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Abstract

Background: This study aimed to maximize biomass concentration, biomass productivity and biochemical

composition of the marine microalga Tetraselmis sp.

Methods: In the current study, Box-Behnken Design was used to model the effect of NaNOs;, NaH,PO,, metals
and vitamins in the F/2 medium on the growth, total chlorophylls, carotenoids and starch contents. The total
chlorophylls content was quantified by spectrophotometry. The FT-IR spectroscopy was used to estimate the
biochemical compositions of Tetraselmis sp. grown under both optimized medium culture for starch

production and standard culture medium.

Results: Finalized NaNO; (1.76 mM), NaH,PO, (0.018 mM), metals (1500 uL.L™") and vitamins (312.5 pLL™")
concentrations, generated an increase in biomass concentration up to 5.72 g.L”' which contributed to an
increase about 2.4-fold than that of the standard conditions of biomass productivity (408.57 mg.L™'day ™).
The maximum value of carotenoids content (0.3 mg.g DW™') was achieved at the highest level of all factors.
The total chlorophylls content reached also its maximum (5.18 mg.g DW™ at high nitrate (1.76 mM), phosphate (0.054
mM), metals and vitamins concentrations, while the maximum starch content (42% DW) was achieved with low
nitrate and phosphate concentrations (0.58 mM and 0.027 mM) and with metals and vitamins limitations. Thus, the
nitrogen, phosphorus, metals and vitamins limitations led to divert the metabolism for the starch biosynthesis.

Conclusions: The high biomass concentration productivity and starch production make Tetraselmis sp. strain a

good candidate for biotechnological applications.

Keywords: Microalgae, Tetraselmis sp., Starch, Biomass, Bioactive compounds, Box-Behnken Design

Background

The rising crude oil prices, scarcity of fossil fuels,
increasing environmental pollution due to CO, and
NO, emissions and increasing energy demand have led
to look for renewable energy sources such as bioetha-
nol, biodiesel and biohydrogen [1]. In this context,
microalgae were considered as one of the important
sources of biofuels enjoying the advantage of accumu-
lation of lipids (20-50% DW) and other compounds
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such as carbohydrates, pigments, proteins and antioxi-
dants. Microalgae provide carbohydrates (exopolysac-
charides, cell wall polysaccharides and starch) which
can be used for fermentation by vyeast, bacteria or
fungi. For instance, Tetraselmis sp. has been suggested
as a good candidate for bioethanol production owing
to its high biomass and starch production [2, 3].
Nutrients disponibility in microalgal culture can regu-
late their growth and biochemical composition [4].
However, biomass and macromolecules (pigments and
starch) production depends not only on primary nutrients
(nitrogen and phosphorus) but also on metals (iron, zinc,
copper, manganese, molybdenum, cobalt), some ions such
as Cl, Ca*, Na?', SO? and vitamins. These
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micronutrients are needed for electron transport in
photosynthesis and cellular respiration, sulphate and ni-
trate reductions [5]. Furthermore, nutrients limitation es-
sentially phosphorus (P) and nitrogen (N) reduces
cells growth and protein synthesis and increases starch
or lipid production [4]. For example, T. subcordiformis
was revealed as a great starch producing green micro-
alga under light limitation (50 umol.m 2s™") and nitrogen
deprivation [2]. In addition, the limitation of macroele-
ments such as nitrogen, phosphorus and sulphide can
also induce starch accumulation [5-7]. Recently, Markou
et al. [8] have reported that phosphorus limitation
leads to the accumulation of carbohydrates and lipids.
In the current study, the green microalga Tetraselmis
sp. isolated from Tunisian seawater, was investigated
to produce biomass, chlorophylls, carotenoids and starch.
No special attention has been given yet to optimize
the photoautotrophic culture of this strain for bio-
mass, production and metabolites biosynthesis using the
Response Surface Methodology (RSM). The photosyn-
thetic performance of Tetraselmis sp. evaluated by
total chlorophylls biosynthesis, was simultaneously opti-
mized with the starch content. Therefore, the improve-
ment of cultivation factors can reduce the cost of
microalgae culture by reducing their nutrients consump-
tion and maximizing their biomass and starch produc-
tions. Box-Behnken Design (BBD) is a useful
methodology for testing the effects of the important
nutritional components as their interactions would
maximize cell growth, and metabolites synthesis by Tez-
raselmis sp. under photoautotrophic cultivation. Thus,
the relationship of these products was studied under
different conditions.

