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The objective of this work was to reveal optimum culture composition for hydrogen and 5-
aminolevulinic acid productions by Rhodobacter sphaeroides O.U.001 regarding substrate
concentration and supplementations of elements and vitamins. Acetate was chosen as carbon
source and five distinct concentrations (20, 25, 30, 35 and 40 mM) were tested in two
experimental setups. While, elements (FeSOs, 2 g L and NazM004.2H20, 0.2 g L) and
vitamins (Biotin, 0.015 g L%, Niacin, 0.5 g L't and Thiamine, 0.5 g L'*) were added into the
media in the first setup, they were omitted in the latter for comparison. As a result, the highest
hydrogen production (0.33 L Hz L™ culture) was attained in the presence of supplements using
20 mM acetate. Similarly, the maximum amount of 5-ALA generation (16.54 mM) was achieved
in 20 mM acetate containing medium under the same conditions. On the other hand, the greatest
bacterial growth (ODego: 4.412, 2.162 g cdw L *) was achieved in the absence of supplements
using 40 mM acetate. To conclude, while element and vitamin supplementations promoted
hydrogen and 5-ALA productions, absence of these had a positive effect on cell biomass.
Specifically, the medium containing 20 mM acetate together with elements and vitamins could
be suggested as the optimum growth culture for the highest hydrogen and 5-ALA productions.
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1. Introduction

their ability to generate various valuable substances made
these microorganisms particularly advantageous.

Rhodobacter sphaeroides is a robust microorganism which
can generate several high value-added products like
hydrogen [1, 2, 3], 5-aminolevulinic acid (5-ALA, 5-amino-
4-oxo0-pentanoic acid) [1, 2] and poly-B-hydroxybutyric acid
[4]. As being non-pathogenic and non-immunogenic [5], R.
sphaeroides could be a safe and sustainable platform for the
green generation of high value-added products. Recently,
genomes of some strains have already been sequenced and
molecular tools were established to be used in purple non
sulfur (PNS) bacteria [6, 7]. Since the PNS bacteria have rich
metabolic activities, they were employed as models for
enlightening several biological events. In addition to these,

Hydrogen is a chemical which can serve as both clean energy
source and high value-added product. As a valuable
chemical, it is used for the generation of other precious
substances like ammonia in different industries. Hydrogen is
not freely available in nature but it is produced through
chemical and biological processes. In microorganisms,
molecular hydrogen is formed by two main enzymes namely
nitrogenase and hydrogenase [8]. As a matter of fact,
hydrogen generation is an intrinsic feature of nitrogenase
enzyme whose principle function is to convert molecular
nitrogen into ammonia as shown in Equation 1. In the lack of
nitrogen and under photosynthetic conditions, nitrogenase
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enzyme just acts as hydrogen evolving enzyme as depicted in
Equation 2.

N, + 8¢ + 8H* + 16MgATP — 2NHj3 + H, + 16MgADP + 16P; 1)
2H* + 2e + 4ATP — H, + 4ADP + 4P; 2

Recently, there is an increasing concern in the world on the
use of hydrogen as a biofuel in transportation vehicles like
cars. This will in turn promote the research on hydrogen
production technologies. Among them, hydrogen production
by microorganism has always been an attractive research
topic since it is highly possible to produce hydrogen at
ambient conditions in environmentally friendly processes.
Additionally, capability of photosynthetic microorganisms to
use sunlight energy and wide variety of carbon sources make
the biological hydrogen production processes more feasible.
Moreover, various high value-added products like enzymes,
biopolymers and bioactive compounds could also be
generated in addition to hydrogen using industrial waste
streams in cost-effective bioprocesses in the context of
biorefinery approach [9]. Nevertheless, biological hydrogen
production conditions should be optimized in all aspects to
achieve an efficient bioprocess. For instance, various
effectors such as elements [10], vitamins [11], carbon [12]
and nitrogen sources [13] can influence the hydrogen
generation efficiency in R. sphaeroides. Therefore, optimum
physiological conditions should be found out for each
defined condition for efficient production of the hydrogen.
One of the pillars of the biological hydrogen production
process is the substrate since the total reducing power of the
cell is mainly determined by the type of substrate and its
assimilation pathway in the cell. For instance, organic acids
like lactate, malate and acetate and simple sugars like glucose
and fructose could readily be used by PNS bacteria for
hydrogen productions [2, 12, 14]. Among them, acetate is a
two-carbon compound and its theoretical conversion into
hydrogen is given in Equation 3.

