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Abstract

Microalgae are considered promising feedstocks for biofuel and bio-product generation. The algal carbohydrates can be
hydrolyzed into sugars before their fermentation into ethanol. In this study, nutrient limitation strategy was employed to evalu-
ate the biochemical composition of Chlorella sorokiniana. Limiting nitrate (1.0 g/L KNOs) in the culture medium increased
the total carbohydrate and starch content of microalga by 50.28 and 34.06%, respectively. However, this significantly lowered
their yield due to low microalgal biomass production. Cultivation of C. sorokiniana cells with 4.0 g/ KNOj; as nitrogen
source for 8 days was optimum for bioethanol production as the highest total carbohydrate yield of 422.44 mg/L was obtained
under these conditions. Nitrate limitation (1.0 g/LL KNO;) favored the increased production of high-value carotenoids in C.
sorokiniana that could further contribute to improving the economics of the bioethanol production process. Feasibility stud-
ies for ethanol production from C. sorokiniana revealed that a maximum of 13.86 mg/mL of reducing sugars was extracted
in the hydrolysate by treating the microalgal biomass with 2.8% sulfuric acid at 121 °C for 30 min. Fermentation of acid

hydrolysate produced ethanol at a concentration of 2.91 mg/mL in 96 h with 41.16% of theoretical yield.
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Introduction

Microalgae are unicellular microscale (cell size ranging
from 2 to 200 pm) photosynthetic microorganisms which
possess high carbon dioxide fixation abilities during pho-
tosynthesis in the presence of sunlight and other essential
nutrients [1]. Microalgae are capable of producing abun-
dant biomass comprising carbohydrates, lipids, and proteins.
Cellulose is the predominant constituent of the microalgal
cell wall besides pectin and sulfated polysaccharides [2].
The majority of the starch (20 to 50%) is located intracellu-
larly in the plastids. Other components such as lipids (20 to
60%) and proteins (20 to 50%) are also found in microalgal
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cells [1]. Some microalgal strains such as C. sorokiniana,
Nannochloropsis sp., Desmodesmus sp., Nannochloropsis
sp., Scenedesmus SDEC-8, and Botryococcus braunii have
been documented to possess lipids as high as 45 to 64% of
dry weight content [3]. The microalgae produce substantial
amounts of proteins (42 to over 70%) in certain species of
cyanobacteria and up to 58% in Chlorella vulgaris [4]. The
metabolic products and their relative proportions are closely
associated with the environmental conditions and nutrient
availability including the quantity, abundance and magnitude
of CO, levels, temperature, pH, sunlight, nutrients, and the
existence (or non-existence) of other organisms [5].
Microalgae are essential raw materials for bioethanol pro-
duction since they possess (i) high photosynthetic capability,
(ii) fast rate of growth, (iii) high proportion of carbohydrates,
and (iv) lack of lignin in their cell wall [6]. Carbohydrates
are produced in diverse forms which may vary depending
upon the type or species of the microalgae. Cyanophytes
are well recognized to store glycogen, although some spe-
cies produce semi-amylopectin. Chlorophyta are known to
possess starch as semi-crystalline granules composed of both
amylose and highly branched amylopectin polymers while
Floridean starch is the main carbohydrate polymer produced
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by Rhodophyta [7]. In certain species of microalgae, an
increased accumulation of carbohydrates and starch takes
place under environmental/nutritional stress conditions,
viz. phosphorus limitation, nitrogen starvation, elevated
light intensity, and high carbon dioxide concentration [8].
The carbohydrate content of microalgae can be increased
by various cultivation strategies which include nitrogen
depletion, CO, supplementation, pH shift, and variation in
temperature. It is well known that due to nitrogen-deficient
conditions, various strains of microalgae convert peptides
or proteins to lipids or carbohydrate reserves [2]. The nitro-
gen starvation results in inhibition of microalgal cell growth
along with an increase in carbohydrate and starch content
of the microalgae. High carbohydrate and starch content of
66.9 and 43.4% was observed in microalga C. zofingiensis
after only 1 day of nitrogen starvation [9]. Under autotrophic
conditions, C. vulgaris P12 accumulated starch up to 41%
of cell dry weight [10] while another strain of C. vulgaris
accumulated up to 55% of starch under nitrogen-limiting
growth conditions [11].

