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Abstract. Cultivation of Spirulina platensis in Zarrouk media containing 020 g I* glucose was studied in a photobioreactor
for 30 days using a light intensity of 3 klux. Various parameters were measured to evaluate the enhancement of cell performance
with glucose such as cell number, osmolarity, membrane stability, biomass productivity, doubling time, stress intensity, stress toler-
ance, chlorophyll, protein, carbohydrates, and lipid contents. Based on the results, we concluded that S. platensis is able to grow and
produce some ingredients in Zarrouk media containing up to 20 g I of glucose which is the first to be reported. The cell concentra-
tion of the mixotrophic cultures (80 cells per mm?) corresponded well to the sum of the autotrophic cell concentrations (50 cells per
mm2), showing that the addition of carbohydrate positively effects on the microalgae growth. The continuous operation supplement-
ed with 0.5 g I' of glucose (G0.5) led to the maximum cell concentration about 9.06 g I wet and 1.32 g I dry weights. The highest
tolerance index, specific growth rate, biomass productivity, cell division, osmolarity and membrane stability index were respectively
102.5%, 0.15 d*, 0.04 g I'd™, 0.26 div d*, 0.87 osmol kg™ and 93.8%, obtained in the same treatment. Chlorophyll (6.7 % in GO;
0.046 g I'* in G0.5), protein (79.9 % and 0.884 g I™* in GO0.5), carbohydrates (55.5% in G20; 0.492 g I in G6) and lipid (53.3% in
G10; 0.636 g I'* in GO) percentages and yields were mostly enhanced in the mixotrophic condition. This study indicated that mixo-
trophic growth of S. platensis is useful for commercial biomass production.

Keywords: microalgae continuous cultivation, glucose, autotrophic and mixotrophic conditions, biochemical composition.

Copyright © 2015 by author and the journal “Food Science and Technology”.
This work is licensed under the Creative Commons Attribution International License (CC BY).http://creativecommons.org/licenses/by/4.0

@ ® it | ONAFT
Rkl Open Access

Introduction. Formulation of the problem

Large-scale microalgal production has been studied
for decades [1,2], given the wide variety of practical and
potential metabolic products under different cultivation
conditions. However, in spite of the recent progresses in
the design of high efficiency photobioreactors, cultiva-
tion and extraction techniques, there still exist a large
number of unsolved problems since there are many gaps
to be filled out. The low productivity and high production
costs of the most common procedures, photoautotrophic
culture of S. platensis in open ponds, are the major obsta-
cles to the successful commercialization. From the very
beginning researchers have reported that S. platensis is an
obligate autotroph [3]. Under autotrophic cultivation (in
the light), the cells harvest light energy and use CO, as a
carbon source. This organism has been found to utilize
organic carbon substrates (i.e. glucose) for heterotrophic
growth [4]. However, this form of growth is not suitable
for the production of valuable chemicals due to a low
specific growth rate and an extremely long lag phase [5].
Next, a new method has been suggested: mixotrophic
cultivation (simultaneously in the light and on glucose
supplement) which is the aerobic oxidative phosphoryla-
tion of an organic carbon substrates in the presence of
light. The accessible light and carbon source as a dual
limiting process might upgrade the yield [6] up to a limi-
tation of massive growth and dense population. This way
the biofixation potentially combines the capture of car-
bon from CO, and carbohydrate molecule, building a
promising road for mitigation of greenhouse gas emis-
sions, environmental impacts and cultivation costs.
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Photosynthetic bacteria, cyanobacteria and blue-
green microalga, Spirulina platensis, have long been
grown photoautotrophically for the production of algal
health food because of their high cell growth rate, inca-
pability of affecting the food chain, ease of harvesting
and potential marketability. They have the potential of
producing a diverse range and large quantities of valua-
ble chemicals and biologically active compounds, such
as 74% dry weight of proteins (essential amino acids in
the proportions recommended by the WHO/FAO, except
for methionine) [7], polyunsaturated fatty acids, polysac-
charides, vitamins, carotenoid pigments [8], because of
which it is used as a dietary supplement for both animals
and humans, phycoremediation and green energy prod-
ucts [1,9]. S. platensis contains 13.6-50% of carbohy-
drates (from the photosynthetic fixation of CO,), which
comprise principally glucose along with rhamnose, man-
nose, xylosc, galactose and two unusual sugars (2-0-
methyl-L-rhamnose and 3-0-methyl-L-rhamnose) [10].
Although it is generally agreed that glucose (produces
2.8 kJ mol™ energy) [11] is the end product of photosyn-
thesis and can be easily assimilated to produce energy-
rich compounds, published works on the effect of glu-
cose on value-added products are few, since it has been
confirmed that microalgae cannot use external carbon
sources efficiently and S. platensis has been considered
to be an obligate autotroph [3,6]. Besides, it has been
proved that heterotrophic growth is very problematic and
cost intensive [6]. Although Spirulina sp. can ferment
glucose only for the maintenance of metabolism during
heterotrophic growth [5], its mixotrophic cultivation can
change the common consensus among researchers.
Moreover, 50% (w/v) of 14C-glucose in the medium is
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converted into cell carbon [12] and produces 2.8 kJ mol™
of energy (compared to 0.8 kJ mol™ for acetate) [11]. On
the other hand, this non-recalcitrant carbohydrate can be
easily utilized by hydrogenogens for hydrogen produc-
tion [13] and scarcely acts as a downstream overproduc-
tion. So, not surprisingly, far higher growth and respira-
tion rates are obtained with glucose than with any other
substrate, including sugars, sugar phosphates, organic ac-
ids, sugar alcohols and monohydric alcohols [14].

In this context, the objective of this work was to in-
vestigate the influence of glucose concentration on the
mixotrophic growth and comprehensive biochemical
analysis of S. platensis, focusing on the best biochemical
composition of the biomass obtained. Several reports re-
lated to the growth of Spirulina in synthetic media with
glucose have been published [6,15]. However, cultivation
in modified media using precise amounts of glucose (in
such high concentrations) and its influence on different
metabolites is scanty. Furthermore, most of the previous
works on the culture of S. platensis dealt with batch-wise
operation. One of the first tasks, therefore, on the way to
solve the mentioned problems is to find the best glucose
concentrations through measuring numerous different
features and ingredients. In addition, the task includes es-
timating the moderating influence of the treatments on
the main and integrated effects of these features and con-
sidering the best effective treatment.