Methods

Strain and culture conditions

The green microalga, Tetraselmis sp. (V,), was isolated
from the Gulf of Gabes (Mediterranean Sea) along the
coast of Sidi Mansour (Tunisia) using different cell isolation
techniques. It was identified relying on its morphological
and phylogenetic analysis (23S rDNA). Microscopic
observation showed a motile, bilaterally symmetrical
cells of 7-20 pum in bredth, 10-25 pum in length and
6.5-18 um in thickness [9]. It was characterized by
their chloroplasts dorsoventrally lobed, yellow-green color
and usually with pyrenoid containing many starch grains
[9]. Tetraselmis sp. was cultivated at 25+1 °C under
continuous light conditions (84 pmol.m’z.s’l) with white
fluorescent lamps (Compact Fluorescent Lamp, Superlight,
Tunisia) and at pH 7. Experimental cultures (150 mL) were
inoculated with 10% of mother culture and incubated for
15 days. The microalgae was cultivated in natural seawater
with the following F/2 nutrients (per litre) [10]: 1 mL
NaNOs (75 gL™"), 1 mL NaH,PO, (5 gL "), 1 mL trace

Page 2 of 13

metal solution and 0.5 mL vitamins solution. Trace metal
solution was prepared in pure water containing (per liter):
315 g FeCly,6H,O; 436 g Na,EDTA2H,O; 1 mL
CuSO45H,0 (9.8 gL™); 1 mL NayMoO,2H,0
(6.3 gL™); 1 mL ZnSO47H,O (22 gL™); 1 mL
CoCl,,6H,0 (10 g.L™Y); 1 mL MnCl,,4H,0 (180 g.L ™).
The vitamin solution was prepared in pure water con-
taining (per liter): 200 mg thiamine HCI (vitamin B1),
1 mL biotin (vitamin H) (1 g.L’l) and 1 mL cyano-
cobalamin (vitamin B12) (1 gL™'). In optimization
experiments, the algal cells were cultivated at three
levels of four F/2 nutrients. Extracellular concentra-
tions of NaNO; and NaH,PO, are shown in Table 1.
Extracellular concentrations of metals and vitamin
solution components at three levels (-1, 0, +1) are
displayed in Table 2.

Growth measurement

The microalgae growth was determined by estimating cells
concentration. After cultivation, cells were harvested by
centrifugation at 5000 x g for 10 min at the late log phase.
Pellets were dried at 105 °C until their weight became
constant (DW).

Pigments and starch contents determination

To quantify pigments, 1 mL of culture was centrifuged at
5000 x g for 10 min. The pellet was suspended in 1 mL
ethanol and sonicated at 65 °C for 30 min. After son-
ication, the solution was centrifuged at 5000 x g for
5 min and Ages Agss, and Ayyy were measured to
quantify pigments using the equations (1), (2), (3) and
(4) as described previously [11, 12];

[Chlorophyll a] (mg.L™") = 15.65 x Agss—7.340 X Ags3
(1)

[Chlorophyll b] (mg.L™") = 27.05 x Ags3— 11.21 X Ages

(2)

[Total Chlorophylls] (mg.L'l) = [Chlorophyll ,a] + [Chlorophyll , b]

(3)

Table 1 Variables and experimental levels for F/2 medium
culture optimization

Factors Symbol Levels

-1 0 +1
NaNOs (mM) X 0.58 1.17 1.76
NaH,PO,, (mM) X 0018 0.036 0.054
Trace metals (ULL™") X3 500 1000 1500
Vitamins (uLL™) X4 250 375 500
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Table 2 Extracellular metals and vitamins concentrations
Coded Levels -1 0 +1
Extracellular metals concentration
FeCls,6H,0 (M) 05107° 1107 15107°
Na,EDTA,2H,0 (M) 05107 1107° 15107
CuS04,5H,0 (M) 21078 41078 610°®
Na;Mo0,,2H,0 (M) 151078 310°® 4510°®
ZnS0,,7H,0 (M) 41078 81078 121078
CoCly,6H,0 (M) 251078 51078 75107
MnCl,,4H,0 (M) 45107 910”7 1351077
Extracellular vitamins concentration
Thiamine HCl (vitamin B1) (M) 1481077 2221077 2961077
Biotin (vitamin H) (M) 10251077 15375 107° 205107°
Cyanocobalamin (vitamin B12) (M) 184510710 276751070 369107°

[Carotenoids] (mg.L™") = (1000 x A4z 2.860
x [Chlorophyll a]— 85.9
x [Chlorophyll b])/ 245

(4)
Starch content in pellet was determined as described

by Hirst et al. [13] and Xiao et al. [14] using the equa-
tion (5):

Agoo
2.294 (5)

Starch content (g.L‘l) -

Experimental design and data analysis

The effects of F/2 medium components on cells
growth, pigments and starch productions by Tetrasel-
mis sp. were evaluated and analyzed by Box-Behnken
methodology [15].

