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Abstract

Biochemical composition of microalgae, a promising feedstock for biodiesel production, can be modified under different
nutritional modes. The objective of this study was to investigate the influence of autotrophy and mixotrophy on the growth
and biochemical composition of Tetraselmis sp. KY114885. Time-course variations of lipids and starch were determined using
gravimetric and colorimetric methods. After direct transesterification, lipid profile on days 12 and 20 of cultivation period was
determined. The results revealed higher growth of microalgae in mixotrophic cultures containing 5 g L™ glucose, whereas
7.5 ¢ L' glucose suppressed growth. Mixotrophy enhanced the lipid and starch yields in a distinctive trend. The fatty acid
composition changed with the different nutritional regimes and the length of growth in batch culture. Glucose supplementation
elevated the portions of monounsaturated fatty acids, particularly oleic acid, and decreased the percentage of saturated and
polyunsaturated fatty acids. The present study suggests that mixotrophic cultivation of Tetraselmis sp. KY114885 may be a
feasible strategy to improve growth parameters and the biochemical composition of the alga for biofuel production. The results
also shed light on carbon allocation in the algae grown under two different trophic modes.

Keywords Chlorophyta - Microalgae - Mixotrophy - Glucose - Lipid - Starch

Introduction

Microalgae are versatile and widespread microorganisms
that because of their metabolic flexibility are considered
as unique candidates for commercial biosynthesis of mul-
tipurpose products (Borowitzka 2013; Bellou et al. 2014).
The major biochemical constituents of microalgae deter-
mine their further applications. For example, algal biomass
with high protein levels can be utilized for nutritional pur-
poses, and carbohydrate-rich algae are interesting for
bioethanol production (Benemann 2013). The algae rich
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in fatty acids can be considered as a source of biodiesel
as well as products with wide nutritional and/or medicinal
applications (Milledge 2011).

In addition to autotrophy, which is the main metabolic route
of algae, some species are able to utilize organic carbon sources
in the presence of light (mixotrophy) or in the dark (heterotro-
phy). Mixotrophy typically leads to rapid growth and overpro-
duction of some metabolites, primarily carbohydrates and lipids.
Some studies have reported the enhancement of algal growth
and lipid accumulation using different organic carbon sources
such as glucose (Ngangkham et al. 2012; Sabia et al. 2015).
Both biomass production and lipid accumulation were enhanced
by glucose in Nannochloropsis sp. (Cheirsilp and Torpee 2012)
and Scenedesmus quadricauda (Zhao et al. 2012).

External carbon addition in mixotrophic conditions influ-
ences carbon partitioning and production of different metabo-
lites (Kong et al. 2012; Yeh and Chang 2012). Glucose sup-
plementation of Chlorella vulgaris increased the biosynthesis
of lipids and soluble carbohydrates, whereas protein and chlo-
rophyll productions were decreased (Kong et al. 2013). The
nutritional mode can also affect different forms of lipid as well
as fatty acid composition of algae (Selvakumar and Umadevi

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10811-018-1549-4&domain=pdf
mailto:abrisham@um.ac.ir

J Appl Phycol

2014). For example, mixotrophic cultivation of
Auxenochlorella protothecoides with 5 g L™ glucose en-
hanced the proportions of monosaturated fatty acids
(MUFAs), while the percentages of saturated fatty acids
(SFAs) and polyunsaturated fatty acids (PUFAs) declined
(Krzeminska and Oleszek 2016). Glucose supplementation
elevated the ratio of neutral lipids to polar lipids and also
decreased the unsaturation degree of fatty acids in Chlorella
protothecoides (= A. protothecoides) (Ren et al. 2016).

The marine microalga Tetraselmis (Chlorophyta, family
Chlorodendraceae) has been proposed as a candidate for bio-
fuel production due to its ability to accumulate lipid and starch
(Moheimani 2013; Sing et al. 2014; Fon-Sing and Borowitzka
2016). Some strains of Tetraselmis are capable to grow in
glucose-supplemented media heterotrophically (Lu et al.
2017b), photoheterotrophically (Selvakumar and Umadevi
2014), and mixotrophically (Mohamed et al. 2014).

The effect of mixotrophy on alga metabolism has been pre-
viously studied in some Tetraselmis species. Mixotrophy with
glucose enhanced the biomass production in 7. suecica and
affected the biochemical composition of algae in the stationary
phase. In this strain, glucose enhanced the production of carbo-
hydrates and proteins more than lipids (Cid et al. 1992). On the
other hand, Mohamed et al. (2014) showed that in the presence
of glucose (30 g L™, lipid productivity of Zetraselmis sp. FTC
209 was 4.35 times more than its value in autotrophic cultures.
In another study, increased accumulation of both polysaccha-
rides and lipids in the stationary phase was indicated in all
mixotrophic cultures of 7. chuii with different exogenous carbon
to nitrogen (C/N) ratios (Lu et al. 2017a).

Despite previous studies, no comprehensive research con-
sidering carbon allocation between starch and lipid as well as
their time-course variations in mixotrophic cultures of
Tetraselmis has been published to date. In this study, the
long-term impacts of glucose on the accumulation of starch
and lipid at the specific time intervals were investigated in a
new isolate of Tetraselmis for the first time. The effects of
mixotrophy on fatty acid profile of the algae as a function of
time were also compared with autotrophic culture to indicate
the influence of growth phase and glucose supplementation on
fatty acid composition. The results can be helpful to determine
the best harvesting time for the highest biomass and starch/
lipid yields, regarding biofuel production.