Research materials and methods

Microorganism and culture medium. The microalga
Spirulina platensis was kindly provided by the Research
Center of Biotechnology of Mashhad University, Iran.
The microalga was grown in the culture medium of Zar-
rouk [16] having the following composition (per I):
16.8mg NaHCO; 0.5mg K,HPO, 2.5mg NaNO;,
1mg K;SO, 1 mg NaCl, 0.04 mg CaCl,.2H,0, 0.2 mg
MgS0O,.7H,0, 0.01 mg FeSO,.7H,0O, 0.08 mg EDTA,
1ml of trace element solutions A5 (0.222mg I*
ZnS04.4H,0, 0.079 mg I CuS0O,.5H,0, 0.018 mg I'*
Na,MoO,, 2.86 mg I'* H;BOs, 1.81 mg I'* MnCl,.4H,0)
and B6 (0.023mg I* NH,VO; 009%mg I*
Kszz(SO4)4.24Hgo, 0.048 mg I—l NlSO47H20, 0.018 mg
I Na,W0,.2H,0, 0.044 mg I Co(NO3),.6H,0, 0.04 mg
I Ti(SO4)3), supplemented with (0.5, 1, 1.5, 2, 3, 4, 6,
10, 20 g 1) or without glucose (Merk, Germany). All
media were sterilized at 121 °C for 15 min before use,
and the initial pH was adjusted to 9.5 with 1M NaOH.
After cooling the media to room temperature, the photo-
bioreactors were operated in continuous mode by adding
30 pg I'" Streptomycin (Sigma-Aldrich) and 1 mg I Be-
nomyl (Melli Agrochemical Company, Iran).

Experimental Procedure. Preliminary batch tests
were performed to select the operating conditions of our
photobioreactor. Then 30-day experiments were per-
formed continuously in sterilized 1 liter photobioreactors
varying the composition of glucose to determine the op-
timal growth conditions. Cultures were continuously aer-
ated (10%, v/v) to mix and exchange gases appropriately.
Photobioreactors were illuminated by 3 fluorescent
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lamps that provided a light intensity of 3 klux for 16 h d*
(8 h of dark period), which corresponded to 760 and 600
kJ m?d™ of PAR and IPAR, respectively. The photon
flux density measurement was carried out using an inte-
grated quantum meter LI-250A (Li-Cor Inc., USA) with
its sensor located inside the photobioreactors. The photo-
bioreactors were initially inoculated with a biomass con-
centration of 0.7 g I active cells corresponding to 0.2
optical density (OD).

Analytical Procedures. The cell concentration in the
culture fluids was daily determined turbidimetrically at
750 nm in a spectrophotometer (Photonix Ar 2015, Iran).
To avoid interferences due to the different growth media
employed, the optical density of the blank was zeroed for
different glucose concentrations. To obtain an accurate
estimate of the cell density, the cells were evenly sus-
pended in the culture medium and then quickly the ali-
quot of cells were removed for further analysis. They
were loaded on the hemocytometer using a micropipette.
The total number and length of cells, average number,
maximum number and length of helices were measured
using a Neubauer (Marienfeld, Germany) and a micro-
scope (Olympus, Japan) with 100x magnification. Dry
weights were measured in each phase by taking samples
every two days and drying at 80 °C in a vacuum oven un-
til constant weight was obtained. The values were also
compared with the previously prepared standard calibra-
tion curve of optical density versus S. platensis biomass
dry weight.

The measurement of parameters such as pH (Mil-
waukee 151, Martini, USA), electrical conductivity (EC,
mScm™; 712 Conductometer, Metrohm, Switzerland)
and osmolarity (osmol kg®; Osmometer 802, Vogel,
Germany) was performed on previously filtered growth
media. The membrane stability index (MSI) was calcu-
lated using the following equation [17]:

EC
MSI =1- L %100 o
X100, 9 Q)

2
where EC, and EC, refer to ECs of 10 ml filtered
sample in 10 ml of distilled water a day before and after
autoclaving (1 bar, 120 °C, 15 min), respectively.
Growth kinetics and stress parameters of S. Platensis
were calculated using the following equations [18-21]:

W, -W,

g1yl
T,-T, gl~d @)
InW, —InW,
Tz _Tl ’

Biomass productivity Px

Specific growth rate 4= d? 3)

W
| 22
og(Wl)

ing time DT =In2+———
Doubling time T, -1,

,d* O]

InN, -InN

Cell division K, =#+In2, divd® (5
21

Stress tolerance TOL=TDW,,, —TDW,,.,o. 9  (6)

TDWstress (7)

control

Yield sustainability index YSI =

Volume 12 Issue 4/ 2018



bionpoyecu, 6iomexHonozia xapyosux npodykmie / Bioprocesses, biotechnology of food products

TDW,

Tolerance index Tl = ———s %100 ®)
control
Stress intensity Sl =1- TDWyess. 9)
TDW,

control

Where T, and T, (d) are the initial and final time of
growth, W; and W, (g) are the initial and final dry
weights, N; and N, are the initial and final cell numbers,
and TDW refers to total dry weight (g I'}).

Chlorophyll a [22], protein (y=0.856x+0.5686) [23],
carbohydrate (y=4.8494x+0.1421) [24] and lipid [25]
contents were measured using a centrifuge (Routine 16,
Behdad, Iran), a vortex (V1*, Boeco, Germany), ultrason-
ic (SB-103D Ultra, Korea), a weighing scale (Gemini
GR, A&D, USA) and a spectrophotometer (Photonix Ar
2015, Iran). Harvest indices of all qualitative measure-
ments were calculated according to the equation [2-10].
All measurements were carried out seven times during 30
days of the experiment to obtain each phase effect on dif-
ferent characteristics.

Harvestindex HI= x100, % (10)

Statistical Analysis. Statistics software MSTATC
was used to determine the mean value, standard deviation
and significant differences amongst the treatments at P <
0.05.