The experiment design contained 27 trials (Table 3).
Table 1 shows the four independent variables which are
extracellular NaNOj concentration (x;), extracellular
NaH,PO, concentration (x,), the metal solution initial
volume (x3) and the vitamin solution initial volume (x,).
These factors were studied at three levels, low (-1),
medium (0) and high (+1).

The biomass concentration (Y;), total chlorophylls
(Y3), carotenoids (Y3) and starch (Y,) contents were
analyzed as asked responses of the experiments
design.

Experimental data were fitted with a second order
polynomial model (Eq. 6):

Y = By + Zﬂixi + Zﬁnxiz + Zﬁiixixj (6)

Where Y: response variable; B, : constant coefficient; x;
and «x;: uncoded variables ranging between the minimum

and the maximum concentrations of the different fac-
tors; B, Pii and By coefficients for the linear, quadratic,
and interaction effects, respectively.

After Tetraselmis sp. cultivation under different
nutritional conditions, the statistical analysis of Box-
Behnken Design of experimental results was carried
out using STATISTICA software 8.0 (Stat Soft. Inc
2008).

The RSM is an efficient statistical tool to inves-
tigate the factors effect and interactions with a mini-
mum number of experiments [16, 17]. Thus, to
optimize the biomass, total chlorophylls, carotenoids
and starch production (Y3, Y, Y3, Yy) by Tetraselmis
sp., a total of 27 experiments were performed in this
study (Table 3). Accordingly, P-values were carried
out for regression analysis and to evaluate the sig-
nificance of factors’ effects of the first (x;, x5, x3, X4)
and the second (x2, x5, x%, x2) order polynomials,
and their interactions (xyXxs, X1X3, X1X4 X2X3, X2Xa,
x3x4).

The optimum responses were obtained with the “Re-
sponse Desirability Profiling” tool of STATISTICA
Software.

FT-IR spectroscopy
The absorption spectra of the samples were obtained
using FT-IR spectroscopy (Agilent Technologies Spectro-
photometer, Cory 630 FT-IR). The dried cells obtained
from 5 mL of culture were pulverized to powder and
pressed into tablet.

Spectrum software was employed to process the FT-IR
spectra. The transmittance spectra were measured be-
tween 600 and 4000 cm™ using 10 scans and 4 cm™
resolution.
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Table 3 Experimental results of Box-Behnken design
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Run  Factors Responses
N NaNOs; (mM)  NaH,PO, (mM) Metals (pL.L”) Vitamins (uL.L”) Biomass Total chlorophylls content  Carotenoids content  Starch content
(L") (mggDW™) (mgg DW™) (g.g DW™)
1 0.58 0.018 1000 375 22 0.72 0.13 038
2 176 0018 1000 375 328 25 0.08 0.12
3 0.58 0.054 1000 375 1.19 3.7 0.2 0.25
4 176 0.054 1000 375 1.7 4.62 028 03
5 1.17 0.036 500 250 337 204 0.06 038
6 1.17 0.036 1500 250 457 115 0.12 0.26
7 117 0.036 500 500 3.14 3.32 0.15 0.32
8 1.17 0.036 1500 500 215 369 0.16 032
9 117 0.036 1000 375 26 3.59 0.17 0.32
10 0.58 0.036 1000 250 1.95 141 0.17 042
1 1.76 0.036 1000 250 291 25 0.18 023
12 0.58 0.036 1000 500 1.77 2.5 0.24 0.29
13 1.76 0.036 1000 500 2.1 45 0.23 0.33
14 1.17 0018 500 375 339 17 0.09 029
15 117 0.054 500 375 261 348 0.1 0.33
16 117 0.018 1500 375 4.8 13 0.05 0.36
17 1.17 0.054 1500 375 172 35 026 03
18 117 0.036 1000 375 2.37 3.71 0.17 0.33
19 0.58 0.036 500 375 194 23 0.16 037
20 1.76 0.036 500 375 162 37 0.21 031
21 0.58 0.036 1500 375 1.85 2 0.18 0.33
22 1.76 0.036 1500 375 255 361 02 025
23 1.17 0018 1000 250 52 038 0.04 028
24 1.17 0.054 1000 250 2.1 3.38 0.19 0.38
25 117 0.018 1000 500 1.99 242 0.16 0.32
26 1.17 0.054 1000 500 22 4.92 023 028
27 1.17 0.036 1000 375 2.15 3.72 0.19 0.37
Results equation (Eq. 7) by fitting the experimental data

Optimization of F/2 medium components for biomass,
total chlorophylls, carotenoids and starch productions by
Tetraselmis sp. strain V,