Microalgae possessing a high content of various carbohy-
drates, viz. starch, cellulose, agar, and glycogen can be eas-
ily transformed into fermentable sugars for their subsequent
conversion into ethanol [12]. The process of bioethanol pro-
duction from algae is a multi-step process including harvest-
ing, biomass pre-treatment, hydrolysis, and fermentation.
Of the total cost linked to the microalgae processing and
production, harvesting constitutes 20-30% due to the small
size and growth of microalgae in very dilute cultures [13].
The harvested biomass is further subjected to pre-treatment
which is essential to disintegrate the hard cell wall and lib-
erate the fermentable sugars for ensuing their fermentation
into ethanol. Production cost, energy efficiency, ease of
application, hydrolytic capability, and its feasibility for com-
mercialization are the most essential features of an efficient
pre-treatment process [14]. Among different pre-treatments,
chemical pre-treatment has been identified as the most viable
option, as it is capable of performing both the pre-treatment
and hydrolysis of microalgal biomass together. Most widely
employed chemicals in the pre-treatment process are usu-
ally different acids and alkali as they are considered to be
the most inexpensive chemicals possessing high hydrolytic
capabilities and least levels of toxicity at their commonly
applied concentrations [15]. Acid pre-treatment is the most
preferred method as it provides higher hydrolytic efficiency
for conversion of complex carbohydrates into sugars and eth-
anol. Various species of microalgal biomass, viz. Dunaliella
sp. and Scenedesmus abundans, have been subjected to sul-
furic acid pre-treatment by several researchers [16, 17]. Acid
concentration, temperature, and time are the primary factors
affecting the conversion of polysaccharides into fermentable
sugars during the pre-treatment process. The use of acid at
high concentration can lead to the corrosion of equipment
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and generation of various fermentation inhibitors [18]. Nev-
ertheless, these disadvantages could be overcome by using
dilute acids for the pre-treatment.

In the current study, the strategy of nitrogen limitation
was employed to enhance carbohydrate/starch accumulation
in indigenous microalga Chlorella sorokiniana by vary-
ing the concentrations of potassium nitrate in the culture
medium. Ethanol production potential of C. sorokiniana was
evaluated by studying the effect of varying acid concentra-
tions on the hydrolysis of microalgal polysaccharides into
sugars and subsequent fermentation of the hydrolysate by
Saccharomyces cerevisiae into ethanol.

Materials and Methods
Microalgal Strain and Culture Conditions

Microalgal strain, Chlorella sorokiniana, was procured from
the stock culture collection of Biodiesel Laboratory, Depart-
ment of Renewable Energy Engineering, P.A.U., Ludhiana.
Starter cultures were initiated from pure single colonies by
inoculating them into 250 mL of synthetic medium. The
chemical composition of complete synthetic medium with
some modifications was as follows: K,HPO, 0.20 g/L,
KH,PO, 0.50 g/L, FeSO,-7H,0 0.03 g/L, MgS0O,-7H,0
0.20 g/L, KNO; 4.0 g/L, and trace mineral solution
1.0 mL/L: H;BO5 2.86 g/L, Na,MoO,-2H,0 0.04 g/L,
MnCl,-2H,0 1.81 g/L, ZnSO,-7H,0 0.02 g/L, CuSO,-5H,0
0.07 g/L [19]. Cultures were grown at 28 +2 °C with an
uninterrupted supply of light using white fluorescent bulbs at
an irradiance level of 6000 Ix. Carbon dioxide—enriched air
(1% v/v) was sparged into the culture medium at a constant
flow rate of 0.3 vvm (volume gas per volume liquid culture
per min) [20].

Experimental Setup

The cells of C. sorokiniana were grown initially to the loga-
rithmic phase. The pre-cultured cells were collected by cen-
trifugation at 10,000 rpm for 10 min. The cell pellets were
washed twice with the distilled water and then resuspended
in 500 mL of fresh synthetic medium as control and the
modified synthetic medium containing 2.0 g/L and 1.0 g/L
potassium nitrate. The starting inoculum size of 1.0 x 107
cells/mL was kept the same in all the experiments. The sam-
ples were collected immediately after resuspension and at
regular intervals. Each experiment was replicated thrice.

Growth and Biomass Concentration

The growth of C. sorokiniana was determined daily by
recording the absorbance (A =600 nm) of the triplicate
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culture samples using UV-visible spectrophotometer (SL
159, ELICO, Hyderabad, India) after suitable dilution with
deionized water for achieving 0.05-0.6 absorbance range.
For biomass determination, cells were harvested by centrifu-
gation of the culture suspension at 10,000 rpm for 10 min,
followed by washing with distilled water and drying at 60 °C
until the weight was invariant [9].