Metabolite _ weight
TDW

Results of the research and their discussion

Photosynthetic metabolism and aerobic respiration
have been reported to occur both independently and simul-
taneously within the cells in mixotrophic Spirulina cul-
tures [26,27], but the presence of organic carbon can alter
both conditions. Besides, cultivation conditions such as
lower light and new ingredients composition can favor au-

23

totrophy or heterotrophy pathways regarding the presence
of light or organic substrate [6]. Fig. 1 represents the effects
of initial glucose concentration on auto- and heterotrophic
growth of S. platensis and indicates that cultivation period
is a highly important parameter that has been mostly ig-
nored in many researches. The growth curves started to
look significantly different at the very early stages, as cul-
tures containing 0.5, 1 and 1.5 g I of glucose (G0.5, G1
and G1.5) did not show any obvious lag phase and contin-
ued on to an exponential phase, these cultures showed more
divisions than the control (0 g I* or GO) and other treat-
ments. This lack of lag-phase phenomenon was previously
reported [28] and seemed to be relevant to environmental
conditions. Thus, these three treatments proved to have bet-
ter environmental conditions for the production of different
ingredients and growth. Linear phases of G10 and G20
took higher places than cultures containing 26 g I of glu-
cose. This phase was followed by a subsequent rise to the
final stationary state, and it was observed in all curves. The
stationary phase began with well-defined trends, followed
by the best ones for 1, 0.5, 1.5 and 0 g I'* glucose, respec-
tively. However, the trends were changed in favor of 0.5
and 0 g I'* of glucose after about the 10" day of the second
growth cycle. The cultivations remained in the first and
second stationary phase for about eight days of growth,
whereas the whole cycle lasted for about 14 days. The
highest optical densities were observed on days 16 and 28
when two growth cycles were completed, except for treat-
ments of G10 and G20. This observation agrees with higher
growth under mixotrophic conditions in comparison with
control experiments [29]. In these cultures, glucose is used
for up-regulation of growth genes called bkt, chy-b, and
pds [30].
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Fig. 1. Growth curves of the S. platensis in photoautotrophic and mixotrophic cultures with different glu-
cose concentrations in aerated photobioreactors

Several microalgae like Chlorella vulgaris and
Auxenochlorella protothecoides were previously found
to tolerate this amount of glucose [31,32], yet infor-
mation was lacking on the Spirulina species. As shown
in Table 1, S. platensis survived in all culture media con-
taining glucose from 0 to 20 g I, which is the first to be
reported. However, its weight was greatly reduced by
adding more than 4 g I'* of glucose. Wet and dry weight
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followed the same trend in all cultures and reached the
plateau in treatment GO0.5 with 9.063 and 1.316¢g I*
(1.022 and 1.025 fold more than GO), respectively. GO,
G1 and G1.5 were next in order after 30-day cultivation.
These values were much higher than those of the others
reported which were reduced significantly with increas-
ing glucose concentration [7,9]. Despite this downturn,
surviving of algae in 20 g I'* of glucose is notable. This
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stress results in a reduction of the cellular ionic concen-
tration and water potential, but the ion ratios owing to se-
lective uptake remain constant, and cell performance
continues [33]. No significant differences were seen be-
tween G2 and G3 (1.67 times lower than GO) or G4 and
G6 (2.85 times lower than GO).

The biomass accumulation of S. platensis is shown
in Fig. 2a. The algae in all treatments steadily accumulat-
ed algal biomass during the first two weeks, except for
G10 and G20 which showed reduced biomass after day
5. It was noticed that algae in treatment of G1 had the
highest biomass in the first 10 days and stood higher than
GO along with treatments of G0.5 and G1.5. G0.5 and G1
reached the maximum on day 15 and reduced significant-
ly afterwards. As G0.5 met GO on day 20, G1 and G1.5
were significantly lower. The association between light
and minor amounts of organic carbon could promote the
algal growth in comparison with higher concentrations,
whereas both autotrophic and mixotrophic cultivations
promoted an increase in the stationary phase of growth.

In another study, carbon sources affected significantly
the algal growth [34]. Although G4 and G6 showed
higher peaks than G2 and G3, their biomass averages
were lower and these later treatments reached the same
significant level on day 30. It was reported that the bio-
mass of C. protothecoides increased 14.6 g ' to 235 g I
in 6 days with 3 g I'* of glucose [35].

Comparing the stress parameters demonstrates that a
carbon source can act as a stress factor in cultures con-
taining more than 0.5¢g I* of glucose (Table 1). The
stress tolerance and tolerance index of G 0.5 were
0.032 g and 2.47% higher than GO, and its stress intensity
value did not denote any stress during 30-day cultivation.
Values of other treatments ranged 0.293 g to 1.068 g
stress tolerance, 0.228 to 0.831 stress intensity and
77.23% to 16.86% of tolerance index for treatments G1-
G20, while there were statistically significant differences
between G2 and G3 or G4 and G6. The tolerance index
was reduced to less than 50 % of the control by the addi-
tion of 4 g I of glucose.

Table 1 — Growth Kinetics of S. platensis in Zarrouk modified media using different glucose concentrations;
WW — Final Wet Weight; DW — Final Dry Weight; TOL — Stress Tolerance; SI — Stress Intensity; TI — Tolerance
Index; Py— Biomass Productivity; ums — Maximum Specific Growth Rate; DT — Doubling Time; K, — Cell Division

Glucose ww DW TOL Si Tl Pr Hinax DT Ky
(@) ) @) @ (%0) (gI'd?) ) (d) (divd?)
0 8.864B | 1.284B 0B 0G 100B | 0.042A | 0148A | 46731 | 0232C
05 9.063A | 1316 A | 0032A | -0025H | 10247A | 0043A | 0.149A | 4648) | 0255A
1 7023C | 0992C | -0.293C | 0228F | 77.23C | 0032B | 0.140B | 4.961H | 0.238B
15 6.028D | 0.834D | -0451D | 0.351E | 6491D | 0027C | 0134C | 5176G | 0.226D
2 5680E | 0778E | -0506E | 0394D | 60.60E | 0025C | 0.132C | 5266F | 0216E

3 5580E | 0762E | -0522F | 0406D | 5937E | 0025C | 0131C | 5293E | 0215E
4 3590F | 0446F | -0.838G | 0653C | 3473F | 0.014D | 0113D | 6.130C | 0.199F

6 3640F | 0454F | -0.830G | 0646C | 3534F | 0015D | 0114D | 6.099D | 0.193G
10 2645G | 0296G | -0.989H | 0770B | 2302G | 0.009E | 0.099E | 6975B | 0.171H
20 2148H | 0217H | -1.0681 | 0.831A | 1686H | 0.007E | 0089F | 7.788A | 0.1591

Means with same letters denote statistically significant differences (P < 0.05)