C,H40; + 2H,0 — 2CO, + 4H, 3)

Acetate is the major organic acid in the dark fermentation
effluents of different feedstock and it takes special attention
for this reason. For example, the formation of 86 mM acetate
was reported upon dark fermentation of sugar beet molasses
by Caldicellulosiruptor saccharolyticus [15]. Likewise, 76-
91 % of the metabolites was found to be acetate in the dark
fermentation effluent of fruit and vegetable waste [16]. In
sequential hydrogen production process where dark
fermentation is followed by photofermantation, acetate
formed during dark fermentation is further converted into
hydrogen by PNS bacteria in photofermentation stage
thereby increasing the efficiency of the overall process. As
much as 13.7 mol H, mol? sucrose was attained in such a
consecutive hydrogen generation process [15]. Therefore, as
being main component of dark fermentation stream, it is

essential to reveal the optimum amount of acetate required
for an efficient hydrogen production in photofermentation.
The presence and amount of vitamins and elements in growth
cultures are other factors which were shown to influence
hydrogen production efficiency of microorganisms [10, 11].
In these reports, addition of metal ions and vitamins were
proved to exhibit positive impacts on biohydrogen
generation. Since each process is unique in terms of culture
composition and conditions, element and vitamin
supplementations should also be evaluated regarding co-
production of 5-ALA and biohydrogen.

In recent applications, exploitation of waste streams and
feedstocks by multiproduct production in a single process is
targeted [9]. This approach is referred as biorefinery concept.
In this way, the feasibility and cost efficiency of the
bioprocess is enhanced. Motivated from this approach, in the
present study, the generation of 5-ALA, which is a high
value-added product, was aimed in addition to hydrogen
production. 5-ALA has numerous uses in health,
biotechnology and agriculture [17]. For example, it is utilized
as photosensitizer in photodynamic therapy to cure different
types of cancer as well as biodegradable insecticide, growth
factor for plants and weed Kkillers [17]. 5-ALA can be
produced and secreted into the medium by R. sphaeroides;
therefore, it is practical and easy to harvest 5-ALA from the
culture liquid after collecting hydrogen out of the bioreactor.
To achieve an efficient method for co-production of
hydrogen and 5-ALA, culture composition and conditions
should carefully be optimized. In this context, in the present
study, several experiments were designed and tested to find
out the optimum culture composition for hydrogen and 5-
ALA productions in terms of substrate concentration
(acetate) and supplementations of elements (Fe and Mo) and
vitamins (Thiamine, Niacin and Biotin).

2. Materials and Method

2.1. Growth media composition

Rhodobacter sphaeroides O.U. 001 whose DSM number is
5864 was used to generate hydrogen and 5-ALA. The
bacteria were routinely maintained in Biebl and Pfennig
minimal medium in which malate was the carbon source [18].
However, in hydrogen and 5-ALA generation studies, the
growth media were prepared using acetate instead of malate.
Five distinct acetate concentrations (20 mM, 25 mM, 30 mM,
35 mM and 40 mM) were tested in two different experimental
setups. In the first setup, element (FeSO4, 2 g L and
Na;M004.2H;0, 0.2 g L) and vitamin (Biotin, 0.015 g L1,
Niacin, 0.5 g L and Thiamine, 0.5 g L™) solutions were
included in media. In the second setup, these elements and
vitamins were omitted so that effects of both acetate
concentration and supplementations of elements and
vitamins on hydrogen and 5-ALA productions were explored
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in this way. As a source of nitrogen, 2 mM of glutamate was
put into the media. In order to enhance 5-ALA generation by
R. sphaeroides 0.0.001, 15 mM of levulinic acid (LA) was
added into the growth media as suggested earlier [19]. LA
supplementation was done toward the end of logarithmic
phase of growth as recommended previously [20] so that it
did not interfere with the growth and hydrogen production
performance of the cells. In order to prevent drastic pH rises
due to the use of acetate, potassium phosphate buffer
(KH2PO4, 0.5 g L) which has strong buffering capacity was
used in the media. Except for the modifications mentioned
above, the composition of the medium was same as that of
Biebl and Pfennig minimal medium.