Materials and methods

Microalga culture conditions

Tetraselmis sp. KY114885 was obtained from the Research
Institute for Applied Sciences, Academic Center for

Education, Culture and Research (ACECR) Tehran, Iran. It
was grown axenically on Guillard’s (F/2) marine enrichment

@ Springer

medium (Guillard 1975). The pH was adjusted to 6.8 prior to
autoclaving. For mixotrophic treatments, different concentra-
tions of glucose (2.5, 5,and 7.5 g L 1) were added to the F/2
medium before autoclaving. Optimum glucose concentrations
for mixotrophic growth of different strains of Tetraselmis have
been reported to be between 2.5 and 30 g L™'. Utilization of
higher glucose levels is not recommended because it is expen-
sive and increases the risk of contamination. Therefore, in this
study, 2.5 and 7.5 g L' were selected as the lowest and
highest glucose concentrations. Autotrophic cultures without
glucose were used as control groups. All cultures were incu-
bated at 26 + 2 °C in the 1-L cotton-stopped Erlenmeyer flasks
containing 500 mL of growth medium. The cultures were
aerated with e air s sterilized using 0.22-pm pore size mem-
brane filters at a flow rate of 0.5 vvm. Light was provided by
cool white fluorescent lamps with an intensity of 45 pmol
photons m * s~ ! and a 16/8-h light/dark photoperiod.

Determination of growth parameters

Alga growth was monitored regularly by measuring the opti-
cal density (OD) at 750 nm. For drawing a calibration curve
showing OD versus dry cell weight (DCW), the dry weights
of serial diluted samples (in the range of 6.75-100%) were
determined. To measure DCW, a 10-mL aliquot of the sample
was centrifuged at 7000x g for 5 min, rinsed twice with am-
monium formate, and dried in a glass vial at 70 °C for 24 h to
reach constant weight. The difference between final and initial
weights of vial was considered as DCW (g L™"). Biomass
concentration (y) was calculated using the equation:

y = 1.6988x-0.0726 (> = 0.9989)

where x represents OD-sy.
The specific growth rate (SGR) for the cells harvested in
the middle of exponential phase was calculated using Eq. (1):
X2-X1

The biomass productivity (BP; g L™' day ') was also cal-
culated based on Eq. (2) where X; and X, were the dry cell
mass concentrations (g Lfl) at time ¢, and time #,, respectively
(Kong et al. 2013).

X2-X1
P =
12—t1

(2)

The algal samples were harvested on 8, 12, 16, and 20 days
after inoculation for biochemical assays. All experiments were
carried out in three replicates for each treatment (biological
replicates).
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Lipid extraction and quantification

A volume of 10 mL of algal suspension was harvested and
centrifuged at 4000x g for 10 min. After rinsing the algal bio-
mass with distilled water, lipid extraction was carried out
using a mixture of hexane-ethanol. The procedure of lipid
extraction was performed after the optimization of different
solvent systems (unpublished data). The alga cell walls were
disrupted after 5 min of ultrasonication (40 MHz) followed by
vortexing for 1 min. A mixture of n-hexane, ethanol, and
water (2:1:0.8 v/v) was added to the algal cells, vortexed for
30 s, and then centrifuged at 3000x g for 10 min. The extrac-
tion process was repeated three times, and each time, the upper
layer containing hexane and lipids was transferred to a pre-
weighed glass vial. The organic phase was evaporated in a
60 °C oven for 20 h, and the difference between initial and
final weight of glass vial was measured as lipid yield
(mg L™"). To calculate the lipid content at each sampling time,
lipid yield was divided by the dry weight of biomass (Kong et
al. 2013).

Starch determination

Starch production was measured according to the procedure
previously described by (Mizuno et al. 2013). The starch yield
(mg L") was determined according to Eq. (3) that was ob-
tained from a glucose standard curve ranging in concentration
from 20 to 200 mg L.

y = 0.0071x-0.1264, 7> = 0.9687 (3)

Astarch/At and Alipid/At were also calculated by dividing
the difference in lipid or starch yield to a defined time period.

Direct transesterification and gas chromatography
analysis of fatty acid methyl esters

Algal cells from autotrophic (control) and mixotrophic
(5 g L ™! glucose) cultures on days 12 and 20 post inoculation
were harvested and lyophilized. The dried biomass was sub-
jected to in situ transesterification based on a previously de-
scribed protocol with minor modification (Talebi et al. 2013).
Briefly, 450 pL of extraction solvent containing 2% (v/v) so-
lution of concentrated H,SO, in methanol was added to 4 mg
of the alga sample. The reaction mixture was incubated for 4 h
in 70 °C in a shaker incubator at 250 rpm. After the addition of
hexane (150 uL), the reaction mixture was vortexed and then
mixed with 600 pL of 1% (w/v) NaCl solution. The mixture
was centrifuged at 7000x g for 5 min and the organic phase
was collected. The fatty acid profile was analyzed using a gas
chromatograph (6890, Agilent, USA) equipped with a flame
ionization detector. One microliter of sample was injected
with split ratio 20:1 into a H88 capillary column (100 m,

0.25 mm LD., film thickness 0.2 um). Both the injector and
detector temperatures were maintained at 260 °C. The oven
temperature was maintained at 140 °C for 5 min, then pro-
grammed to increase to 240 °C at a rate of 4 °C min . Helium
(1.5 mL min ') was utilized as carrier gas. Identification of
individual fatty acids was done by retention time comparison
with a mixture of 37 fatty acid methy ester (FAME) standards
(Supelco, USA, Catalog No: 18919-1AMP).