As shown in Fig. 2b, the osmolarity of most treatments
was significantly enhanced by the addition of glucose, with
the maximum on days 5 and 15 (the beginning of the first
and second stationary phase). The osmolarity of G0.5 was
significantly higher than that of all other treatments
(0.867 osmol kg™), followed by G1, G1.5 and G2. These
values were much higher than that of the control experi-
ment, explaining how nutrition in mass cultures of microal-
gae can change the growth conditions and be one of the key
factors that controls the productivity. The membrane stabil-
ity index (MSI) was influenced not only by glucose con-
centration but also by osmolarity (Fig. 2c). When increas-
ing glucose concentration and reducing osmolarity reduce
MSI, this would mean that a stronger and more efficient
membrane would be required to achieve the high biomass
concentration. This instability is a major cause of produc-
tivity loss in long-term cultivations, as the minimum MSI
was observed in G20, G10 and G6 with the highest glucose
concentration and the lowest yield sustainability index
(YSI, Fig. 2d). YSI of G0.5 was higher than that of the con-
trol experiment during the whole cultivation period, prov-
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ing that this amount of glucose is required for an algal me-
dium. YSI of G1 and G1.5 were also more than GO in the
first cycle of growth, but they lost their positions in longer
cultivation periods. Therefore, 0-1.5 g I glucose increases
algal growth and productivity in cultivations with short-
term goals.

Biomass productivity (Py), the maximum specific
growth rate (uma), doubling time (DT) and cell division
(Ky) are also presented in Table 1. P, can be defined as
cell concentration per unit of reactor volume and time,
and umax Was determined from the slope of the growth
curve in its linearity region. Both parameters were signif-
icantly affected by the substrate concentration. P, and
Umax OF GO.5 were 0.043 g I'd™ and 0.149 d™* with an in-
significant difference to GO. G1 ranked the second place,
then G1.5, G2 and G3 were in the third level. Values for
other treatments were considerably lower, which proved
that the risk of glucose concentrations over 4 g I is very
high and should be considered in laboratory works fo-
cused on the production of algal metabolites. Incubation
in higher glucose concentrations affects the internal os-
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motic potential, which is essential for maintaining turgor
pressure as the driving force for growth [36], and leads to
decreased Py due to an almost complete loss of oxygen
production and evolution [37]. DT of G0.5 was
4.648 divisions per day (slightly lower than GO) and its
K, was 0.255 division per day (slightly higher than G1
and GO0). Higher glucose concentrations have severed
negative effects upon the life cycle of Spirulina cells.
Structural features described as the number and size
of the cells and helices in photoautotrophic (GO) and dif-
ferent mixotrophic cultures, are compared in Table 2.
Microscopic observations of these factors are also pre-
sented in Fig. 3. The highest cell number and length were
80 cell ul™ and 0.45 mm, attained under G0.5. The max-
imum number, average number and average length of
helices in this treatment were 12 helices cell™, 9 helices
cell™ and 0.05 mm, respectively. While the presence of
organic carbon in the mixotrophic treatments (except for
G0.5 and G1) decreased the total cell number after 30-
day cultivation, the association between autotrophy and
heterotrophy supply in the mixotrophic cultivation en-
hanced the cell length (except for G6, G10 and G20).
Although this enhancement was due to an increase in
both the helices number and length, the effect of increas-
ing the length of each helix compared to the total number

of helices per cell was greater and increased with increas-
ing glucose concentration. This observation was con-
sistent with decreasing the MSI and osmolarity in these
treatments. In fact, more open helices (0.04-0.06 mm)
can be seen in treatments containing up to 4 g I of glu-
cose, considering that higher osmotic values result in bet-
ter water holding capacities. In contrast, cultures supple-
mented with higher amounts of organic carbon reacted
differently and the helices were more contracted (0.025—
0.03 mm), where helices number per cell decreased, too.
So, the best response of the constant internal physical and
chemical conditions achieved through responding to the
culture condition, transforming algae energy is indeed to
follow a threshold strategy due to more Sl, in which heli-
ces structure comes to aid cell survival (Fig. 3). Plasmol-
ysis effects have also occurred at 4g I of glucose
(0.355 osmol kg™). As algae achieved homeostasis, rela-
tively, and reproduction [38], this homeostasis could be
helpful in reestablishing the cellular architecture upon re-
plasmolysis. In cells undergoing plasmolysis, the
periplasmatic space among the cell walls was filled with
membrane enclosed structures, the protoplasts were re-
tracted from the cell wall, the cytoplasm appeared dense,
and vacuoles were fragmented [37].

Table 2 — The apparent structural features of S. platensis cell and helix for the cultivation in Zarrouk modi-
fied media using different glucose concentrations

Glucose Cell Helix
&) Number Length Maximum Number Average Number Average Length
(cell pl'l) (mm) (helix cell'l) (helix ceII'l) (mm)
0 50C 0.18E 8C 6C 0.03D
0.5 80 A 0.45A 12A 9A 0.05B
1 57B 0.35C 10B 7B 0.05B
1.5 44D 0.35C 10B 7B 0.05B
2 36 E 0.42B 10B 7B 0.06 A
3 35F 0.36C 10B 6C 0.06 A
4 25G 0.24D 8C 6C 0.04C
6 22 H 0.125F 7D 5D 0.025E
10 141 0.125F 6E 5D 0.025E
20 11) 0.12F 6E 4E 0.03D

Same letters denote statistically significant differences (P < 0.05)

Different nutrients such as carbon closely correlate to
the growth rate and pigment contents, by affecting the bio-
chemical composition of microalgae [39]. This fact by itself
indicates a broader amplitude for photosynthesis in the ex-
amined strain. The changes in nutrients and harvest indices
of 10 cultures during the 30-day continuous cultivation of
S. platensis are shown in Fig. 4 and 5, respectively. Com-
paring the biochemical composition of the biomass under
mixotrophic and autotrophic conditions, it can be seen in
Fig. 4 that the values range 0.086 (G20) to 0.884 (G0.5) g I
! of proteins, 0.115 (G20) to 0.492 (G6) g I"* of carbohy-
drates, 0.121 (G20) to 0.636 (G0) g I™ of lipids, and 0.008
(G20) to 0.046 (G0.5) g I'* of chlorophyll. However, for the
harvest index, a different result is observed. It is shown in
Fig. 5 that values range 34.6 (G20) to 79.9 (G0.5) % wiw
proteins, 30.1 (GO) to 55.5 (G20) % wi/w carbohydrates,
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25.1 (G1.5) to 53.3 (G10) % wiw lipids, and 4.5 (G20) to
6.7 (GO) % wiw chlorophyll. Based on the previous exper-
imental results from the batch culture of S. maxima, 76.5%
of proteins, 6.4% of carbohydrates, and 11.5% of lipids
were obtained on 1% of vinasse [40].