Determination of Total Carbohydrate Content

The carbohydrates were extracted from the dried biomass of
C. sorokiniana [21] in triplicates. To the dried algal biomass,
25 mL of HCI (1.5 N) was added followed by autoclaving the
algal suspension at 121 °C, 15 psi for 15 min. The resulting
mixture was allowed to cool at room temperature, followed
by neutralization with sodium hydroxide solution (400 g/L)
and the final volume was made to 50 mL with distilled water.
One milliliter each of zinc acetate (300 g/L) and potassium
ferrocyanide (150 g/L) was added to it. The solution was

allowed to stand for 30 min with the subsequent addition
of 0.2 mL of sodium tungstate (120 g/L). The final solu-
tion was, then, eventually filtered using Whatman no. 1 filter
paper for the estimation of total sugars from the filtrate [22].
The total carbohydrate content and yield were expressed as
dry weight percentage and milligram per liter, respectively.

Determination of Starch

Starch was extracted from C. sorokiniana biomass by vortex-
ing the microalgal cells (30 mg) in 1 mL distilled water for
5 min using 0.5-mL glass beads [8]. Ethanol (80%) was used
for the extraction of pigments from the biomass thrice at
65 °C for 15 min. To the pellet, 3 mL perchloric acid (30%)
was added for hydrolysis of the starch and the mixture was
continuously stirred at room temperature for 15 min. The
process was repeated thrice. The extracts were pooled and
the final volume was made to 10 mL. Total sugars present
in the extract were determined [22], and the values obtained

Fig. 1 a Total carbohydrate
content (% dw basis) of C.
sorokiniana grown in a medium
containing different potassium
nitrate levels. Different letters
indicate statistically significant
difference between different
potassium nitrate levels at each
cultivation time. Values are
mean + standard error of three
replicates. b Total carbohydrate
yield (mg/L) of C. sorokiniana
grown in a medium containing
different potassium nitrate lev-
els. Different letters indicate sta-
tistically significant differences
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were multiplied by 0.9 for determination of starch. Starch
content and yield were expressed as dry weight percentage
and milligram per liter, respectively. Determinations were
carried out in triplicates.

Determination of Total Soluble Protein

Total proteins were determined by extracting the dried
microalgal biomass in triplicate (30 mg) using 90% ethanol
(20 mL) for 1 h followed by centrifugation at 10,000 rpm
for 10 min [23]. The pellet obtained after centrifugation was
allowed to mix with 20% trichloroacetic acid (10 mL) fol-
lowed by incubation at 95 °C for 15 min in a water bath.
Ethanol (95%) was used for repeated washing of the pellet.
The pellet was, then, dissolved in 10 mL of sodium hydrox-
ide solution (4.0 g/L) and extracted twice at 60 °C for 1 hin
a water bath. The soluble protein content was quantified by
using Folin-Ciocalteu reagent with bovine serum albumin
as protein standard and expressed in dry weight percentage
[24].

Determination of Chlorophyll and Carotenoid
Content

The extraction of chlorophyll was performed as described
with some modifications [25]. The fresh algal biomass in
triplicate (30 mg) was immersed in 15 mL of 80% acetone
and placed in water bath at 65 °C for 2 h. During the 2-h
incubation period, the algal suspension was subjected to vig-
orous shaking after every 15 min and then allowed to rest
in the dark for 24 h. Acetone was added to compensate for
the evaporation that occurred during the extraction of pig-
ments from algal biomass. The suspension was subjected to
centrifugation at 10,000 rpm for 5 min and absorbance of the
cell-free extract was recorded at 663, 647, and 470 nm with
UV-visible spectrophotometer. For calculating the concen-
tration of chl a, chl b, and carotenoids, the below mentioned
equations were used [25]:

12.25A463 7 — 2. 79A¢465 X Volume of supernatant

C, =
a(ug/g) Weight of fresh algal biomass

21.50A446 3 — 5.10A¢;35, X Volume of supernatant

C =
v(ue/e) Weight of fresh algal biomass

Acid Hydrolysis of Microalgal Biomass

Dried algal pellets, in triplicate, slurred at a solid to liquid
ratio of 1:10 (w/v) were mixed with five concentrations of
sulfuric acid, viz. 0.7, 1.4, 2.8, 5.6, and 8.3% and pre-treated
in an autoclave at 121 °C and 15 psi for 30 min. The hydro-
lysates were collected, allowed to cool at room temperature,
and then filtered using Whatman no. 1 filter paper. The clear
supernatant was used for the estimation of total sugars [22]
and reducing sugars by the method of Nelson [26].