Statistical analysis

All experiments were conducted with three independent bio-
logical replicates for each treatment. Biochemical assays were
performed on each replicate (three technical replicates), and
the data are presented as mean + standard deviation (s.d.)
values. Statistical analysis was performed using SPSS version
22 software (IBM, USA). One-way analysis of variance
(ANOVA) and Tukey’s test at the confidence level of 95%
were used to compare differences among treatments.

Results

Three concentrations of glucose (Fig. 1 and Table 1) were
used to supplement the growth media of Tetraselmis sp.
KY114885. Algal cells supplied with 5 g L™" glucose grew
more rapidly compared with the cells grown under the other
levels of glucose and control group. In the presence of 5 g L'
glucose, the specific growth rate was the highest (0.519 +
0.003), whereas 7.5 g L' glucose gave the lowest specific
growth rate (0.300 +0.380). The supplementation of cultures
with glucose shortened the lag phase and exponential phase
and accelerated the speed to reach the stationary phase.

3.0 1 | —— Glucose concentration: 0 gL™
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Fig.1 Effects of glucose concentrations (g L") on biomass production of
Tetraselmis sp. KY114885. Values are mean =+ s.d. of three replicates
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Table 1

Effects of glucose concentrations on biomass concentration, specific growth rate, and biomass productivity of Tetraselmis sp. KY114885.

Values are mean =+ s.d. of three replicates. The significance of differences is denoted by different letters (P <0.05)

Glucose concentration (g L") Maximum biomass concentration

Maximum biomass productivity (mg L' day ")

Specific growth rate (day ")

(eL™
0 1.73 +0.02° 86.49 + 1.02° 0.466 +0.016°
25 1.40 +0.84¢ 116.49 + 7.03 0.507 +0.080 ©
5 2.03+0.18 127.08 + 11.75° 0.519 +0.003*
75 0.71 +0.249 35.69 + 12.34° 0.300 +0.380¢

Mixotrophically grown cells entered stationary phase at the
end of days 8, 14, and 10 in the presence of 2.5, 5, and
7.5 g L! glucose, respectively. The growth phase of autotro-
phic algae changed from the exponential to stationary on day
16 of cultivation (Fig. 1).

The biomass production of this strain was significantly
(P<0.05) enhanced to as high as 2.03+0.18 g L' at the
concentration of 5 g L™" glucose and decreased to 0.71
0.24 g L' with 7.5 g L! glucose (Table 1). The maximum
biomass productivities of 116.49+7.03 and 127.08 +
11.75 mg L' day ' with 2.5 and 5 g L' glucose were 1.34

and 1.46 times higher than those obtained for control culture
(Table 1). The lowest biomass productivity (35.69 +
12.34 mg L' day ') was obtained in the presence of
7.5 g L™ glucose. A gradual increase in biomass production
was observed for this treatment after 16 days of cultivation.
Glucose enrichment of the cultures enhanced the lipid yield
and content of Tetraselmis sp. KY114885 (Fig. 2). The max-
imum lipid yield of 380.00+20.81 mg L' (18.77% of dry
biomass) was obtained in the presence of 5 g L' glucose.
Lipid content at all glucose levels was maximized on day 16
of cultivation, whereas autotrophic cultures reached their peak

Fig. 2 Time-course variations of 500 - i 4 a
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s oo — B b
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bc cd pess
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.. . %02 -
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of lipid content after 20 days. The highest lipid content (26.37
+3.50%) was obtained in the 16-day-old cultures supplement-
ed with 7.5 g L™" glucose. The lowest lipid content (8.67 +
1.37%) was determined in 8-day-old autotrophic cultures (Fig.
2b).

The effects of glucose concentration on starch yield and
content in Tetraselmis sp. KY 114885 are shown in Fig. 3.
The starch yield reached its maximum (485.03 +
10.40 mg L") on day 12 for the cultures grown with
5 g L' glucose. It was 1.35 times more than the value
(357.38+17.95 mg L") observed in the autotrophic cells at
the same incubation time. The lowest starch yield (156.58 +
9.34 mg L") was obtained in the 20-day-old cultures supple-
mented with 7.5 g L™ glucose (Fig. 3a).

The maximum starch content (40.70 +0.95%) was mea-
sured in 12-day-old cultures supplemented with 7.5 g L' glu-
cose. This value was 1.74, 1.54, and 1.59 times higher than
those measured in 0.0 (23.37+1.71%), 2.5 (26.37 £0.65%),
and 5 g L' (25.50+0.41%) glucose-treated cultures at the
same incubation time, respectively (Fig. 3b). In all treatments,
the highest starch content was attained in 12-day-old cultures.

Even though mixotrophy with glucose enhanced both
starch and lipid contents in Tetraselmis sp. KY 114885, the
accumulation patterns of these two storage metabolites were
distinctive. Under mixotrophic conditions, the time needed to
accumulate the maximum lipid content (16 days after cultiva-
tion) was longer than the required time to obtain the greatest
starch content (12 days after cultivation). In autotrophic cul-
tures, the highest lipid content was attained on day 20 and the
starch content was maximized on the day 12 (Figs. 2 and 3).

Apart from a few exceptions, no significant differences in
the lipid and starch yields were found between the control and
2.5 g L ™! glucose-treated cultures. In addition, the algal cell
growth was inhibited by 7.5 g L' glucose. Therefore, the fatty
acid profile was just only analyzed for the cultures treated with
5 g L ™! glucose as well as autotrophic cultures on days 12 and
20 of cultivation.

The dominant FAs in autotrophic cultures on day 12 in-
cluded arachidic (C20:0), oleic (C18:1), and linoleic
(C18:2n6) acids. The main fatty acids on day 20 were oleic,
arachidic, and alpha linolenic (C18:3n3) acids. In the
mixotrophic cultures, oleic and arachidic acids were the two
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main fatty acids. The third rank in the FA profile on days 12
and 20 of mixotrophic cultures were lignoceric (C24:0) and
palmitic (C16:0) acids, respectively (Table 3).