Combined effects of modified-F/2 medium components on
Tetraselmis sp. growth

Using the multiple regression analysis, the growth re-
sponse (Y7) second-order equation was estimated as below
to explain the Tetraselmis sp. biomass production (Eq. 7):

Y, = 7.52 —1.86x,%—160.45 x,
+ 1.7310°%x32-2.6 107%x4—6.4 10 2xyx3
+ 0.36 x2x4—8.80 10 °x3x4 (P-value < 0.05)

(7)

The analysis of variance (ANOVA) was applied to
check the significance of the second-order polynomial

shown in Table 4. The P-values were used to test the
variables significance. As seen in Table 4, the determin-
ation coefficient (R*=0.94) highlighted the significance
of the model and the lack of fit value is not significant
(P-value = 0.29 > 0.05).

The lower P-values correspond to the high significance
of the variables. In this study, P-values for X2, Koy X3y Xa
Xox3, Xox4 and x3x, are less than 0.05, which explains the
significance of model terms.

This indicates the strong effect of all of F/2 nutri-
ents on Tetraselmis sp. strain V, growth. In addition,
the negative regression coefficient of NaH,PO, (x,)
and vitamins (x,) suggested an antagonist effect of
these two components on biomass production.

Figure 1 shows the 2D (contour plots) and 3D
response curves allowing us to analyze the interaction of
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Table 4 Analysis of variance of the model for biomass
production

Source Sum of squares  df ~ Mean square  Fvalue P value
X 0.88 1 0.88 1749 0.05
X2 4.01 1 4.01 79.37 <0.05
X3 0.20 1 0.20 4.05 0.18
X4 3.79 1 3.79 74.98 <0.05
X1X2 0.08 1 0.08 1.60 033
X1X3 0.26 1 0.26 513 0.15
X1X4 0.09 1 0.09 1.95 0.29
XoX3 132 1 1.32 26.11 <0.05
XoX4 2.73 1 2.73 54.09 <0.05
X3Xa 1.19 1 1.19 23.68 <0.05
X 2.25 1 2.25 44.50 <0.05
X3 037 1037 7.39 0.11
X3 099 T 099 1958 <005
X 0.84 1 0.84 16.74 0.05
Lack of fit 142 10 014 281 0.29
Pure error 0.10 2 0.05

Total 25.82 26

R*=0.94

the four factors and their optimal levels on Tetraselmis
sp. growth. The final biomass concentration (5.72 g.L™")
was obtained with 1.76 mM of NaNQO;, 0.018 mM of
NaH,PO,, 1500 uL.L’1 of metals solution and 312.5 ;,lL.L’1
of vitamins solution in the culture medium.

Combined effects of modified-F/2 medium components
on total chlorophylls and carotenoids productions

After identifying the significant variables for total
chlorophylls (Y;) and carotenoids (Y3) production re-
sponses, the following second order response surface
models were established, respectively, and illustrated
in the equations (8) and (9):

Y, =-9.48 + 2.78x1-0.92x;>
+ 180.17x,—-1378.60x,>
+ 0.002x3— 2.41 10 %52
+ 0.02x4— 3.19 10™°x4%— 20.24x, %,
+ 3.1 10‘3x1x4
+ 5.04 10 °x3x4(P-value < 0.05) (8)

Y3 =0.09 %2 + 2.66x,— 72.01x,>
+1.9510 %x3-1.28 10732 + 1.27 10731,
+ 3.06 x1x)
+ 5.5610 2x5x3(P-value < 0.05) (9)

According to ANOVA results, the models correspond-
ing to total chlorophylls (Table 5) and carotenoids
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(Table 6) contents responses revealed a high deter-
mination coefficients (R*=0.98 and R*=0.95, respect-
ively) indicating the significance of the two models and
the good agreement between predicted and experi-
mental response results.

It was shown that the total chlorophylls production
was influenced by all tested factors and their quadratic
and interactions effects (Eq. 8). The interaction between
independent factors affecting the total chlorophylls
production can be estimated using the surface plot
shown in Fig. 2.

In fact, increasing the extracellular NaNO; and
NaH,PO, concentrations from 0.58 mM to 1.76 mM
and from 0.018 mM to 0.054 mM, respectively, and
rising the extracellular metals (1250 uL.L’l) and vita-
mins (500 pL.L™") concentrations, the total chloro-
phylls production reached its maximum value of
5.18 mg.g DW™.

The linear (except for NaNO3) and quadratic (except
for vitamins) effects P-values indicated that all factors
show great influence on carotenoids synthesis.

From 3D response surface plots and corresponding
contour plots (Fig. 3), the maximum values of carotenoids
production (0.3 mg.g DW™) response was observed at the
high level (+1 level) of all the factors.