Fermentation of Microalgal Hydrolysate

Fermentation of microalgal hydrolysate was carried out as
per method of Markou et al. [27]. Microalgal hydrolysate
was neutralized with NaOH (4.0 g/L) and pH of hydrolysate
was adjusted to 5.0. The following nutrients (g/L) were
supplemented with the microalgal hydrolysate: NH,SO, 2;
K,HPO, 1.0; KH,PO, 1.0; ZnSO, 0.2; MgSO, 0.2; yeast
extract 2.0. After the addition of nutrients, the hydrolysate
was pasteurized at 80 °C for 15-20 min. The solution was,
then, agitated at 250 rpm for 5—10 min and kept in UV light
for 30 min to sterilize the hydrolysate. The yeast S. cerevi-
siae (MTCC11815) was cultured in glucose yeast extract
broth (GYE) maintained at pH 5.5. The hydrolysate was
inoculated with 10% yeast inoculum and fermentation was
carried out at 28 +2 °C using an orbital-shaking incubator
at 100 rpm for 96 h. The concentrations of ethanol [28] and
residual reducing sugars [26] in the fermented sample were
determined spectrophotometrically at 48, 72, and 96 h.

Statistical Analysis

The experiments were conducted in three replicates and
the values were expressed as mean values + standard error
(SE). Data were analyzed using ANOVA followed by Tuk-
ey’s HSD test. SPSS Statistics 20.0 version was used for
the statistical analyses and p <0.05 was considered to be
significant.

Result and Discussion

Microalgal Growth and Biomass in Relation
to Potassium Nitrate Levels

(1000 X Ayqy0 — 1.82C, — 85.02Cb)/198 X Volume of supernatant

Ciuro(Hg/R) =

Weight of fresh algal biomass

where C,, chlorophyll a; C,, chlorophyll b; C(X +o X, Xan-
thophyll; ¢, carotene.
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The growth of C. sorokiniana increased with subsequent
increase in the nitrate level in the medium (Supplementary
Fig. S1). The growth curve depicted 1 day of lag phase and
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of logarithmic phase up to day 7 followed by stationary
phase with 4.0 g/L potassium nitrate in the culture medium.
However, limiting potassium nitrate to 2.0 and 1.0 g/L in the
culture medium caused alga to take 10 days to reach the sta-
tionary phase. The highest fresh and dry biomass concentra-
tions of 8053.33 mg/L and 1556.67 mg/L, respectively, were
observed on day 8 with 4.0 g/L nitrate level (Supplementary
Fig. S2). High nitrate concentration in the culture medium
substantially increases the synthesis of chlorophyll pigments,
thereby increasing the rate of photosynthesis. Most of the car-
bohydrates produced are utilized as an energy source through
respiration reaction for the rapid division of cells, thereby
resulting in increased cell biomass and growth [29]. How-
ever, the fresh and dry biomass concentrations of 2266.67
mg/L and 323.33 mg/L, respectively, were recorded on day
2 upon limiting the nitrate level in the medium to 1.0 g/L,
though C. sorokiniana maintained the ability to grow under
nitrate limitation with reduced biomass as compared to the
high nitrate level in the culture medium. This might be due to
the utilization of nitrogen harvested from salvage pathways
related to the turnover of the proteins [30].