The percentage of individual FAs changed significantly
based on the cultivation period and trophic mode (Table 3).
The ratio of oleic acid to total FAs in both autotrophic and
mixotrophic samples was higher on day 20 compared with
those on day 12. Mixotrophy enhanced the percentage of oleic
acid significantly, so that the contents of oleic acid on day 12
(45.26 £ 1.86%) and day 20 (50.48 £ 1.59%) of growth period
was 2.23 and 1.26 times higher than those obtained from
autotrophic cultures on day 12 (20.22+3.41%) and day 20
(39.90 £ 0.60%).

Compared to autotrophic cultures, treatment with 5 g L™
glucose led to a 81.1% increase in the proportion of MUFAs
on day 12, while a 147 and 17.5% decrease in the ratios of
PUFAs and SFAs was observed, respectively. The ratio of
Y(SFA+MUFA)/S(PUFA) was 2.69 +0.38% in 12-day-old
and 4.84 + 0.95% in 20-day-old autotrophic cultures. This val-
ue reached 8.64 +0.96% on day 12 and 8.96 +0.99% on day
20 of cultivation under mixotrophic condition.

Discussion

The metabolic flexibility of microalgae for changing their nu-
tritional mode according to the substrate availability gives
them an evolutionary advantage to survive and sustain their
growth in different conditions (Mohan et al. 2015). The ability
of' some Tetraselmis strains such as 7. suecica (Cid et al. 1992)
and Tetraselmis sp. FTC 209 (Mohamed et al. 2014) to grow
mixotrophically has been reported previously. Higher biomass
concentration and productivity of Tetraselmis sp. KY 114885
in the presence of 5 g L ™" glucose can be related to the uptake

of this external organic source in the medium. An inducible
hexose transport system has been characterized for C. vulgaris
(Haass and Tanner 1974). The hexose/H" symporter is respon-
sible for glucose uptake from the medium and can be induced
15—18 min after the addition of hexose sugars to the culture
medium (Morales-Sanchez et al. 2013). This may provide an
explanation for the quick acclimation of Tetraselmis sp.
KY114885 to grow in glucose-fed conditions.

Maximum biomass productivity in mixotrophic cultures of
the studied strain was found to be 1.46 times higher than that
of autotrophic cultures. In some strains of the algae such as
Tetraselmis sp. FTC 209, maximum biomass productivity in
mixotrophic treatments was enhanced 4.29 times more than in
the control group (Mohamed et al. 2014). Difference between
the results of the two studies can be attributed to different
culture medium compositions (F/2 versus enriched Walne)
and glucose levels (5 versus 30 g L™"). The impacts of external
carbon source on the algal growth in mixotrophic cultures are
related to the ionic concentrations and their interactions in
culture media. As it was shown in C. protothecoides, the cell
ionic environment is an important factor influencing biomass
production (Ren et al. 2016).

Based on the growth indices measured in the present study,
5 g L™! was the optimum concentration of glucose for improv-
ing the growth of Tetraselmis sp. KY11488. Deleterious ef-
fects of 7.5 g L™ glucose on the growth of this strain may be
due to substrate inhibition. Although there are no comprehen-
sive biochemical studies on the mechanism of substrate inhi-
bition, a decrease decreasing in the enzyme activities involved
in the cell growth and division might be a possible explanation
(Reed et al. 2010). Mohamed et al. (2014) reported 30 g L
glucose as the optimum concentration for mixotrophic growth
of Tetraselmis sp. FTC 209, whereas the concentrations higher
than 40 g L' decreased the alga growth. The different

Table 2  The rate of starch and lipid production as a function of time in Tetraselmis sp. KY 114885 under different glucose concentrations. Values are
mean + s.d. of three replicates. The significance of differences is denoted by different letters (P <0.05)

Glucose concentration (g LY

Variable Day of cultivation 0

AStarch/At 8 23.47+8.96° 4
12 42.40 £6.52°
16 ~16.68+5.69%
20 —-6.66+4.37¢

ALipid/At 8 11.66+3.14>¢
12 10.00 +5.00°¢
16 2.50+00/00°°
20 16.66 +3.81%¢

Starch/lipid 8 2.16+1.01*°¢
12 2.69+0.42°
16 2.03+0.23*¢
20 1.26+0.13%

25 5 7.5

29324 1.11%¢ 44.13 £430° 20.66+1.15%
36.72 +£3.00%° 32.98+6.55%° 15.92 +4.449
—-17.26 +3.05% —29.67 +-4.80° -485+531¢
-13.21+7.37¢ 13.25+5.12¢ —~13.26+3.45¢
14.16 £3.22¢¢ 18.33£2.75°¢ 14.16+1.18¢
16.66 + 8.08* 32.50+3.01% 405+2.81°°
15.83 +£9.46*° 25.83£5.20™ 5.83+3.80¢
—~17.50+15.00° —24.16+520% -5+13.22¢F
2.08+0.81°¢ 2.41+0.24% 1.49+0.20>¢
2.12+0.32%° 1.76 +0.40*¢ 1.86+0.13*¢
1.13+0.19% 0.96+0.53¢ 1.45+0.36°¢
1.52+0.26°¢ 1.11+0.26% 1.29+0.18%
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Table 3

Fatty acid composition of Tetraselmis sp. K'Y 114885 in two different trophic modes on the 12th and 20th day of growth. Values are mean +s.d.

of three replicates. The significance of differences is denoted by different letters (P <0.05)