Combined effects of modified-F/2 medium components on
starch production

In this study, the second-order regression equation
for starch production (Y,) was estimated through the
following equation (Eq. 10):

Y, = - 0.40x; + 7.30x1%
+ 8 10 *x1x4(P-value < 0.05)
(10)

As seen in Table 7, the determination coefficient (R?)
of 0.88 highlighted the significance of the model. How-
ever, the linear significant effect of nitrate (x;) (P-value
< 0.05) was shown to be negative.

The lower nitrate concentration coincides with the
higher starch production in the tested experimental do-
main. A positive significant interaction (P-value < 0.05)
was observed between nitrate and phosphate (x,x,) and
between nitrate and vitamins (x1x,) (Eq. 10). The effect of
phosphate, metals and vitamins was shown to be non sig-
nificant for starch production (P-value >0.05). The nega-
tive significant effect of nitrate (x;) seen in Eq. (10)
indicated the antagonistic effect on starch content. The
response observed in three dimension (3D) response sur-
face and corresponding contour plots (2D) (Fig. 4) show
the interactive effect of nutrients on starch production of
Tetraselmis sp. According to the results shown in Fig. 4,
the maximum of starch content value (0.42 g.g DW™)
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was obtained when the concentrations of NaNOs and
NaH,PO, decreased from 1.76 mM to 0.58 mM and
from 0.054 mM to 0.027 mM, respectively, and when
the volume of metal and vitamin solutions decreased
from 1500 pL.L™ to 1000 uL.L™* and from 500 pL.L™
to 250 pL.L™, respectively. These results suggest that the
highest starch content in Tetraselmis sp. strain V, was
obtained under nitrogen, phosphorus, metals and vitamins
limitations.

Carbohydrates detection by FT-IR spectroscopy
FT-IR spectra of Tetraselmis sp. cells showed twelve
distinct bands over the wavenumber ranging from
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4000 to 600 cm™ (Fig. 5). These absorption bands were at-
tributed to specific molecular groups based on published
data [18]. In this study, the spectrum of proteins which
peak is at 1639 cm™ (between 1590 and 1650 cm™) corre-
sponds to the N-H and C = O of amides I, whereas the peak
at 1534 cm! (between 1500 and 1560 cm) shows the
presence of the N-H groups and asymmetric N = O groups
of amide II. Moreover, these infra red spectra show the
presence of an important peak at 3282 cm™ allocated to
the vibrations of the stretchings O-H groups and N-H
groups of proteins.

The spectrum of the lipids was characterized by
characteristic bands at 1420 cm™ and 1380 cm™ which

NaH,PO, (mM)

0.030
0.025
0.020

0.015
04 06 08 10 12 14 16

NaNO, (mM)

240

NaH,PO, (mM)

Fig. 1 Contour plots and response surface plot showing the F/2 nutrients effect on biomass production
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=
18 20@H <15
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Table 5 Analysis of variance of the model for total chlorophylls
production

Source Sum of squares  df ~ Mean square  Fvalue P value
X 6.45 1 6.45 123312 <0.05
X2 9.77 1 9.77 1866.88  <0.05
X3 0.13 1 0.13 2649 <0.05
X4 845 1 845 1614.72  <0.05
X1X2 0.18 1 0.18 3533 <0.05
X1X3 0.01 1 0.01 2.10 0.28
X1Xa 0.20 1 0.20 39.55 <0.05
XoX3 0.04 1 0.04 842 0.10
XoXa 0.001 1 0.001 030 0.63
X3Xa 0.39 1 0.39 75.84 <0.05
X 0.54 1 0.54 103.81 <0.05
X3 1.06 1106 20332 <005
X3 1.93 1193 37045 <005
X 1.32 1 1.32 252.65 <0.05
Lack of fit 0.63 10 006 12.04 0.07
Pure error 0.01 2 0.005

Total 35.89 26

R*=0.98

were due mainly to the C-O-H stretching vibrations of the
carboxylic acids groups of the lipids. In addition, the peak
at 1742 cm™ was associated with lipids and fatty acids
which are primarily due to V (C=0) of ester groups.
Finally, the successive bands at 1000, 1151 and 1227 cm™
show the stretching of the bands of O-C groups of carbox-
ylic acids. The carbohydrates features are character-
ized by two bands, at 1151 and 1000 cm™, assigned
to V (-O-C) stretching vibrations of the pyranosic cycles
of the polysaccharides. The nucleic acids have functional
groups at 1227 cm! associated with V,, (>P=0)
stretching attributed to phosphorus compounds such
as the phosphodiesters. The absorption bands at 1380
and 1420 cm™ prove the presence of sulfates groups
(S=0).