2.2. Culture conditions

Hydrogen and 5-ALA hydrogen co-generation studies were
accomplished in 55 mL glass photobioreactors under
anaerobic condition which was assured by argon gas flushing
through the bioreactors for about 3 min. The cultures were
incubated at 29 °C without mixing since these bacteria stay
suspended in liquid media due to their flagella. The light
energy (3 klux) for maintaining photosynthetic conditions
was provided from incandescent light bulb with tungsten
filament.

2.3. Measurements and analytical techniques

Each of growth media (45 mL) with defined compositions
was inoculated with 5 mL of freshly grown cell culture. Then,
the incubation of cultures was done assuring photosynthetic
environs as mentioned above. Throughout the bioprocess,
several measurements for turbidity, pH and hydrogen
evolution were done. The growth of the cells was followed
using a spectrophotometer (Biochrom Libra S22, UK). The
turbidity measurements were done periodically at a
wavelength of 660 nm and growth curves were drawn using
these absorbance values at the end of the process. The cell
dry weight (cdw) calculations were performed knowing the
fact that 1 OD value was found to be equal to 0.49 g cdw L
culture for R. sphaeroides 0.U.001 [21]. pH of the cultures
was also followed during the process and the pH curves were
sketched upon completion of the bioprocess. The collection
of hydrogen gas was done until the evolution of hydrogen gas
was ceased. The quantity of evolved gas was recorded
periodically and then hydrogen accumulation curve for each
run was plotted. The hydrogen gas was gathered in water-
filled marked glass tubes and the pureness of the gas was
analyzed with a gas chromatography (Shimadzu GC-2010
Plus, Japan) having an Rt®-Msieve 5A column and a thermal
conductivity detector. The temperatures of detector and
column were 250 °C and 50 °C, respectively. Argon having
a flow rate of 4 mL min was utilized as an inert carrier gas.
As mentioned above, 5-ALA can be generated and secreted
out by R. sphaeroides. Therefore, the amount of 5-ALA
found in the culture liquid was measured after completion of

the batch processes. A technique based on color formation
was applied for the calculation of 5-ALA concentration as
described earlier [22]. First of all, a calibration curve was
sketched wusing predetermined quantities of 5-ALA.
Afterwards, spectrophotometric measurements of the
samples were done like standard samples. Finally, unknown
quantities of samples were found out from the curves through
interpolation.

2.4. Statistical analysis

The experiments for pH, growth and hydrogen productions
were performed at least two times. The error bars
representing the standard deviations from the mean values
were inserted into the graphs.

3. Results and Discussion

3.1. Growth and pH changes

Different sorts of feedstock could be used as carbon source
to sustain cell growth and high value-added product
formation. In the present work, acetate was chosen as a
source of carbon for the co-generation of hydrogen and 5-
ALA. Five different acetate concentrations (20, 25, 30, 35
and 40 mM) were tested. In the first setup, elements and
vitamins were included in the media but they were omitted in
the latter. In this experimental configuration, the effects of
both the substrate concentration and supplementations of
elements and vitamins on cell proliferation, hydrogen and 5-
ALA productions were explored.