Fatty acid Trophic mode and harvesting time
Autotrophy- Autotrophy- Mixotrophy- Mixotrophy-
12 20 12 20
PUFA Behenic acid C22:2 3.15+1.15° 3.96+1.87° 0.00° 0.00°
Eicosatrienoic acid C20:3n3 0.87+0.38* 0.45+021%® 0.87+0.08* 0.31+0.07°
Arachidonic acid C20:4n6 0.23+0.19° 0.30+0.01° 0.00° 0.00°
Eicosadienoic acid C20:2 0.71 +0.04° 0.76 +0.09° 0.42+0.03° 0.58 +0.08°
Gamma-linolenic acid ~ C18:3n6 0.10+0.09° 0.27+0.01° 0.03+£0.02° 0.00°
Alpha-linolenic acid C18:3n3 9.53+0.79° 8.57+0.24° 5.70+0.40° 5.30+0.64°
Linoleic acid C18:2n6 13.99+9.09° 4.51+0.10° 3.95+037° 3.87+0.21°
MUFA Paullinic acid C20:1 0.37+0.19° 0.00° 0.00° 0.00°
Oleic acid C18:1n9  2022+3.41¢ 39.90+0.60° 45.26+1.86° 50.48+1.59*
Elaidic acid C18:1n9t  0.41+0.04° 0.40+0.02° 0.48+0.03° 0.58+0.02°
Palmitoleic acid C16:1 6.82+0.66 6.16+0.14 4.77+0.24° 5.56+0.44%
Myristoleic acid Cl4:1 0.27 £0.02° 0.28 +0.02° 0.25+0.03 0.28 +0.02°
SFA Lignoceric acid C24:0 3.83+0.19¢ 5.08£0.04° 7.11£0.60° 4.93+0.66°
Heneicosanoic acid C21:0 1.04+0.07* 1.00+0.02° 0.55+0.05° 1.01+0.14%
Arachidic acid C20:0 22.78 +3.65° 17.11 £0.09° 19.22+0.61° 16.52+0.71°
Stearic acid C18:0 3.25+0.33 2.65+0.08% 1.91+0.15° 0.70 +0.09°
Palmitic acid C16:0 9.58 +2.29° 6.78+0.15% 475+0.79° 6.40+1.33%
Myristic acid C14:0 0.41+0.12° 0.24+0.06" 0.00° 0.00°
Tridecylic acid C13:0 1.25+0.14% 1.08+0.02° 1.46+0.16° 1.61+0.01*
Caprylic acid C8:0 2.01+1.85° 0.06+0.01° 0.00¢ 0.12+0.04°
Caproic acid C6:0 0.00° 1.34+0.13% 2.64+0.32% 1.28+£0.02%
YSFA 44.53 £5.69° 35.73+£3.50° 37.91+0.46° 32.98+0.16°
¥ MUFA 28.22+8.52¢ 46.86+0.75° 51.09 +0.69° 56.93+1.16"
¥ PUFA 27.25+2.82° 17.40+2.80° 11.00+0.90° 10.09 +0.99¢
Y(SFA+ 2.69+0.38° 4.84+0.95° 8.64+0.96* 8.97 +0.99°
MUFA)/S(PUFA)

behaviors of these two strains of Tetraselmis may be related to
the different culture conditions such as light intensity and
different abilities in glucose utilization.

With the consumption of glucose, its inhibitory effect was
removed in Tetraselmis sp. KY 114885, and after 16 days, it
had decreased to a level that was no longer inhibitory and
could induce growth of algae with a slow rate. The resuming
growth may be the result of the release of some metabolites in
the presence of glucose which have been converted to CO,
and assimilated after glucose depletion (Ren et al. 2016).

In this study, supplementation of culture medium with
5 gL " glucose increased up the lipid yield to the maximum
level. The required amount of glucose for the enhancement of
lipid biosynthesis is different among algal strains. For exam-
ple, the highest lipid yield was achieved with 30 g L™" glu-
cose for Tetraselmis sp. FTC209 (Mohamed et al. 2014).
Lipid synthesis is an energy-demanding process and is fa-
vored under high ratio of ATP/ADP (Li et al. 2014).

Mixotrophic cultures of C. protothecoides with the higher
ratio of ATP/ADP showed more lipid accumulation as com-
pared to autotrophic cultures (Ren et al. 2016). In
mixotrophy, lipid production may be enhanced due to
directing carbon flux toward the glycolytic pathway or the
synthesis of acetyl-coA, the main precursor for fatty acid
biosynthesis (Jia et al. 2015). Higher lipid content was cor-
related with increased expression level of acetyl-coA car-
boxylase (B-subunit), the rate limiting enzyme for fatty acid
biosynthesis, in mixotrophic cultures of Chlorella
sorokiniana (Ngangkham et al. 2012). Elevated lipid pro-
duction in mixotrophic cultures may be a mechanism that
protects the algae against oxidative damage through the con-
sumption of excess NADPH in fatty acid biosynthesis (Li et
al.2015).

The glucose concentration for optimum growth of
Tetraselmis sp. KY 114885 was not the best concentration
for maximum lipid content. Similarly, treatment of A.
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protothecoides with 1 g L™' resulted in the highest content,
whereas the highest biomass production was achieved in with
3 g L' glucose (Krzeminska and Oleszek 2016).