The greater effects of GO, G0.5 and G1.5 on protein
yield as compared to those in other cultures reflect that
these treatments contain the most suitable concentration
of glucose for producing proteins (Fig. 4a). Another point
to consider is the fact that the production of protein was
accelerated in G0.5 and G1.5 (days 5 and 15) compared
with the control (day 20). These results indicated that
protein production and growth rate are related and can
stimulate each other, as higher protein concentrations
caused more raw materials and faster growths. Experi-
mental results are in agreement with the recent reports,
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which studied the growth of S. platensis cultured with 1-  patterns under the autotrophic and mixotrophic condi-
2 g I' of beet vinasse (up to 77% of protein content) [40-  tions were very similar with no significant differ-
42]. However, in other studies, the protein expression  ence [43] and could even inhibit the growth [44].
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Fig. 2. Changes in growth and stress parameters of S. platensis under different glucose concentrations during the 30-day exper-
iment: a) cellular concentration (X); b) osmolarity; c) membrane stability index (MSI); d) yield sustainability index (YSI)
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Fig. 3. Effect of photoautotrophic and mixotrophic cultures with different glucose concentrations on the cell structure of S. platensis
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The yield curves of carbohydrates showed complete-
ly opposite trends to the one observed in proteins and
were maximized at 10 and 20 days (Fig. 4b). The produc-
tion of carbohydrates was higher at the second growth
cycle except for GO, G10 and G20. The highest carbohy-
drates concentration occurred on the 20th day in G6 and
G4, respectively, which seemed to accumulate carbohy-
drates in a stress condition. This mechanism can support
protein synthesis until the nitrogen supply in the medium
is restored [45]. The same results were obtained with dia-
toms species like Achnanthes brevipes and Tetraselmis
spp. under nitrogen starvation [46]. These results were
consistent with the work of Miao and Wu [47], who re-
ported 45% more of total carbohydrates in heterotrophi-
cally grown Chlorella sp. However, Kaplan et al. [37]
indicated that the carbohydrate amount is not a major
factor contributing to the stress in Klebsormidium spe-
cies.

Many reports showed that glucose increased the net
lipid productivity in heterotrophic cultures of
Auxenochlorella protothecoides (30 g 1) [31], Chlorella
vulgaris, Botryococcus braunii and Scenedesmus sp.
(2%) [48] and mixotrophic cultures of Chlorella sp. (20 g
Iy [49], C.wulgaris (20 g 1")[32] and C. sorokin-
iana [50]. It was also previously reported that the net li-
pid productivity enhances in microalgal species with in-
creased glucose concentration as long as light is not a
limiting factor [9,51], but the ability of Spirulina species
of lipid production in such high concentrations was not
measured before. The initial concentrations of lipid in all
cultures were lower than those on the 30th day of contin-
uous cultivation, indicating that the lipid production is
time-consuming (Fig. 4c). This suggests that the optimal
harvesting time of lipid begins from the 30" day after al-
gal cultivation. This may be because the proteins and
carbohydrates break down into lipids under stress condi-
tion, which may result in a strengthened respiration ac-
tion and cause an inhibitory effect of high glucose con-
centration on the growth (Fig. 1) [4], whereas at the be-
ginning of the growth phase, a strengthened photosynthe-
sis action required a higher glucose concentration in or-
der to meet the demands of growth and make more chlo-
rophyll, proteins and carbohydrates. Thus, cultures with
more nutrients (G0, G0.5 and G1) made more lipids, too.
It is worth mentioning that although the HI of lipids was
the highest in G10 and G20, their lower weights resulted
in a significant reduction in the lipid yield. In fact, the
lower carbon to nitrogen ratio in recent treatments was
related to the lipid accumulation.

Fig. 4d indicates that when the initial glucose con-
centration was more than 6 g I, the inhibitory action at
higher glucose concentrations impeded chlorophyll pro-
duction. Consequently, the interaction of chlorophyll and
other nutrients production corresponded to the harmoni-
ous relationship among these metabolic processes and the
decrease in photosynthetic pigments led to a decrease in
the growth rate [52]. Hence, as mentioned before, the net
photosynthesis under osmotic stress decreased to about
20-35% of the initial value [38], most likely owing to the
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darker medium color. Whereas both autotrophic and
mixotrophic cultivations promoted an increase in chloro-
phyll content on days 5, 15 and 30, mixotrophic cultiva-
tions produced more pigments only at the first cycle and
the photoautotrophic culture contained more chlorophyll
at the second growth cycle, probably because of the low-
er concentration of nutrients in the growth media at the
first cycle of autotrophic growth, and higher turbidity and
Sl at the second cycle of mixotrophic cultures. These ob-
servations go along with findings by Sun et al. [30], who
demonstrated the pigment yield increases with increasing
glucose concentration.

Conclusion

The objectives of this work were to analyze the fea-
sibility of the use of organic carbon source as a supple-
ment in a modified culture medium and its influence on
the mixotrophic growth, metabolites amount and compo-
sition of S. platensis. Then, the algae were cultured in a
photobioreactor using a mineral growth medium supple-
mented with 10 different concentrations of glucose.
Based on the experimental results from this study, culti-
vation of microalgae in growth medium amended with
glucose in the presence of light have shown higher
growth rates, biomass, chlorophyll, proteins, carbohy-
drates and lipids percentages and yields. In fact, glucose
stimulates the metabolic pathways involved in proteins,
lipids and carbohydrates synthesis than those generated
by the autotrophic culture with light as the only energy
source. This result may be obtained for some reasons,
which include: A. Significantly higher algal growth rates
during the exponential phase enhance performance,
growth characteristics and protein concentrations. B.
Manipulation with S. platensis growth conditions alters
both the chemical composition of algal cells and the
growth medium due to reorientation of carbon allocation
into proteins, carbohydrates and lipids. C. Composition
of nutrients in the growth media is as important as their
concentrations. D. Secretion of soluble materials such as
polysaccharides, free amino acids, hormones and other
organic compounds from the cells is higher in the pres-
ence of a carbon source [28]. E. No photoinhibition was
noticed in the mixotrophic culture compared to the auto-
trophic culture [15]. F. Metabolism of glucose is per-
formed by means of the pentose phosphate and Embden—
Meyerhof pathways under heterotrophic and autotrophic
conditions, respectively [53]. G. ATP and NADPH are
produced faster by the algal cells under mixotrophic con-
ditions [42]. H. Fermentation products (ethanol, acetate
and lactate) were not detected during mixotrophic growth
in S. platensis, and respiratory activities even in the light
do not let such products act as an inhibitor [26]. I. The
overall consumption of carbon is ultimately determined
by how efficiently it is metabolized and transported
through the cell membrane [54]. This process and
transport of ions across the cell membrane is proton de-
pendent [55] which utilized glucose from the medium.
J. S. platensis achieves homeostasis by physiological and
structural parameters to proliferate over a wide range of
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environmental conditions. K. There exists the optimum
carbon concentration at which the highest specific
growth rate is obtained, due to an inhibitory effect of
high glucose concentration.

