
in a standard Tamiya medium, under aerobic conditions at 25 + 0.2°C and pH 7.5 + 0.02, upon
continuous illumination [8]. Sodium acetate (1 g/L) was added to Tamiya medium as a carbon
source. Aerobic conditions were maintained via shaking the algae culture on an orbital shaker
(WideShake SHO-1D, DAIHAN Scientific, Korea) [7, 8]. The growth of algae was monitored by
changes in the optical density (ODggo) using a Spectro UV-Vis Auto spectrophotometer (Labomed,
USA). The growth rate was calculated as (In OD; — In ODy)/t, where ODy is the initial value of
ODggp, and OD; is the value of OD after t days [8]. For H, production assay algae, cultivated
aerobically, were harvested by centrifugation at 2500 rpm for 10 min, washed twice, and then
resuspended in fresh Tamiya media (fig. 1B). The measurements of H, production were performed
under anaerobic conditions as described [7, 8]. For the creation of a nitrogen-deprived medium,
KNO; was omitted from Tamiya medium, and for sulfur-deprived conditions, all sulfates were
replaced by chlorides [8]. To study the effect of PS Il inhibitor, 30 pM DCMU was added to the
medium after 24 h of cultivation under anaerobic conditions, after which the cells were maintained
in the dark conditions for about 15 min [8]. The redox potential of C. vulgaris medium was
measured using a couple of redox (platinum (Pt) and titanium-silicate (Ti-Si)) electrodes, as
described [7]. The H, yield in C. vulgaris was calculated as described earlier [8]. The data are
reported as mean = SD and calculated based on three independent experiments.
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Fig. 1. (A) Light microscope images of C. vulgaris Pa-023 and (B) culture of algae, grown
under sulfur- and nitrogen-deprived conditions.

Results and Discussion. C. vulgaris Pa-023 is a microscopic unicellular green
alga isolated in Armenia (fig. 1A). C. vulgaris Pa-023 was grown under mixotrophic
conditions under illumination with acetate as a carbon source. The growth rates of algae
were monitored during anaerobic growth under nutrient deprivation (fig. 2). Sulfur- and
nitrogen-deprivation led to a decrease in the specific growth rate in C. vulgaris by ~1.4
and ~1.2-fold, respectively, compared with the control cultivated in complete Tamiya
medium (fig. 2). The addition of the PS Il inhibitor, DCMU, resulted in the inhibition of
algae growth rate.
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Fig. 2. The effect of sulfur and nitrogen deprivation on the growth rate of C. vulgaris Pa-023.
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The redox potential is known to be an important factor for microbial growth. It is
characterized as the ability of a biological system to oxidize or reduce different
substrates [7, 8]. During the anaerobic growth of C. vulgaris, the redox potential
decreases from positive values to low negative values [7, 8]. The decrease in the redox
potential is associated with the formation of fermentation products, the production of
amino acids, as well as the synthesis of proteins and other compounds, which is probably
specific to the metabolic processes occurring during the growth of microorganisms under
anaerobic conditions [7].

The redox potential of C. vulgaris control cells, grown in a complete Tamiya
medium decreased up to —450 mV within 48 h, which indicates the reduction processes
and H, production under anaerobic conditions (fig. 3). Sulfur- and nitrogen-deprivation
enhanced the drop in the redox potential up to —520 and —550 mV, respectively (fig. 3).
Such changes in the redox potential can be due to the formation of various products of
algal metabolism, as well as reduced equivalents, e.g. synthesis of NADPH, which can
have a significant impact on algal metabolism, since an increase in the availability of
NADPH significantly changes the nature of the end products [9, 10].
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Fig. 3. The change in the redox potential in C. vulgaris Pa-023 grown under
sulfur- and nitrogen-deprived conditions.

To synthesize ATP under anaerobic conditions and illumination, green algae
carry out the so-called "anaerobic photosynthesis”, which proceeds with the production
of H,. H, production in green algae happens as a result of "direct” photolysis of water [2,
5, 10]. H, production was recorded in C. vulgaris during anaerobic growth under
nitrogen- and sulfur-deprived conditions (fig. 4). Stimulation of H, production in C.
vulgaris under nitrogen and sulfur deprivation was observed (fig. 4). It was ~2.5 and
~2.7 times higher than the H, yield of algae grown in the presence of sulfur and nitrogen,
respectively (fig. 4). In our previous research, nitrogen deprivation led to ~5 times
increase of H, production by P. kessleri RA-002 compared to the control [8]. Green
algae can break down H,O and release O, with the participation of two photosystems
that convert light energy into the chemical energy of ATP and NADPH [5, 10]. In
nutrient-deprived cells, PS Il provides 85 % of the electrons for hydrogenase, starch is
not used up during H, production, and the remaining 15 % is obtained from other
sources [2, 9].
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H, production in green algae occurs via both PS Il-dependent and independent
pathways [2, 3, 10]. To identify the H, generation route in C. vulgaris Pa-023, a specific
inhibitor of PS I, DCMU, was used, which was added after 24 h of algae growth, when
H, production was recorded. In the presence of DCMU, H, production significantly (~5
times) decreases in sulfur- and nitrogen-deprived cells, indicating that a PS 11-dependent
pathway is operating here (fig. 4).

Thus, the data obtained show that nitrogen and sulfur deprivation has great
potential for application in biotechnology as a way of stimulation of H, yield in green
microalgae.
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