In this study, the maximum and minimum values of starch
yield were produced in the presence of 5 and 7.5 g L' glu-
cose, respectively. The effects of glucose on the starch yield of
the algae can be attributed to its influence on the growth and
biomass production. In the same way, based on the measure-
ments of DCW, the increase in starch content in the cell cul-
tures containing 7.5 g L' glucose can be related to the decline
in algal biomass. Despite the negative effects of 7.5 g L' on
the growth of this alga, it could enhance starch and lipid bio-
synthesis. Suppressing algal energy and carbon-demanding
processes such as cell division ensures the hyperaccumulation
of lipid and starch (Vitova et al. 2015). Carbon allocation
either between cell growths or the accumulation of storage
compounds determines the biomass production rate in
mixotrophic cultures (Subramanian et al. 2013).

The accumulation trend of two main storage molecules,
lipid and starch, in Tetraselmis sp. KY 114885 was similar to
that of C. sorokiniana in which starch obtained its maximum
level faster than lipid (Li et al. 2015). It seems that in both
trophic modes, starch accumulation pathways are activated
earlier than the lipid biosynthesis. Furthermore, it is likely that
starch is degraded to supply carbon skeletons as precursors for
lipid biosynthesis. The biosynthesis of lipid and starch de-
pends on the shared pool of 3-C molecules (de Jaeger et al.
2014), and they are interconvertible (Li et al. 2011). The re-
quired time to reach the highest lipid content in control
(autotrophic) cultures was longer than that observed for
mixotrophic cultures. This may also indicate that the rate of
starch catabolism in mixotrophic cultures of Tetraselmis sp.
KY 114885 is greater than in autotrophic cultures.

The tendency of algae to accumulate lipid or starch is dif-
ferent among species (Vitova et al. 2015). The measured for
starch/lipid yield in Tetraselmis sp. KY 114885 under two nu-
tritional regimes during the cultivation period indicated the
preference of this strain to accumulate starch rather than lipid
(Table 2). The negative values of Astarch/At on the 16th day
of cultivation versus the positive values of Alipid/A¢ at the
same time suggest that some part of lipid might have originat-
ed from starch degradation. Upregulation of starch-degrading
enzymes such as isoamylase and beta-amylase in C.
sorokiniana led to increased amounts of lipids (Li et al.
2015). Similarly, simultaneous upregulation of the genes re-
lated to starch degradation (isoamylase, beta-amylase, and
starch phosphatase) and fatty acid biosynthesis (malic en-
zyme, PEP carboxylase, and acetyl-coA carboxylase) has
been shown in Chlorella sp. AE10 (Cheng et al. 2017).

Fatty acid composition of the alga studied here was affect-
ed by the incubation time and nutritional regime. In
mixotrophic conditions, oleic acid increased more substantial-
ly as compared with other fatty acids. There are some other
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reports on the production of oleic acid in mixotrophic cultures
(Li et al. 2014; Baldisserotto et al. 2016). Among 14
mixotrophically cultivated microalgae studied by Park et al.
(2012), oleic acid was the major constituent of 10 strains.
Moreover, oleic acid content of A. protothecoides in
mixotrophic condition was approximately five times higher
than that of control groups (Krzeminska and Oleszek 2016).
Our results showed the higher production of oleic acid in
stationary phase as compared with exponential phase in both
autotrophic and mixotrophic cultures. Similarly, oleic acid
content in the stationary phase of glucose-supplemented
Neochloris oleoabundans was higher than that of the cells in
exponential phase (Baldisserotto et al. 2016). Oleic acid is a
very suitable fatty acid for biodiesel application, and its in-
creasing level in algal oils improves low-temperature proper-
ties and oxidative stability of biodiesel (Knothe 2006).

The contents of arachidonic (C20:4n) and alpha-linolenic
acid were decreased in the presence of glucose (Table 3).
According to the ASTM D6751 and EN 14214 standard spec-
ifications, in order to utilize biodiesel as an industrialized
product, the maximum content of fatty acid methyl esters with
four and more double bonds should be 1%. Furthermore,
linolenic acid methyl esters content should not surpass 12%
(Baldisserotto et al. 2016). Glucose-treated cultures of
Tetraselmis sp. KY 114885 with increased level of oleic acid
(50.98 £1.59%) and reduced levels of «-linolenic acid (5.30
+0.64%) are more suitable for biodiesel production than those
cultivated autotrophically.

In stationary phase of both autotrophic and mixotrophic
cultures of Tetraselmis sp. KY 114885, the percentage of
MUFA increased concomitantly with the decrease of PUFA
and SFA percentages. The elevated ratio of MUFA and de-
creased ratios of PUFA and SFA were also reported in the
stationary phase cultures of Synedra acus as compared to the
exponential phase cultures (Shishlyannikov et al. 2014). In
accordance with our results, Baldisserotto et al. (2016) report-
ed higher production of MUFA in glucose-treated cells of N.
oleoabundans compared to autotrophic cells. Mixotrophy also
increased MUFA content (400%) and decreased PUFA con-
tent (33%) in C. sorokiniana (Ngangkham et al. 2012). These
changes in the dominance of PUFA and MUFA levels reveal
that in mixotrophic cultures, the rate of MUFA conversion to
PUFA is declined. Lower PUFA percentage in mixotrophic
cultures has been explained by lower level of intracel-
lular oxygen acting as a substrate for desaturase en-
zymes (Smith et al. 2015). In mixotrophic cultures of
Tetraselmis sp. KY 114885, the X (SFA+MUFA)/X(PUFA)
was significantly increased in comparison with autotro-
phic cultures. This finding was in agreement with a
previous report on N. oleoabundans where 41% increase
in the ratio of X(SFA+MUFA)/YX(PUFA) obtained
through changing the mode of nutrition (Baldisserotto
et al. 2016).
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In summary, Tetraselmis sp. KY 114885 showed a good
capacity to grow mixotrophically using 5 g L' glucose.
Glucose supplementation increased biomass production as
well as starch and lipid yields. The lipid quality of algae for
biodiesel application was also improved in mixotrophic con-
dition. The alga was able to produce the highest biomass and
lipid content besides a preferential increase in MUFA and
significant decrease in PUFA and SFA contents. This study
suggests that mixotrophic cultivation of Tetraselmis sp.
KY 114885 can be regarded as a useful approach to produce
biofuel.