In this comparative study, the FT-IR analysis showed no
significant changes in the qualitative biochemical compos-
ition of Tetraselmis sp. cultivated under optimized medium
culture for starch production compared to the standard
medium culture (factors at zero level).

Discussion

Recently, several studies, focused on research renewable
sources of energy, have proved that microalgae present
an important source for biofuel production [19, 20].
Thus, the optimizations of biomass productivity, lipids
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and carbohydrates productions are in fact an important
approach for a more economical biofuel production. The
availability of nutrients such as phosphorus, nitrogen,
metals, and vitamins is one of the most important fac-
tors regulating cells growth, photosynthesis and other
processes in microalgae.

Nitrogen and phosphorus were the two main compo-
nents that play an essential role and a significant effect on
the growth of Tetraselmis sp. strain V, (Fig. 1 and Table 4).
The present study showed that the highest biomass con-
centration (572 gL') and biomass productivity
(408.57 mg.L™".day!) were obtained under high metals
and nitrogen concentrations (1.76 mM) and limited
vitamins and phosphorus concentrations (0.018 mM).
Therefore, the biomass productivity increased by ap-
proximately 2.4-fold at optimized conditions com-
pared to standard ones.

Similar results, found by Yao et al. [2], proved that with
11 mM of KNOs in the culture medium of Tetraselmis sub-
cordiformis led to the higher biomass concentration (5.72
gL™) after 8 days of growth. Our findings proved that
Tetraselmis cells growth was inhibited upon nitrogen star-
vation (Fig. 1).

Our results satisfied the hypothesis of Xin et al.
[21] saying that with the increase of extracellular
phosphate concentration, the biomass of microalgae
decreased. In another study, the authors showed that
the high concentration of phosphate decreased the
growth of Chlorella [22].

In this study, Metals (FeCl36H,0; Na,EDTA,2H,0;
CuS04,5H,0; NayMoO4,2H,0; ZnSO,,7H,0; CoCl,,6H,0;
MnCl,,4H,0) presented a quadratic positive significant
effect on cells growth. Our results showed that the highest
biomass productivity (408.57 mg.L'.day"') was achieved
with 0.015 mM iron concentration (data not shown). Sun
et al. [23] noted that the biomass productivity of N. oleo-
bundans HK-129 increased to 292.83 mg.L".day” with the
increase of Fe®>* concentration to 0.037 mM, which is in
agreement with the present findings.

In photoautotrophic photosynthesis, iron (Fe**) was
an essential cofactor for photosystems I and II acti-
vities. Therefore, iron affects the microalgae growth by
affecting light harvesting, electron transfer, energy con-
version and carbon fixation [24]. Iron limitation can
also decrease the photosynthesis efficiency and bio-
mass concentration [23].

The measurement of pigments such as total chloro-
phylls and carotenoids was established to analyze the
effect of nutrients of F/2 medium and their interac-
tions on photosynthetic pigments production in Tet-
raselmis sp. (Tables 5 and 6). The highest total
chlorophylls (5.18 mgg DW™) and carotenoids
(0.3 mg.g DW™) contents were obtained under high
extracellular concentration of all F/2 nutrients (Figs. 2
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Table 6 Analysis of variance of the model for carotenoids
production

Source Sum of squares  df ~ Mean square  Fvalue P value
X1 0.0008 1 0.0008 6.25 0.12
X2 0.02 1 0.02 188.48 <0.05
X3 0.003 1 0.003 25 <0.05
X4 0.014 1 0.014 105.06 <0.05
X1X2 0.004 1 0.004 31.68 <0.05
X1X3 0.0002 1 0.0002 1.68 032
X1X4 0.0001 1 0.0001 0.75 047
XoX3 0.01 1 0.01 75.00 <0.05
XoX4 0.001 1 0.001 12.00 0.07
X3X4 0.0006 1 0.0006 4.68 0.16
X 0.005 1 0.005 43.34 <0.05
X 0.002 1 0.002 21.77 <0.05
X3 0.005 1 0005 4117 <005
X 0.0003 1 0.0003 2.77 0.23
Lack of fit 0.005 10 0.0005 3.89 0.22
Pure error 0.0002 2 0.0001

Total 0.10 26

R*=0.95

and 3). Just like the current study, Yao et al. [2]
found that the maximal photosystem II activity F,/F,,
increased with the increase of KNOs. Thus, chloro-
phylls content attained 4.9% at day 2 and at 11 mM
of KNOj, while it decreased to 1.5% DW at day 8
when KNO; was exhausted. In another study, the
maximum of total chlorophylls and carotenoids
productions were found in A. falcatus cultured in
BBM medium [25] which contains a high nitrate and
phosphate concentrations.
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Relying on the nutrients optimization, our data showed
that the maximum of starch content of 42% DW was
obtained at low nitrogen, phosphorus, metals and vitamins
concentrations in the culture medium of Tetraselmis
sp. Therefore, the starch content increased by 1.3-fold
in the optimized F/2 medium culture compared to that
at zero level (standard conditions).