For a substrate to be suitable for such a process, it should
sufficiently sustain cell growth and should not lead to drastic
pH changes in the growth media. For this reason, growth and
pH changes in the media were analyzed at first. As shown in
Fig 1a, elevated levels of acetate had positive impact on cell
proliferation. As the concentration of acetate increased, the
absorbance values (cell densities) of the cultures also
increased. The rise in cell mass in response to increased
acetate concentration occurred regardless of element and
vitamin supplementations. Specifically, the biomass increase
was more pronounced in the absence of supplements such
that the maximum absorbance value (ODego: 4.412, 2.162 g
cdw L) was observed in medium with 40 mM acetate. On
the other hand, the highest optical density recorded at 660 nm
was 3.552 (1.740 g cdw L) in the case of supplementing
elements and vitamins into 40 mM acetate containing
medium. The lack of elements and vitamins probably
hampered the synthesis of functional enzymes enrolled in
hydrogen production process so that a great proportion of
cellular materials were used for cell growth. In previous
findings and this work, it was found out that the use of acetate
as carbon source resulted in higher cell masses compared to
the cases where malate [14] and waste barley [2] were
utilized as carbon sources. Similarly, it was claimed in a
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previous study that elevated levels of acetate enhanced the
proliferation of Rhodobacter capsulatus, which is a PNS
bacterium, as well [23]. Specifically, 0.86 g cdw L™ was
achieved utilizing 65 mM of acetate in that study. These
findings support the aforementioned argument. Additionally,
it could be derived from these results that acetate, even at
lower concentrations, sustains the proliferation of R.
sphaeroides significantly. Lastly, it can be deduced from the
results of this study and previous findings, R. sphaeroides
reached higher cell masses than R. capsulatus in the case of
using acetate as carbon source. Based on these results, acetate
can definitely be proposed as an effective carbon source in
order to achieve high cell proliferation and cell masses.
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Fig. 1. Growth on acetate in the presence (a) and in the absence (b) of
elements and vitamins

The change in pH was followed during the process because
pH was stated to have an influence on photoproduction of
hydrogen [24]. Moreover, it was realized that pH of the
culture was considerably affected by the type of substrate [1,
25]. It can be inferred from these results that substrate not
only supports the metabolisms of the cells but also it has a
determinative role in pH of the culture. In the study, although
the pH of the growth media was initially fixed to 7 using
potassium phosphate buffer, variations from this value still
occurred as shown in Fig. 2. Indeed, severe pH rises were
prevented due to strong buffering capacity of potassium
phosphate buffer. Furthermore, element and vitamin
additions did not give rise to significant differences in pH

values as seen in Fig 2. In Fig 2a and Fig 2b, the pH first rose
up to 8 at around 100™ h. and then continued at this point with
tiny deviations until the completion of bioprocess. This result
imply that cultures were successfully buffered so that drastic
deviations in pH did not occur and existing variations did not
interfere with the cell growth and generations of hydrogen
and 5-ALA.

9
——20 mM 25 mM
6 | 30 mM 35 mM
——40 mM
5 t t t f t t t
0 50 100 150 200 250 300 350 400
Time (h)
(@)
9

——20 mM 25 mM
6 + 30 mM 35 mM
——40 mM
5 f f f i f f }
0 50 100 150 200 250 300 350 400
Time (h)
(b)

Fig. 2. pH changes in media prepared in the presence (a) and in the
absence (b) of elements and vitamins