Acknowledgements The authors acknowledge Research Institute for
Applied Sciences, Academic Center for Education, Culture and
Research (ACECR), Tehran, for providing the alga and molecular iden-
tification of the strain.

Funding information Financial support was provided by Ferdowsi
University of Mashhad (grant no. 3/27412).

References

Baldisserotto C, Popovich C, Giovanardi M, Sabia A, Ferroni L,
Constenla D, Leonardi P, Pancaldi S (2016) Photosynthetic aspects
and lipid profiles in the mixotrophic alga Neochloris oleoabundans
as useful parameters for biodiesel production. Algal Res 16:255—
265

Bellou S, Baeshen MN, Elazzazy AM, Aggeli D, Sayegh F, Aggelis G
(2014) Microalgal lipids biochemistry and biotechnological per-
spectives. Biotechnol Adv 32:1476-1493

Benemann J (2013) Microalgae for biofuels and animal feeds. Energies 6:
5869-5886

Borowitzka MA (2013) High-value products from microalgae—their de-
velopment and commercialisation. J Appl Phycol 25:743-756

Cheng D, Li D, Yuan Y, Zhou L, Li X, Wu T, Wang L, Zhao Q, Wei W,
Sun Y (2017) Improving carbohydrate and starch accumulation in
Chlorella sp. AE10 by a novel two-stage process with cell dilution.
Biotechnol Biofuels 10(1):75

Cid A, Abalde J, Herrero C (1992) High yield mixotrophic cultures of the
marine microalga Tetraselmis suecica (Kylin) Butcher
(Prasinophyceae). J Appl Phycol 4:31-37

Cheirsilp B, Torpee S (2012) Enhanced growth and lipid production of
microalgae under mixotrophic culture condition: Effect of light in-
tensity, glucose concentration and fed-batch cultivation. Bioresour
Technol 110:510-516

de Jaeger L, Verbeek RE, Draaisma RB, Martens DE, Springer J, Eggink
G, Wijffels RH (2014) Superior triacylglycerol (TAG) accumulation
in starchless mutants of Scenedesmus obliquus:(I) Mutant genera-
tion and characterization. Biotechnol Biofuels 7(1):69

Fon-Sing S, Borowitzka M (2016) Isolation and screening of euryhaline
Tetraselmis spp. suitable for large-scale outdoor culture in hypersa-
line media for biofuels. J Appl Phycol 28:1-14

Guillard RRL (1975) Culture of phytoplankton for feeding marine inver-
tebrates. In: Smith WL, Chanley MH (eds) Culture of marine inver-
tebrate animals. Plenum Press, New York, pp 29-60

Haass D, Tanner W (1974) Regulation of hexose transport in Chlorella
vulgaris. Characteristics of induction and turnover. Plant Physiol 53:
14-20

Jia J, Han D, Gerken HG, Li Y, Sommerfeld M, Hu Q, Xu J (2015)
Molecular mechanisms for photosynthetic carbon partitioning into

storage neutral lipids in Nannochloropsis oceanica under nitrogen-
depletion conditions. Algal Res 7:66-77

Knothe G (2006) Analyzing biodiesel: standards and other methods.
JAOAC 83:823-833

Kong W-B, Hua S-F, Cao H, Mu Y-W, Yang H, Song H, Xia C-G (2012)
Optimization of mixotrophic medium components for biomass pro-
duction and biochemical composition biosynthesis by Chlorella
vulgaris using response surface methodology. J Taiwan Inst Chem
Eng 43(3):360-367

Kong W-B, Yang H, Cao Y-T, Song H, Hua S-F, Xia C-G (2013) Effect of
glycerol and glucose on the enhancement of biomass, lipid and
soluble carbohydrate production by Chlorella vulgaris in
mixotrophic culture. Food Technol Biotechnol 51:62—69

Krzeminska I, Oleszek M (2016) Glucose supplementation-induced
changes in the Auxenochlorella protothecoides fatty acid composi-
tion suitable for biodiesel production. Bioresour Technol 218:1294—
1297

Li T, Gargouri M, Feng J, Park J-J, Gao D, Miao C, Dong T, Gang DR,
Chen S (2015) Regulation of starch and lipid accumulation in a
microalga Chlorella sorokiniana. Bioresour Technol 180:250-257

Li T, Zheng Y, Yu L, Chen S (2014) Mixotrophic cultivation of a
Chlorella sorokiniana strain for enhanced biomass and lipid produc-
tion. Biomass Bioenergy 66:204-213

Li Y, Han D, Sommerfeld M, Hu Q (2011) Photosynthetic carbon
partitioning and lipid production in the oleaginous microalga
Pseudochlorococcum sp.(Chlorophyceae) under nitrogen-limited
conditions. Bioresour Technol 102:123-129

Lu L, Wang J, Yang G, Zhu B, Pan K (2017a) Biomass and nutrient
productivities of Tetraselmis chuii under mixotrophic culture condi-
tions with various C:N ratios. Chin J Oceanol 35(2):303-312

Lu L, Wang J, Yang G, Zhu B, Pan K (2017b) Heterotrophic growth and
nutrient productivities of Tetraselmis chuii using glucose as a carbon
source under different C/N ratios. J Appl Phycol 29:15-21