The findings obtained in our research are interesting
when compared to previous studies; see the findings
summarized in Table 8.

A similar phenomenon has been observed in other
microalgae [7, 8, 26-28]. Yao et al. [6] reported also
that starch production in T. subcordiformis in-
creased to a maximum of 44.1% under phosphorus
limiting conditions and low initial cell densities
(ICD).

It was also reported that Chlorella vulgaris produced
41% DW of starch under nitrogen starvation [5]. It was
already suggested that phosphorus deprivation induced
starch accumulation (53%) in Chlorella vulgaris Beijer-
inck CCALA924 [7]. As shown in Table 3, total chloro-
phylls content is inversely proportional to that of starch.
It can be observed that at high phosphorus concentra-
tion (Runs 26 and 4) and high nitrogen concentration
(Runs 13 and 22), the total chlorophylls content was
high. Inversely, the Runs 1 (low NaNO;z; and NaH,PO,
concentrations), 10 and 19 (low NaNOs concentration)
and 16 (low NaH,PO, concentration) gave a high
starch content, while the chlorophylls, which are com-
pounds with high nitrogen content, were very low. The
third and fourth parameters were low (between negative
level (-1) and zero level (0)). Similarly, Yao et al. [2]
pointed out that the maximal photosystem II activity
(F,/F,,) increased at high extracellular KNO3 concen-
tration corresponding to a decrease of starch content,
which is in agreement with our results and those of
[29] with Chlorella vulgaris.
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Fig. 2 Contour plots and response surface plot showing the F/2 nutrients effect on total chlorophylls production
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The results described in our research are similar to
those described by [28] suggesting that the phos-
phorus deprivation can lead to the deflection of me-
tabolism from growth and photosynthesis to energy
compounds such as lipids and carbohydrates. The
present work clearly reveals that the decrease of ini-
tial nitrogen and phosphorus concentrations as well
as metals and vitamins elements in Tetraselmis sp.
strain V5 culture resulted on a maximum of starch
production (Fig. 4). However, the chlorophylls content
increased with the increase of nitrogen and phos-
phorus source in Tetraselmis sp. These results are
similar to those achieved by [6]. Thus, nitrogen and phos-
phorus limitations caused the restriction of photosyn-
thesis, protein and chlorophylls synthesis and the
accumulation of carbohydrates and lipids [8, 25, 30]. In
addition, when the nitrogen and phosphorus concentra-
tions increased, the flow of photosynthetic carbon was
diverted into chlorophylls and protein synthesis [2]. Bra-
nyikovd et al. [7] assumed that the addition of cyclohexi-
mide in the medium led to the inhibition of protein
synthesis and increase the starch content to below 60%
DW in Chlorella vulgaris. Therefore, the nutrient stress
condition such as the lack of nitrogen and phosphorus
might redirect the metabolism from chlorophylls and pro-
teins to starch accumulation. Similar results were shown
with Tetraselmis subcordiformis (2], Chlamydomonas
reinhardtii [31] and Dunaliella salina [32].

Furbank and Lilley [33] demonstrated that the high
free phosphate concentration accumulated in the chloro-
plast and cytosol was toxic to the metabolism of micro-
algal cells, particularly to their photosynthesis [34]. In
addition, it was known that starch synthesis in many plants
and microalgae was carried out by the conversion of ATP
and glucose-1-phosphate to pyrophosphate and ADP-

glucose. This reaction was catalyzed by ADP-glucose
pyrophosphorylase (AGPase) [35]. This enzyme was
inhibited by free orthophosphate (Pi) and it was acti-
vated by the 3-phosphoglyceric acid (3-PGA) molecule.
Therefore, the 3-PGA/Pi ratio regulated the AGPase activ-
ity [36]. The increase of the photosynthetic activity fa-
cilitated 3-PGA production with a higher 3-PGA/Pi
ratio essential for the activation of AGPase and thus
made the starch synthesis more efficient [6]. This