3.2. Hydrogen accumulations

In this part of the study, the influences of varying acetate
concentrations and supplementations of elements and
vitamins on hydrogen productions were investigated by
testing five different acetate concentrations (20, 25, 30, 35
and 40 mM). Firstly, time dependent hydrogen gas
accumulation in the cultures was recorded and then hydrogen
production curves were constructed for each run (Fig. 3). As
seen from the figure, the elevated levels of acetate had an
adverse impact on hydrogen formation capability of the cells
in the presence and absence of supplementations. There
could be several reasons for this negative effect. First,
increased acetate amounts may have promoted the generation
of other metabolites or storage materials exhausting the
available reducing equivalents in the cells. Second, high
acetate concentrations may have resulted in osmotic stress
which may then have had negative effects on nitrogenase
enzyme that has the responsibility for the formation of
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hydrogen in R. sphaeroides. If Fig 1 and Fig. 3 were
compared, it could be noticed that high acetate
concentrations enhanced growth but lowered hydrogen
generations. Therefore, it is more likely that high acetate
concentration specifically interfered with either one of the
substrates for hydrogen production like reducing equivalents
and ATP or any of the responsible proteins and enzymes in
the pathway. A very similar result was reported by Ozgiir et
al. [26] in their study where R. capsulatus was cultured at
various acetate concentrations for hydrogen production.
They found out that increasing acetate concentration above
30 mM led to a decrease in all hydrogen related parameters
like hydrogen production yield and productivity but the
biomass still continued to increase. It can be inferred from
these results that above a threshold concentration acetate
starts to poison hydrogen generation though bacterial growth
stays unaffected.
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Fig. 3. Total hydrogen accumulations in media prepared in the
presence (a) and in the absence (b) of elements and vitamins

In the case when elements and vitamins were added into the
growth media, a slight decline in hydrogen accumulation was
experienced as the concentration of acetate increased. 16.32
mL, 16.06 mL, 15.24 mL and 14.89 mL of hydrogen was
collected in 20 mM, 25 mM, 30 mM and 35 mM acetate-
containing cultures. However, this decrease was more
evident in 40 mM acetate containing medium where only
8.72 mL of hydrogen was obtained. The highest hydrogen
accumulation was recorded in 20 mM acetate medium as

being 0.33 L Hy L? culture. In the case when element and
vitamin supplementations were omitted, at maximum, 0.17 L
Hz L culture was achieved using 20 mM acetate. As seen
from the curves in Fig. 3, excluding the elements and
vitamins from the growth media caused a drastic decrease in
hydrogen generation. These results demonstrated that
elements (FeSOq, 2 g L and Na;M004.2H,0, 0.2 g L) and
vitamins (Biotin, 0.015 g L™, Niacin, 0.5 g L"* and Thiamine,
0.5 g L) were crucial for efficient hydrogen production by
R. sphaeroides. In a previous study, 0.21 L H, L culture was
reported to be produced using 30 mM acetate [25], but in the
present culture composition and conditions, 0.31 L H, L*
culture was achieved using the same acetate concentration.
Even, the highest amount was obtained by lowering the
acetate amount to 20 mM (0.33 L H, L culture). As a result
of this study, it was proved that amount of hydrogen could be
enhanced just by optimizing culture composition and
condition. And, 20 mM acetate with elements and vitamins
could be recommended as optimum since the highest
hydrogen amount (0.33 L H, L culture,) and hydrogen
production yield (0.025 g Ha/Qsubstrate) Were obtained. Ozgiir
et al. [26] reported various hydrogen production yields (0.018
- 0.088 g Hz g sunstrate) Using acetate by R. capsulatus and the
maximum hydrogen production yield (0.025 g Ha2/Qsubstrate)
obtained in this study is concordant with these results. The
amount of hydrogen achieved in the present study is also
comparable with the amount (0.4 L H, L culture) obtained
utilizing barley extract as feedstock where the quantity of
simple sugar was 11 g L [2]. On the other hand, relatively
higher quantities of hydrogen were reported in case of using
malate (2.85 L H, L culture) [14] and sugar beet molasses
(1.01 L Hz L culture) [1].