It is, therefore, concluded that mixotrophic cultiva-
tion is preferred for enhancing the biomass and metabo-
lites productivities in S. platensis. To support low cost
production in commercial success and aquaculture appli-
cations in particular, we suggest adding 0.5 g I"* of glu-
cose to the growth medium formulation. The diversity in
the biochemical composition among different treatments

indicates that the purpose of cultivation can change the
proper concentration and 6 g I of glucose could be suc-
cessfully implemented to increase the carbohydrates
yield. It is also suggested that the cultivation time should
be long enough to support the growth and commercial
biomass production. Although different aspects of
growth and stress parameters identified in this study pro-
vided insights into processes that occur in the photobio-
reactor, further research about the metabolism of S.
platensis should be carried out to elicit the individual
contributions of each environmental stress and strain.

DOI:

Bot. 1960; 24: 1-11. DOI:

References:

1. Chisti Y. Biodiesel from microalgae. Biotechnol Adv. 2007; 25 (3): 294-306. DOI: 10.1016/j.biotechadv.2007.02.001.

2. Borowitzka MA, Borowitzka LJ, editors. Micro-algal biotechnology. Cambridge: Cambridge University Press; 1988. P 85-121.
10.1002/jcth.280470214.

3. Ogawa T, Aiba S. Bioenergetic analysis of mixotrophic growth in Chlorella vulgaris and Scenedesmus acutus. Biotechnol Bioeng. 1981; 23:
1121-32. DOI: 10.1002/bit.260230519.

4. Zhang XW, Zhang YM, Chen F. Application of mathematical models to the determination optimal glucose concentration and light intensity for
mixotrophic culture of Spirulina platensis. Process Biochem. 1999; 34: 477-481. DOI: 10.1016/S0032-9592(98)00114-9.

5. Marquez FJ, Nishio N, Nagai S, Sasaki K. Enhancement of biomass and pigment production during growth of Spirulina platensis in mixo-
trophic culture. J Chem Tech Biotech. 1995; 62: 159-64. DOI: 10.1002/jctb.280620208/pdf.

6.  Minhas AK, Hodgson P, Barrow CJ, Adholeya A. A review on the assessment of stress conditions for simultaneous production of microalgal
lipids and carotenoids. Front Microbiol. 2016 May; 3 (7): 546-565. DOI: 10.3389/fmich.2016.00546.

7.  Becker EW. Micro-algae as a source of protein. Biotechnol Adv. 2007; 25: 207-210. DOI: 10.1016/j.biotechadv.2006.11.002.

8. Yokota T, Hizume M, Ohtake T, Takahashi K. A new growth kinetic model for photo-autotrophic microalgae culture. J Chem Eng Jpn. 1994;
27 (3): 399-403. DOI: 10.1252/jcej.27.399.

9. [9] Borowitzka MA. High-value products from microalgae - their development and commercialization. J Appl Phycol. 2013; 25: 743-756. DOI:
10.1007/s10811-013-9983-9.

10. Seyidoglu N, Inan S, Aydin C. Superfood and Functional Food - The Development of Superfoods and Their Roles as Medicine. InTechOpen,
Rijecka, Croatia; 2017 February. P 254. DOI: 10.5772/66118.

11.  Boyle NR, Morgan JA. Flux balance analysis of primary metabolism in Chlamydomonas reinhardtii. BMC Syst Biol. 2009 Jan; 3 (4). DOI:
10.1186/1752-0509-3-4.

12.  Ogawa, T. and Terui, G. (1972) Growth Kinetics of Spirulina platensis in Autotrophic and Mixotrophic Cultures. In: Terui, G., Ed., Proceedings
of IV IFS: Fermentation Technology Today, Society of Fermentation Technology, Osaka, 543-549.

13. Marquez FJ. Reassessment of the bioenergetic yield of Arthrospira platensis using continuous culture. World J Microbiol Biotechnol. 1999; 15:
209-211. DOI: 10.1023/A:1008841605798.

14. Griffiths DJ, Thresher CL, Street HE. The heterotrophic nutrition of Chlorella vulgaris. Ann.
10.1093/oxfordjournals.aob.a083682.

15. Chojnacka K, Noworyta A. Evaluation of Spirulina sp. growth in photoautotrophic, heterotrophic and mixotrophic cultures. Enzyme Microb
Technol. 2004; 34: 461-465. DOI: 10.1016/j.enzmictec.2003.12.002.

16. Zarrouk C. Contribution a I'étude d'une cyanophycée. Influence de divers facteurs physiques et chimiques sur la croissance et photosynthese de
Spirulina maxima Geitler Ph.D. Thesis, University of Paris; 1966.

17.  Sullivan CY. Mechanism of heat and drought resistance in grain sorghum and method of measurement. Oxford and IBH publishing company,
New Delhi; 1972. P 247-246.

18. Fernandez, G.C.J. (1992) Effective selection criteria for assessing plant stress tolerance. Proceedings of the International Symposium on “Adap-
tation of Vegetables and other Food Crops in Temperature and Water Stress”, Taiwan, 13-16 August 1992, 257-270.

19. Shirazi Kharrazi MA, Naroui Rad MR. Evaluation of sorghum genotypes under drought stress conditions using some stress tolerance indices.
African J Biotechnol. 2011; 10 (61): 13086-89. DOI: 10.5897/AJB11.1417.

20. Madkour FF, Kamil AEW, Nasr HS. Production and nutritive value of Spirulina platensis in reduced cost media. Egypt J Aquat Res. 2012; 38:
51-57. DOI: 10.1016/j.ejar.2012.09.003.

21. Moheimani N, Borowitzka M, Isdepsky A, Fon Sing S. Standard methods for measuring growth of algae and their composition. Algae for Bio-
fuels and Energy, Springer, Dordrecht; 2013. P 265-284. DOI: 10.1007/978-94-007-5479-9_16.