Milledge JJ (2011) Commercial application of microalgae other than as
biofuels: a brief review. Rev Env Sci Bio/Tech 10(1):31-41

Mizuno Y, Sato A, Watanabe K, Hirata A, Takeshita T, Ota S, Sato N,
Zachleder V, Tsuzuki M, Kawano S (2013) Sequential accumulation
of starch and lipid induced by sulfur deficiency in Chlorella and
Parachlorella species. Bioresour Technol 129:150-155

Mohamed MS, Tan JS, Kadkhodaei S, Mohamad R, Mokhtar MN, Ariff
AB (2014) Kinetics and modeling of microalga Tetraselmis sp. FTC
209 growth with respect to its adaptation toward different trophic
conditions. Biochem Eng J 88:30—41

Mohan SV, Rohit M, Chiranjeevi P, Chandra R, Navaneeth B (2015)
Heterotrophic microalgae cultivation to synergize biodiesel produc-
tion with waste remediation: progress and perspectives. Bioresour
Technol 184:169-178

Moheimani NR (2013) Inorganic carbon and pH effect on growth and
lipid productivity of Tetraselmis suecica and Chlorella sp
(Chlorophyta) grown outdoors in bag photobioreactors. J Appl
Phycol 25:387-398

Morales-Sanchez D, Tinoco-Valencia R, Kyndt J, Martinez A (2013)
Heterotrophic growth of Neochloris oleoabundans using glucose
as a carbon source. Biotechnol Biofuels 6(1):100

Ngangkham M, Ratha SK, Prasanna R, Saxena AK, Dhar DW, Sarika C,
Prasad RBN (2012) Biochemical modulation of growth, lipid qual-
ity and productivity in mixotrophic cultures of Chlorella
sorokiniana. SpringerPlus 1(1):33

Park KC, Whitney C, McNichol JC, Dickinson KE, MacQuarrie S,
Skrupski BP, Zou J, Wilson KE, O’Leary SJ, McGinn PJ (2012)
Mixotrophic and photoautotrophic cultivation of 14 microalgae iso-
lates from Saskatchewan, Canada: potential applications for waste-
water remediation for biofuel production. J Appl Phycol 24:339—
348

@ Springer



J Appl Phycol

Reed MC, Lieb A, Nijhout HF (2010) The biological significance of
substrate inhibition: a mechanism with diverse functions.
Bioessays 32:422-429

Ren X, Chen J, Deschénes J-S, Tremblay R, Jolicoeur M (2016) Glucose
feeding recalibrates carbon flux distribution and favours lipid accu-
mulation in Chlorella protothecoides through cell energetic manage-
ment. Algal Res 14:83-91

Sabia A, Baldisserotto C, Biondi S, Marchesini R, Tedeschi P, Maietti A,
Giovanardi M, Ferroni L, Pancaldi S (2015) Re-cultivation of
Neochloris oleoabundans in exhausted autotrophic and mixotrophic
media: the potential role of polyamines and free fatty acids. Appl
Microbiol Biotechnol 99:10597-10609

Selvakumar P, Umadevi K (2014) Enhanced lipid and fatty acid content
under photoheterotrophic condition in the mass cultures of
Tetraselmis gracilis and Platymonas convolutae. Algal Res 6:180—
185

Shishlyannikov SM, Klimenkov IV, Bedoshvili YD, Mikhailov IS,
Gorshkov AG (2014) Effect of mixotrophic growth on the ultra-
structure and fatty acid composition of the diatom Synedra acus
from Lake Baikal. J Biol Res Thessaloniki 21(1):15

Sing SF, Isdepsky A, Borowitzka M, Lewis D (2014) Pilot-scale contin-
uous recycling of growth medium for the mass culture of a
halotolerant Tetraselmis sp. in raceway ponds under increasing

@ Springer

salinity: a novel protocol for commercial microalgal biomass pro-
duction. Bioresour Technol 161:47-54

Smith RT, Bangert K, Wilkinson SJ, Gilmour DJ (2015) Synergistic car-
bon metabolism in a fast growing mixotrophic freshwater microalgal
species Micractinium inermum. Biomass Bioenergy 82:73-86

Subramanian S, Barry AN, Pieris S, Sayre RT (2013) Comparative ener-
getics and kinetics of autotrophic lipid and starch metabolism in
chlorophytic microalgae: implications for biomass and biofuel pro-
duction. Biotechnol Biofuels 6(1):150

Talebi AF, Mohtashami SK, Tabatabaei M, Tohidfar M, Bagheri A,
Zeinalabedini M, Mirzaei HH, Mirzajanzadeh M, Shafaroudi SM,
Bakhtiari S (2013) Fatty acids profiling: a selective criterion for
screening microalgae strains for biodiesel production. Algal Res 2:
258-267

Vitova M, Bisova K, Kawano S, Zachleder V (2015) Accumulation of
energy reserves in algae: from cell cycles to biotechnological appli-
cations. Biotechnol Adv 33:1204-1218

Yeh K-L, Chang J-S (2012) Effects of cultivation conditions and media
composition on cell growth and lipid productivity of indigenous
microalga Chlorella vulgaris ESP-31. Bioresour Technol 105:120-127

Zhao G, Yu J, Jiang F, Zhang X, Tan T (2012) The effect of different
trophic modes on lipid accumulation of Scenedesmus quadricauda.
Bioresour Technol 114:466-471



	Differential...
	Abstract
	Introduction
	Materials and methods
	Microalga culture conditions
	Determination of growth parameters
	Lipid extraction and quantification
	Starch determination
	Direct transesterification and gas chromatography analysis of fatty acid methyl esters
	Statistical analysis

	Results
	Discussion
	References