Carbohydrate/Starch Accumulation in C. sorokiniana
in Relation to Nitrate Levels

Lipids and starch are the predominant storage compounds of
carbon and energy in the majority of the microalgal cells and
plants, especially synthesized in response to stress conditions.
Carbohydrate content of algae is an important constituent that
determines the efficacy of bioethanol production from the algae.
The results of total carbohydrates obtained by the cultivation
of C. sorokiniana under varying nitrate levels in the medium
are shown in Fig. 1. C. sorokiniana was able to accumulate the
carbohydrates under all the tested potassium nitrate levels in the
culture medium; however, the total carbohydrate content varied
significantly (p <0.05) at different days. At 4.0 g/L KNO;, the
total carbohydrate content of microalga declined from 22.16 to
17.14% by day 2 and then increased up to 29.50% on day 6 and
then declined thereafter. However, by limiting the potassium
nitrate levels up to 2.0 g/L and 1.0 g/L in the culture medium,
the total carbohydrate content increased drastically from 21.56
to 31.40% and 22.80 to 50.28% by days 4 and 2, respectively
(Fig. 1a). The decrease in the potassium nitrate level in the
culture medium quickly induced carbohydrate accumulation in
the microalga. These results agree with the previous findings
that inferred an increased accumulation of carbohydrate in C.
vulgaris P12 up to 41% under nitrogen limiting situations [10].
Similarly, the total carbohydrate contents of 60 and 32.75%
were observed in the microalgae, Synechococcus and C. vul-
garis, respectively with thelimitation of sodium nitrate in the
culture medium [31]. Nitrogen starvation resulted in an inten-
sive production of carbohydrates in Haematococcus pluvialis
that accumulated carbohydrates up to 63% by day 1 and then

subsequently decreased along with accumulation of fatty acids
up to 35% [32]. The possible explanation for this could be that
during nitrogen-limiting conditions, the nitrogen available to
the microalgae is utilized for the production of essential cell
structures and enzymes. The carbon dioxide fixed by the micro-
alga under these conditions is thereby converted into either car-
bohydrates or lipids rather than proteins, depending upon the
species [10]. In the present study, the total carbohydrate yield
of microalga increased from 5.61 to 422.44 mg/L. by day 8 and
then decreased to 300.89 mg/L by day 10 with 4.0 g/L KNO; in
the culture medium (Fig. 1b). Limiting potassium nitrate levels
up to 2.0 g/L and 1.0 g/L in the culture medium resulted in the
highest total carbohydrate yield of 371.78 and 240.86 mg/L by
days 8 and 6, respectively. Though the potassium nitrate limita-
tion induced the accumulation of carbohydrate in the cells of
C. sorokiniana, the yield of carbohydrate was observed to be
comparatively low. The decline in the carbohydrate yield from
422.44 to 240.86 mg/L by limiting potassium nitrate in the cul-
ture medium might be due to severe inhibition of cell division
under these conditions [9].

Carbohydrates in the microalgae are species specific.
Eukaryotic microalgae typically contain either starch as in
red and green algae or 3-glucans as in diatoms and brown
algae as their chief storage carbohydrate [33]. The kind of
storage carbohydrates is of immense significance if the bio-
mass is to be considered as substrate for fermentation and
production of ethanol. Hence, it is paramount to study the
principal carbohydrate in the microalgae for its subsequent
conversion into ethanol. Starch accumulation in C. sorokini-
ana in relation to different potassium nitrate levels in the
culture medium is shown in Fig. 2. At 4.0 g/L potassium
nitrate level in the culture medium, the highest starch content
of 24.59% was recorded by day 6, while limiting the nitrate
level to 2.0 g/L and 1.0 g/L in the medium significantly
(p <0.05) enhanced starch content to 25.06% and 34.06%
by days 4 and 2, respectively (Fig. 2a). However, the highest
total starch yield of 246.15 mg/L was found by day 8 with
4.0 g/L potassium nitrate in the culture medium (Fig. 2b).
High starch content of C. sorokiniana with nitrate limitation
might be due to the excessive photosynthetic carbon flux
within the cell. The increased accumulation of metabolic
intermediate, i.e., 3-phosphoglycerate, might cause an acti-
vation of ADP-glucose pyro phosphorylase that is primarily
involved in starch synthesis [9]. The increase in the starch
content of another microalgal strain C. vulgaris P12 up to
40% with the deprivation of urea in the culture medium was
reported in another study [10].

The total soluble protein content of C. sorokiniana at
different potassium nitrate levels is shown in Fig. 3. At
4.0 and 2.0 g/L potassium nitrate levels, the total soluble
protein content increased from 12.36 to 27.38% and 10.78
to 20.91%, respectively, by day 8 and declined thereafter.
However, the total soluble protein content declined up to
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Fig.2 a Total starch content