Table 7 Analysis of variance of the model for starch production

Source Sum of squares  df  Mean square  Fvalue P value
X 0.021 1 0.021 29.76 <0.05
X2 0.0006 1 0.0006 0.96 043
X3 0.0027 1 0.0027 3.85 0.19
X4 0.0006 1 0.0006 0.96 043
X1X2 0.0240 1 0.0240 3432 <0.05
X1X3 0.0001 1 0.0001 0.14 0.74
X1X4 0.0132 1 0.0132 18.89 <0.05
XoX3 0.0025 1 0.0025 357 0.19
XXy 0.0049 1 0.0049 7.00 0.1
X3X4 0.0036 1 0.0036 5.14 0.15
xi 0.005 1 0005 7.24 0.11
X% 0.004 1 0.004 6.66 0.12
X3 0.000004 1 0.000004 0.005 0.95
X 0.00002 1 0.00002 0.03 0.87
Lack of Fit 0.0095 10 0.00095 1.35 0.50
Pure error 0.0014 2 0.0007

Total 0.093 26

R*=0.88
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observation could explain the phenomenon of the current
study showing that the lower phosphorus concentration
increased the starch production. In this study, however,
the metals concentration does not have a significant
effect on starch synthesis in Tetraselmis sp. The
maximum of starch content was obtained at zero
level of metals solution volume. These findings con-
firm some previous results of [5], which demonstrated
that irons concentration did not affect starch pro-
duction in C. vulgaris. Here, the metals solution con-
tained FeCl;,6H20; NaEDTA,2H,0; Na,MoO,4,2H,0;
ZnSO47H,0;  CoCly,6H,0;  MnCl,,4H,O  and
CuSO,45H,0 which sulfur concentration was very
low (12.10° mM) in the optimized medium culture
for a maximal starch production. This result is similar

to that of [2] which obtained a maximum of starch
content of 62.1% DW in T. subcordiformis at 0 mM
of MgSO,. In fact, the low sulfur concentration
caused a decrease of the photosystem II activity.
Therefore, the microalgal cells were exposed to cul-
ture stress conditions, hence increasing starch synthe-
sis. In this study, Run 16 (Table 3) showed a high
biomass concentration of 4.8 gL' with a high bio-
mass productivity of 343 mgL'day’ (data not
shown) corresponding to a high starch content of
36% DW. Thus, this result is crucial to achieve a
compromise between increasing cell growth and
starch accumulation in Tetraselmis sp. strain V, in
order to set up a promising source for bioethanol
production. Based on the FT-IR spectra analysis, the
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Fig. 5 FT-IR spectra for Tetraselmis sp. (@) Tetraselmis sp. cultivated under standard medium culture (factors at zero levels), (b) Tetraselmis sp.

relative carbohydrate content was calculated by meas-
uring the ratio of the transmittance areas of the
carbohydrate bands (1200-950 cm™) to the amide I
band (1639 c¢cm™). Thus, the carbohydrates/amide 1
ratio showed an increase of 16% in Tetraselmis sp.
cultivated under optimized medium culture for starch
production than the standard medium culture
(Table 1), increasing from 7.15 to 8.29 of carbohy-
drates/amide I ratio. Here, the carbohydrates/amide I
ratio of 8.29 for Tetraselmis sp. cultivated under opti-
mized medium culture was higher than that obtained
by T. subcordiformis and Chaetoceros sp. (3.07 and
2.30, respectively) [19].

As shown in this study and in previous ones,
nitrogen and phosphorus limitation induced starch
biosynthesis, as noted by high carbohydrates/amide I
ratio [19].

Conclusions

In summary, marine microalga Tetraselmis sp. V,
reached 5.72 gL' and 408.57 mg.L'.day™”, respectively,
at high metals and nitrogen concentrations and low vita-
mins and phosphorus ones. This was a 2.4-fold higher
increase than that obtained at the standard conditions.
Our study also shows that the maximum of starch
content of 42% DW was obtained under nitrogen,
phosphorus, metals and vitamins limitations, while
the highest total chlorophylls content of 5.18 mg.g
DW™ and carotenoids content of 0.3 mg.g DW™ were
achieved at high nitrogen, phosphorus, metals and vi-
tamins concentrations. Therefore, the isolated micro-
algae Tetraselmis sp. strain V, has a good potential
for biomass and starch production considering its
high growth and starch content, which makes this
strain a potential feedstock for bioethanol production.

Table 8 Starch production in different microalgae under different culture conditions, as reported in the literature

Microalgae Stress conditions Starch content (% of DW) References
T. subcordiformis —P (low ICD) 441 (6]
T. subcordiformis —P (medium ICD) 422 [6]
T. subcordiformis -N 54.0 [2]
Chlorella vulgaris -N 41 [5]
Chlorella vulgaris Beijerinck CCALA924 -N 37 71
Chlorella vulgaris Beijerinck CCALA924 -P 53 (71

Tetraselmis sp.

Optimized F/2 medium

423 This study
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