22.  Marker AFH. The use of acetone and methanol in the estimation of chlorophyll in the presence of phaeophytin. Freshwat biol. 1972; 2 (4): 361-
385. DOI: 10.1111/j.1365-2427.1972.tb00377 X.

23. Bradford M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding.
Anal Biochem. 1976; 72: 248-254. DOI: 10.1016/0003-2697(76)90527-3.

24. Dubois M, Gilles KA, Hamilton JK, Rebers P, Smith F. Colorimetric method for determination of sugars and related substances. Anal Chem.
1956; 28 (3): 350-356. DOI: 10.1021/ac60111a017.

25. Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification. Can J Biochem Physiol. 1959; 37: 911-917. DOI: 10.1139/059-
099.

26. Marquez FJ, Sasaki K, Kakizono T, Nishio N, Nagai S. Growth characteristics of Spirulina platensis in mixotrophic and heterotrophic condi-
tions. J Ferment Bioeng. 1993; 76: 408-410. DOI: 10.1016/0922-338X(93)90034-6.

27.

XapuoBa Hayka i Texsosorist / Food science and technology

Stengel DB, Connan S, Popper ZA. Algal chemodiversity and bioactivity: Sources of natural variability and implications for commercial appli-
cation. Biotechnol Adv. 2011; 29: 483-501. DOI: 10.1016/j.biotechadv.2011.05.016.

41 Volume 12 Issue 4/ 2018


https://doi.org/10.1016/j.biotechadv.2007.02.001
https://doi.org/10.1002/jctb.280470214
https://doi.org/10.1002/jctb.280470214
https://doi.org/10.1002/bit.260230519
http://dx.doi.org/10.1016%2FS0032-9592%2898%2900114-9
https://doi.org/10.3389/fmicb.2016.00546
https://doi.org/10.1016/j.biotechadv.2006.11.002
https://doi.org/10.1252/jcej.27.399
https://doi.org/10.1093/oxfordjournals.aob.a083682
http://dx.doi.org/10.1016/j.enzmictec.2003.12.002
https://doi.org/10.1016/j.ejar.2012.09.003
http://dx.doi.org/10.1111/j.1365-2427.1972.tb00377.x
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1139/o59-099
https://doi.org/10.1139/o59-099
https://doi.org/10.1016/0922-338X(93)90034-6
https://doi.org/10.1016/j.biotechadv.2011.05.016

bionpoyecu, 6iomexHonozia xapyosux npodykmis / Bioprocesses, biotechnology of food products

28. Hu B, Min M, Zhou W, Du Z, Mohr M, Chen P, Zhu J, Cheng Y, Liu Y, Ruan R. Enhanced mixotrophic growth of microalga Chlorella sp. on
pretreated swine manure for simultaneous biofuel feedstock production and nutrient removal. Bioresour Technol. 2012; 126: 71-79. DOI:
10.1016/j.biortech.2012.09.031.

29. Wang SB, Chen F, Sommerfeld M, Hu Q. Proteomic analysis of molecular response to oxidative stress by the green alga Haematococcus pluvi-
alis (Chlorophyceae). Planta. 2004; 220: 17-29. DOI: 10.1007/s00425-004-1323-5.

30. Sun N, Wang Y, Li YT, Huang JC, Chen F. Sugar-based growth, astaxanthin accumulation and carotenogenic transcription of heterotrophic
Chlorella zofingiensis (Chlorophyta). Process Biochem. 2008; 43: 1288-92. DOI: 10.1016/j.prochio.2008.07.014.

31. Heredia-Arroyo T, Wei W, Hu B. Oil accumulation via heterotrophic/mixotrophic Chlorella protothecoides. Appl Biochem Biotechnol. 2010;
162: 1978-1995. DOI: 10.1007/s12010-010-8974-4.

32. Kong W, Song H, Cao Y, Yang HS, Hua S, Xia C. The characteristics of biomass production, lipid accumulation and chlorophyll biosynthesis
of Chlorella vulgaris under mixotrophic cultivation. J Biotechnol. 2011; 10: 11620-30. DOI: 10.5897/AJB11.617.

33.  Holzinger A, Karsten U. Desiccation stress and tolerance in green algae: consequences for ultrastructure, physiological, and molecular mecha-
nisms. Frontiers in plant science. 2013; 4: 1-18. DOI: 10.3389/fpls.2013.00327.

34. Chen YH, Walker TH. Biomass and lipid production of heterotrophic microalgae Chlorella protothecoides by using biodiesel-derived crude
glycerol. Biotechnol Lett. 2011; 33: 1973-1983. DOI: 10.1007/s10529-011-0672-y.

35.  Perez-Garcia O, de-Bashan LE, Hernandez JP, Bashan Y. Efficiency of growth and nutrient uptake from wastewater by heterotrophic, auto-
trophic, and mixotrophic cultivation of Chlorella vulgaris immobilized with Azospirillum brasilense. J Phycol. 2010; 46: 800-812. DOI:
10.1111/j.1529-8817.2010.00862.x

36. Karsten U. Seaweed acclimation to salinity and desiccation stress. Seaweed Ecophysiology and Ecology, Berlin: Springer Vol 219; 2012. P 87-
107. DOI: 10.1007/978-3-642-28451-9 5.

37. Kaplan F, Lewis LA, Wastian J, Holzinger A. Plasmolysis effects and osmotic potential of two phylogenetically distinct alpine strains of
Klebsormidium (Streptophyta). Protoplasma. 2012; 249: 789-804. DOI: 10.1007/s00709-011-0324-z.

38. Kaplan F, Lewis LA, Herburger K, Holzinger A. Osmotic stress in Arctic and Antarctic strains of the green alga Zygnema (Zygnematales,
Streptophyta): Effects on photosynthesis and ultrastructure. Micron. 2013; 4: 317-330. DOI: 10.1016/j.micron.2013.08.004.

39. Orosa M, Torres E, Fidalgo P, Abalde J. Production and analysis of secondary carotenoids in green algae. J Appl Phycol. 2000; 12: 553-556.
DOI: 10.1023/A:1008173807143.

40. Santos RR, Aratjo OQ, Medeiros JL, Chaloub RM. Cultivation of Spirulina maxima in medium supplemented with sugarcane vinasse. Biore-
sour Technol. 2016 March; 204: 38-48. DOI: 10.1016/j.biortech.2015.12.077.