(% dw basis) of C. sorokiniana
grown in a medium containing
different potassium nitrate lev-
els. Different letters indicate sta-
tistically significant differences
between different potassium
nitrate levels at each cultivation
time. Values are mean =+ stand-
ard error of three replicates. b
Total starch yield (mg/L) of C.
sorokiniana grown in a medium
containing different potassium
nitrate levels. Different letters
indicate statistically significant
differences between different
potassium nitrate levels at each
cultivation time. Values are
mean =+ standard error of three
replicates
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a
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day 10, when the nitrate level in the culture medium was  potassium nitrate level. The microalgae trigger their metabo-
1.0 g/L. Significant differences (p < 0.05) in the total soluble ~ lism by the accumulation of carbohydrates/lipids as energy
protein content were observed at different potassium nitrate ~ reservoir to prevail over the periods of nitrogen stress. For
levels with the lowest protein content observed at 1.0 g/l this, peptides/proteins are transformed into energy reserves

Fig.3 Total soluble protein
content (% dw basis) of C.
sorokiniana grown in a medium
containing different potassium
nitrate levels. Different letters
indicate statistically significant
differences between different
potassium nitrate levels at each
cultivation time. Values are
mean + standard error of three
replicates
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and protein synthesis also gets slowed down as nitrogen is
one of the major elements required for this purpose. This
increase in the carbohydrates/lipids was also associated with
concomitant decline in the content of protein in another
study [34]. The total carbohydrates increased from 25.2
to 35.3%, whereas the total proteins declined from 58.9 to
52.3%. Thus, depletion of nitrogen in the culture medium
stimulated the production of carbohydrates at the cost of
the proteins.

The chlorophyll and carotenoid content of C. sorokiniana
in relation to different potassium nitrate levels in the culture
medium is shown in Table 1. Chlorophyll a, b, and total
chlorophyll content continued to increase to 403.22, 346.66,
and 749.88 ug/g, respectively, by day 8 with 4.0 g/LL KNO,
in the culture medium. However, chlorophyll a, b, and total
chlorophyll contents were found to be relatively low with 2.0
and 1.0 g/L nitrate levels with maximum increase up to days
8 and 4, respectively. Chlorophyll a, b, and total chlorophyll
contents decreased by 3.0- to 3.2-fold by day 4 with 1.0 g/L
nitrate level relative to its maximum content at a high nitrate
level (4.0 g/L KNOs;) in culture medium. In a similar study,
both the pigments (chlorophyll a and b) decreased progres-
sively in the nitrogen-limiting medium from day 4 onwards,
whereas these pigments were relatively unchanged in the
nitrogen-repleted cultures until day 8 [35]. The green alga,
Neochloris oleoabundans, assembled a substantial amount
of chlorophyll under abundantly available nitrogen in the

medium. However, upon the exhaustion of nitrogen in the
medium, the microalgal cells started utilizing their own
nitrogen by the degradation of chlorophyll molecules [36].

Total carotenoid content continued to increase at all
potassium nitrate levels in the culture medium, although
content was found to be relatively low, i.e., 221.41 pg/g on
day 10 at the 1.0 g/L nitrate level. The total carotenoid to
chlorophyll content of C. sorokiniana was higher on day 10
at all the potassium nitrate levels. However, significantly
(p <0.05) high total carotenoid to chlorophyll content of
2.51 was observed by day 10 in the culture medium con-
taining 1.0 g/L potassium nitrate. Certain species of micro-
algae are known to assemble high levels of carotenoids such
as fB-carotene and xanthophylls under elevated light inten-
sity and nitrogen deficiency conditions. The induction of
carotenoid synthesis might serve as intracellular light traps,
thereby protecting the photosynthetic piments from exces-
sive irradiation. This mechanism is of great importance,
especially under nitrogen deficiency conditions when the
efficiency of other protective mechanisms depending on
protein synthesis (particularly, the antioxidant enzymes) is
thought to be restricted [37]. Versatility of C. sorokiniana
metabolism under different nitrate regimes might favor the
production of high-value non-fuel products such as carot-
enoids which could play a pivotal role in making energy
and economic balance of microalgal bioethanol production
more favorable. Similar types of biorefinery concepts that