3.3. 5-Aminolevulinic acid productions

After completion of the bioprocesses, the insoluble materials
like cells and cell debris were removed from the culture
media. Then, the extracellular amount of 5-ALA was
measured in each purified culture liquid. Similar to the results
obtained in hydrogen production studies, high initial acetate
concentrations plagued 5-ALA generation in the cell so that
less amount of 5-ALA was accumulated in response increase
in acetate concentration. On the other hand, additions of
elements and vitamins improved 5-ALA generation so that
considerably higher quantities of 5-ALA were attained in the
presence of supplements. Specifically, 16.54 mM, 15.26
mM, 13.54 mM, 3.32 mM and 2.42 mM of 5-ALA were
generated in 20 mM, 25 mM, 30 mM, 35 mM and 40 mM
acetate containing-media, respectively. On the contrary,
exclusion of elements and vitamins caused less 5-ALA
accumulation such that only 7.33 mM, 1.43 mM, 0.69 mM
and 0.38 mM of 5-ALA were generated in 20 mM, 25 mM,
30 mM and 35 mM acetate-containing cultures, respectively.
Moreover, no 5-ALA formation was observed at all in 40 mM
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acetate-containing medium. This result could be interpreted
in a way that omitting vitamin and element additions might
create a stress condition for the cells so that they directed
much of their energy and reducing equivalents for the
production storage materials or cell biomass rather than
producing metabolites like hydrogen and 5-ALA. In Table 1,
various quantities of 5-ALA which were produced by
different strains of R. sphaeroides were given for
comparison. Among them, R. sphaeroides 0.U.001 comes
out as a potential 5-ALA producer since it can generate
substantial amount of 5-ALA by assimilating various carbon
sources. Particularly, higher amount of 5-ALA (16.54 mM)
was achieved using acetate when compared to other carbon
sources like waste barley, glucose and glycine. These results
imply that acetate could sufficiently sustain the production of
5-ALA especially in case of supplementing the media with
aforementioned elements and vitamins. Considering LA
supplementation, there is compelling evidence that LA
addition alone is not sufficient to drive the formation of 5-
ALA since there was no 5-ALA generation in 40 mM acetate
containing medium in case elements and vitamins were not
added. Most probably, LA showed its promoting effect upon
provision of all limiting factors like elements and vitamins in
the cultures.

Table 1. The amounts of 5-aminolevulinic acid produced by
different strains of R. sphaeroides

Strain  5-ALA (mM) Substrate Reference
0.U.001 16.54" Acetate This work
0.U.001 23.34 Molasses [1]
0.U.001 0.067 Waste barley [2]
CR-606 11.20 Glucose and glycine [27]
CR-720 27.50 Glucose and glycine [28]

* The amount of 5-ALA obtained in 20 mM acetate containing
medium supplemented with elements and vitamins.

4, Conclusions

Hydrogen and 5-ALA are the two valuable metabolites which
are generated through the action of several enzymes in
photosynthetic microorganisms such as R. sphaeroides
0.U.001. And, several intrinsic and environmental factors
have determinative roles in the overall efficiency of the
production process. In this context, various acetate
concentrations and supplementations of elements (Fe and
Mo) and vitamins (Thiamine, Niacin and Biotin) were
evaluated to find out the optimum experimental
configuration for the best hydrogen and 5-ALA productions
by R. sphaeroides O.U.001. As a conclusion, 20 mM of
acetate was found to be the optimum amount for both
hydrogen and 5-ALA generations while higher initial acetate
concentrations seemed to plague their productions.
Moreover, supplementation of elements and vitamins
resulted in enhanced generation of hydrogen (0.33 L H, L!
culture) and 5-ALA (16.54 mM). Conversely, significant

amount of bacterial biomass (2.162 g cdw L) was attained
utilizing elevated quantities of acetate (40 mM) in the
absence of elements and vitamins. In addition to these, LA
supplementation alone seemed insufficient for triggering 5-
ALA biosynthesis. However, it is more likely that its addition
into the cultures towards the end of the logarithmic phase of
growth had a positive impact on the production of 5-ALA.
Based on these results, the medium containing 20 mM acetate
together with elements, vitamins and LA could be suggested
as optimum for co-production of hydrogen and 5-ALA.
Furthermore, the idea of producing more than one valuable
product was implemented by producing hydrogen and 5-
ALA simultaneously thereby increasing the overall cost
efficiency of the bioprocess.
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