41. Barrocal VM, Garci’a-Cubero MT, lez-Benito GG, Coca M. Production of biomass by Spirulina maxima using sugar beet vinasse in growth
media. New Biotechnology. 2010 Dec; 27 (6): 851-6. DOI: 10.1016/j.nbt.2010.07.001.

42.  Coca M, Barrocal VM, Lucas S, Gonzalez-Benito G, Garcia-Cubero MT. Protein production in Spirulina platensis biomass using beet vinasse-
supplemented culture media. Food Bioprod Process. 2015; 94: 306-312. DOI: 10.1016/j.fbp.2014.03.012.

43. Yang C, Hua Q, Shimizu K. Integration of the information from gene expression and metabolic fluxes for the analysis of the regulatory mecha-
nisms in Synechocystis. Appl Microbiol Biotechnol. 2002; 58: 813-822. DOI: 10.1007/s00253-002-0949-0.

44. Perez-Garcia O, Escalante FME, de-Bashan LE, Bashan Y. Heterotrophic cultures of microalgae: Metabolism and potential products. Water re-
search. 2011; 45: 11-36. DOI: 10.1016/j.watres.2010.08.037.

45.  Granum E, Kirkvold S, Myklestad SM. Cellular and extracellular production of carbohydrates and amino acids by the marine diatom Skele-
tonema costatum: duel variations and effects of N depletion. Mar Ecol Prog Ser. 2002; 242: 82-93. DOI: 10.3354/meps242083.

46. Guerrini F, Cangini M, Boni L, Trost P, Pistocchi R. Metabolic responses of the diatom Achnanthes brevipes to nutrient limitation. J Phycol.
2000; 36: 882-890. DOI: 10.1046/j.1529-8817.2000.99070.x.

47. Miao XL, Wu QY. Biodiesel production from heterotrophic microalgal oil. Bioresour Technol. 2006; 97: 841-846. DOI:
10.1016/j.biortech.2005.04.008.

48.  Choi HJ, Yu SW. Comparison of microalgae biomass and lipid content during growth in acorn-glucose and low cost carbon sources under vari-
ous conditions. Current Biotech. 2015; 4: 523-529. DOI: 10.2174/2211550105666151208211054.

49. Leesing R, Kookkhunthod S, Nontaso N. Microalgal lipid production by microalga Chlorella sp. KKU-S2. Eng Technol. 2013; 52: 499-502.

50. Wan MX, Wang RM, Xia JL, Rosenberg JN, Nie ZY, Kobayashi N, et al. Physiological evaluation of a new Chlorella sorokiniana isolate for
its biomass production and lipid accumulation in photoautotrophic and heterotrophic cultures. Biotechnol Bioeng. 2012; 109: 1958-64. DOI:
10.1002/bit.24477.

51. Zhang X, Rong J, Chen H, He C, Wang Q. Current status and outlook in the application of microalgae in biodiesel production and environmen-
tal protection. Front Energy Res. 2014; 2: 32. DOI: 10.3389/fenrg.2014.00032.

52. Chainapong T, Traichaiyaporn S, Deming RL. Effect of light quality on biomass and pigment production in photoautotrophic and mixotrophic
cultures of Spirulina platensis. J Agr Tech. 2012; 8 (5): 1593-1604.

53.  Yang C, Hua Q, Shimizu K. Energetics and carbon metabolism during growth of microalgal cells under photoautotrophic, mixotrophic and cy-
clic light-autotrophic/dark-heterotrophic conditions. Biochem Eng J. 2000; 6: 87-102. DOI: 10.1016/S1369-703X(00)00080-2

54.  Azma M, Mohamed MS, Mohomad R, Rahim RA, Ariff AB. Improvement of medium composition for heterotrophic cultivation of green mi-
croalgae, Tetraselmis suecica, using response surface methodology. Biochem Eng J. 2011; 53: 187-195. DOI:10.1016/j.bej.2010.10.010

55. De Swaaf ME, Sijtsma L, Pronk JT. High-cell-density fed-batch cultivation of the docosahexaenoic acid producing marine alga Crypthecodini-
um cohnii. Biotechnol Bioeng. 2003; 81: 666-672. DOI: 10.1002/bit.10513.

Otpumaso B penaxiiro 22.10.2018 Received 22.10.2018
[pwuiinsito 1o npyky 06.11.2018 Approved 06.11.2018

HuryBaunns 3riqao ICTY 8302:2015

Zahra Rasouli, Mahdi Parsa, Hossein Ahmadzadeh Features of Spirulina platensis cultivated under autotrophic and mixotrophic conditions //
Food science and technology. 2018. Vol. 12, Issue 4. P. 33-42. DOI: http://dx.doi.org/10.15673/fst.v12i4.1178

Cite as VVancuver style citation

Zahra Rasouli, Mahdi Parsa, Hossein Ahmadzadeh Features of Spirulina platensis cultivated under autotrophic and mixotrophic conditions.
Food science and technology. 2018; 12(4): 33-42. DOI: http://dx.doi.org/10.15673/fst.v12i4.1178

Xapuosa Hayka i Texronoris / Food science and technology 42 Volume 12 Issue 4/ 2018


https://doi.org/10.1016/j.biortech.2012.09.031
https://doi.org/10.1007/s00425-004-1323-5
https://doi.org/10.1016/j.procbio.2008.07.014
https://doi.org/10.3389/fpls.2013.00327
https://doi.org/10.1007/s10529-011-0672-y
https://doi.org/10.1111/j.1529-8817.2010.00862.x
https://doi.org/10.1007/s00709-011-0324-z
https://dx.doi.org/10.1016%2Fj.micron.2012.08.004
https://doi.org/10.1016/j.biortech.2015.12.077
https://doi.org/10.1016/j.nbt.2010.07.001
https://doi.org/10.1016/j.fbp.2014.03.012
https://doi.org/10.1016/j.watres.2010.08.037
https://doi.org/10.1046/j.1529-8817.2000.99070.x
https://doi.org/10.1016/j.biortech.2005.04.008
https://doi.org/10.1016/j.biortech.2005.04.008
http://dx.doi.org/10.2174/2211550105666151208211054
https://doi.org/10.1002/bit.24477
https://doi.org/10.3389/fenrg.2014.00032
https://doi.org/10.1016/S1369-703X(00)00080-2
https://doi.org/10.1016/j.bej.2010.10.010
https://doi.org/10.1002/bit.10513