Table 1 Chlorophyll and

. KNO; conc
carotenoid content (ug/g) of C. 7

Time (days) Chlorophyll and carotenoid content (ug/g)

sorokiniana grown in a medium Chl, Chl, Total chl Cixto) Cx+e)Total chl
containing different potassium
nitrate levels 4 g/LL 0 5425+3.62 4498+1.69 99.23+2.38  39.72+2.76 0.40+0.03
2 144.48+0.99 134.74+3.41 279.22+2.43  92.15+2.88 0.33+0.01
4 180.15+2.69 153.02+2.03 333.17+1.68 101.61+3.21 0.30+0.01
6 253.89+3.55 198.43+1.13 452.33+4.58 112.61+4.02 0.25+0.01
8 403.22+0.92 346.66+2.93 749.88+2.00 142.71+3.68 0.19+0.01
10 291.32+3.69 195.66+1.35 486.98+3.81 267.44+2.75 0.55+0.01
2g/L 0 54.02+3.76  43.12+0.11 97.14+3.65 39.52+2.04 0.41+0.03
2 141.51+£3.53  96.82+2.19 23832+3.41 89.66+1.61 0.38+0.01
4 149.24+2.43 13336+1.80 282.60+4.01 96.82+1.18 0.34+0.01
6 213.49+499 15691+1.59 370.40+4.26 107.35+3.29 0.29+0.01
8 386.28+2.30 197.66+1.20 583.94+1.27 136.73+4.97 0.23+0.01
10 260.01+£1.01 158.04+3.37 418.98+4.31 249.69+3.17 0.60+0.01
1g/L 0 5346+1.81 43.13+£0.94 96.59+2.74 39.23+3.52 0.41x0.04
2 110.30+2.83  73.99+0.65 184.30+3.47 43.68+4.84 0.24+0.03
4 126.58+3.22 11530+4.32 241.89+7.21 62.68+4.90 0.26+0.01
6 101.17+4.87 81.91+3.13 183.08+1.75 93.87+3.95 0.51+0.02
8 72.10+£2.30 45.13+3.84 117.24+1.70 103.85+3.83 0.88+0.02
10 57.24+279 31.00+4.18 88.24+5.17 221.41+0.77 2.51+0.14

Chla chlorophyll a, Chlb chlorophyll b, Total chl total chlorophyll, C(x+c) total carotenoid content. Values
are mean + standard error of three replicates
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Fig.4 Total sugar and reducing 600
sugar content (mg/g) of hydro-
lysate produced by treating
microalgal biomass with differ- 500
ent acid concentrations. Differ-
ent letters indicate statistically Zn 400
significant differences in total ‘é"
and reducing sugars at different > 300
acid concentrations. Values are 50
mean = standard error of three a 200
replicates

100 -

0 4
0.7

m Total sugars = Reducing sugars

a

1.4 2.8 5.6 8.3

Concentration of Sulphuric acid (% v/v)

involve the extraction of fatty acids and carotenoids from
microalgae for feed and food industry along with the pro-
duction of biohydrogen and biodiesel have been studied by
several researchers [38].

The results revealed that though limiting nitrate in the
culture strongly induced the accumulation of starch and car-
bohydrates in C. sorokiniana cells, the total carbohydrate
and starch yield were observed to be low. The nitrate limita-
tion led to higher carbohydrate/starch content in C. sorokini-
ana at the expense of low biomass and yield. Limitation of
nitrate in the culture medium also decreased the total soluble
protein and chlorophyll content, though the carotenoid to
chlorophyll ratio increased significantly. On the basis of the
highest total carbohydrate yield of 422.44 mg/L achieved
on day 8 with the supplementation of 4.0 g/LL KNO; in the
culture medium, harvesting of the microalgal cells was car-
ried out under these conditions for acid hydrolysis and fer-
mentation of microalgal hydrolysate for ethanol production.

Effect of Acid Concentration on Hydrolysis
of Microalgal Biomass

Acid hydrolysis is a common method and sulfuric acid is
recognized as the principal catalyst for hydrolysis of bio-
mass. It is capable of hydrolyzing the complex polysaccha-
rides into simple sugars. Figure 4 shows the effect of sulfuric
acid concentration on hydrolysis of complex carbohydrates
of microalgal biomass. The total sugars and reducing sugars
of the algal hydrolysate increased considerably from 446.16
to 487.41 and 158.02 to 277.56 mg/g dried algal biomass,
respectively with an increase in concentration of acid from
0.7 to 2.8%. Further increase in the acid concentration up to
8.3% decreased both the total and reducing sugar contents of
the hydrolysate. The decrease in the sugar level at the higher
acid concentration might be due to the conversion of sugars
into furfurals, thereby decreasing the yield of fermentable
sugars [39]. For hydrolysis, a lower concentration of the acid
is desirable owing to smaller amounts of the neutralizing

Fig.5 Ethanol (mg/mL) and
reducing sugar content (mg/ —s—Ethanol concentration (mg/ml) —=—Reducing sugars (mg/ml)
mL) of the fermented broth at 4.00 - 16.00
different hours of fermentation. _
Values are mean = standard TE] 3.50¢ - 14.00
error of three replicates ED 300 L 12.00 g
g 250 - 1000 &
= R
g 200 - 800 5
2 2
S 150 — - 6.00 @
3 g
g =
< 1.00- - 4.00 3
B3l 4
0.50 - 2.00
0.00 ‘ ‘ 0.00
0 72 96
Fermentation time (h)
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Table 2 Comparison of the ethanol concentration of indigenous microalga C. sorokiniana with the performance given in other studies
Microalgal species Hydrolysis method Fermenta-  Ethanol (g/L)  Ethanol yield (g/g Ethanol yield (%)  References

tion process

algal biomass)

Chlorella vulgaris Sulfuric acid SHF
Chlorella vulgaris Enzymatic hydrolysis ~ SHF
Chlorococcum humicola Sulfuric acid SHF
Chlamydomonas reinhardtii ~ Sulfuric acid

Gracilaria salicornia Sulfuric acid SHF
Arthrospira platensis Acid SHF
Chlorella sorokiniana Sulfuric acid SHF

11.66 0.23 96.9 [41]
7.00 0.07 89.0 [42]
7.20 0.52 - [15]
14.6 0.29 29.2 [43]
2.02 0.079 - [44]
- 0.16 53.3
291 0.052 41.16 Present study

agent required in the subsequent steps of fermentation and
less corrosion of experimental equipment [14]. Hence, for
subsequent experimental studies, 2.8% concentration of acid
was used for the hydrolysis of microalgal biomass. Several
studies have revealed that the efficacy of the acid hydrolysis
depends upon cell wall rigidity of different microalgal spe-
cies. The hydrolysis of Chlorella sp. with 2.8% sulfuric acid
induced a gradual increase in the concentration of sugar up
to 17.0 g/L and this level was maintained for 5 h in another
study [40]. Similarly, dilute acidic hydrolysis of C. vulgaris
FSP-E biomass with 1% sulfuric acid resulted in glucose
yield of 93.6% from the microalgal carbohydrates [41].

Fermentation of Microalgal Hydrolysate for Ethanol
Production

The acid-hydrolyzed biomass was utilized for the production
of ethanol via separate hydrolysis and fermentation process
using optimal acid hydrolysis conditions (2.8% sulfuric acid
at 121 °C, 30 min). After acid hydrolysis of C. sorokiniana,
the acid hydrolysate with reducing sugar concentration of
13.86 mg/mL was obtained (Fig. 5). Saccharomyces cerevi-
siae cells were inoculated into the microalgal hydrolysate to
accomplish the fermentation of ethanol at 28 +2 °C. After
the inoculation of yeast, the reducing sugar content declined
quickly along with rapid increase in the concentration of
ethanol. Maximum ethanol concentration of 2.91 mg/mL
and ethanol yield of 41.16% (relative to theoretical yield of
ethanol based on the quantity of reducing sugars liberated
from the microalga following acid hydrolysis) were achieved
within 96 h of fermentation. The ethanol concentration and
yield reported in this study were found to be comparable
with the studies carried out by several other researchers
(Table 2). Acid hydrolysis is recommended as the most fea-
sible hydrolysis method for the production of ethanol from
the sugar-abundant microalgal biomass, as it is an economi-
cal and faster method with comparatively fivefold shorter
operation time (60—120 min) as compared to enzymatic
hydrolysis. Further optimization of hydrolysis of C. soro-
kiniana biomass for the production of fermentable sugars

and their fermentation into ethanol by efficient yeast might
help improve the yield of ethanol.

Conclusion

Chlorella sorokiniana culture, when grown under nitrate-
limiting conditions, showed a significant increase in the car-
bohydrate and starch content. However, their yield was rela-
tively low under these conditions due to the inhibition of the
microalgal cell growth. The carotenoid content also showed
a considerable increase when nitrate was limited in the cul-
ture medium. In the biorefinery concept, nitrate limitation
is considered to be a good strategy for co-producing carbo-
hydrates for ethanol as well as value-added pigments such
as carotenoids. The carbohydrate yield and ethanol produc-
tion efficiency of this strain can be enhanced by employing
a two-stage cultivation strategy involving nitrate-sufficient
conditions during the first stage and subsequently limiting
nitrate in the culture medium.
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