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Abstract
Fucoxanthin and eicosapentaenoic acid (EPA) provide significant health benefits for human population. Diatom is a poten-
tial natural livestock for the combined production of EPA and fucoxanthin. In this study, first, the effects of three important 
parameters including light intensity, nitrogen concentration and salinity were evaluated for the production of EPA and 
fucoxanthin in two diatom strains Phaeodactylum tricornutum and Cylindrotheca fusiformis. And then, two steps method 
based on light intensity were applied to produce EPA and fucoxanthin in large scale. Higher light intensity was first adopted 
for the high growth rate and lipid content of diatom, and after a period of time, light intensity was lowered to enhance the 
accumulation of fucoxanthin and EPA. In final, the highest EPA yields were 62.55 and 27.32 mg  L−1 for P. tricornutum and 
C. fusiformis, and the fucoxanthin yield reached 8.32 and 6.05 mg  L−1, respectively.
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Introduction

In recent years, the demand of fucoxanthin (a specific non-
provitamin A carotenoid) as a nutraceutical is growing [1]. 
With an allenic carbon chain, an acyclic keto group, and 
a hydroxyl group at one of the β-ionone rings esterified 
with acetic acid [2], fucoxanthin possesses a wide range of 
remarkable biological properties, including anti-obesity, 
anti-diabetes, anti-cancer, anti-allergic, anti-inflammatory, 
anti-oxidation, and anti-osteoporotic activities [3–5].

Fucoxanthin is mainly naturally found in seaweeds 
and diatoms, where it is coupled to the thylakoid mem-
brane to transfer excitation energy to the photosynthetic 

electron transport chain via chlorophyll a [6]. However, 
the fucoxanthin content ranges from 0.22 to 2.17% of dry 
weight in diatoms, much higher than that found in sea-
weeds [7]. Moreover, the marine microalgae diatoms can 
grow rapidly and perform robustly in controlled bioreac-
tors, and are considered as the potential natural sources 
of fucoxanthin.

Besides fucoxanthin, diatoms are rich in lipid and some 
long-chain polyunsaturated fatty acids (LC-PUFA), such 
as eicosapentaenoic acid (EPA), which also provides sig-
nificant health benefits in cardiovascular health in adults 
[8, 9]. In previous reports, the EPA content of diatom can 
reach up to 2.5 in 100 g dry weight cells (2.5%) at certain 
condition [10].

Growth and accumulation of fucoxanthin and EPA of dia-
toms may vary considerably across species and/or strains 
and are dependent on culture conditions such as nutrient 
concentrations and environmental factors [11, 12]. Nitrogen 
is a primary nutrient for microalgae growth and also plays an 
important role in regulating cellular metabolites including 
lipid and fucoxanthin accumulation [13]. Light is the pri-
mary source of energy that drives all biochemical processes 
in microalgae [6]. Moreover, salinity has previously been 
studied in several microalgal species and demonstrated that 
it can regulate some gene expression for FA synthesis [14], 
but the effect on fucoxanthin accumulation is still unknown.
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In spite of being a promising source, there are only 
a limited number of reports about diatoms for the com-
bined production of fucoxanthin and EPA. Moreover, the 
studies of fucoxanthin accumulation from diatoms were 
almost in bench scale in laboratory; the pilot scale of 
fucoxanthin and EPA production, to our knowledge, has 
not been done.

Phaeodactylum tricornutum and Cylindrotheca fusi-
formis are two advertised diatoms cultivated at a large 
scale for aquaculture and commercial lipid production. 
The main objective of the present study is to optimize 
several key parameters for improving EPA and fucoxan-
thin production of diatom under laboratory conditions, and 
examined the production yield of EPA and fucoxanthin in 
pilot scale. These results provide valuable implications 
into future exploration of diatom, especially P. tricornu-
tum and C. fusiformis.

Materials and methods

Strains and culture conditions

Two diatom strains were investigated in this study. Strain 
P. tricornutum (UTEX 646) was obtained by the Culture 
Collection of Algae at The University of Texas at Aus-
tin, and strain C. fusiformis was kindly provided by Prof. 
Liang in Ocean University of China.

Tested strains were cultivated in 100 mL Erlenmeyer 
flask containing 30 mL of sterile f/2 medium. Cultures 
were incubated at 23 ± 1 °C under an illumination intensity 
of 30 µmol m−2 s−1 and were shaken manually twice a day.

Key culture conditions optimization in batch cultures

Three key parameters (nitrogen, light intensity and salin-
ity) were optimized for improving EPA and fucoxanthin 
production of two diatom strains under laboratory condi-
tions. In this section, strains were cultivated in 800 mL 
column photobioreactor containing 500 mL of sterile 2f 
(4 × f/2) enriched medium, and the experiments were car-
ried out with constant aeration of 1%  CO2 at 23 ± 1 °C 
room temperature.

For light intensity experiment, strains were grown in 2f 
enriched medium for about 8 days under different light inten-
sities (30, 80, 120, 180 µmol photons  m−2 s−1).

For nitrogen experiment, strains were grown in 2f 
enriched medium with different levels of  NaNO3 sup-
plementations (0-N, 0  mg  L−1; f/2-N, 75 mg  L−1; f-N, 
150 mg L−1; 2f-N, 300 mg L−1) into stationary growth 

phase, and the experiments were carried out with 70 µmol 
photons  m−2 s−1.

In salinity experiment, strains were grown in 2f enriched 
medium with different levels of salinity (5, 10, 20 and 30‰) 
under 70 µmol photons  m−2 s−1 for 8 days.

Production of EPA and fucoxanthin in pilot scale

According to results of the above experiment, the two dia-
toms P. tricornutum and C. fusiformis were cultured in 2f-N 
enriched medium with 20‰ salinity. Higher light intensity 
(120 µmol photons  m−2 s−1) was adopted for the high growth 
rate and lipid content, and then low light intensity (30 µmol 
photons  m−2 s−1) was used to accumulate fucoxanthin for 
3 days. For each strain, the experiment was carried out 
in hanging bag photobioreactor with a volume of 20 L at 
optimized light intensity with 1%  CO2 at 23 ± 1 °C room 
temperature.

Determination of biomass concentration

A certain volume of microalgae culture was washed for 
twice with distilled water before being filtered on a pre-
weighted Whatman GF/C filter. The filters containing the 
algae were dried in a vacuum oven at 105 °C overnight and 
subsequently cooled down to room temperature for weigh-
ing. The biomass concentration is expressed as cells dry 
weight per liter.

Analysis of lipid content and fatty acid profiles

The total lipid content was determined by gravimetric analy-
sis according to modified Bligh and Dyer’s method [15]. 
Approximately, 50 mg dried algal pellet was ground with 
quart first and then mixed with 7.5 mL methanol/chloro-
form (2:1, v/v) at 37 °C overnight and then centrifuged. 
The supernatant was collected and residual biomass was 
extracted twice. The supernatants were combined, and chlo-
roform and 1% sodium chloride solution were added to a 
final volume ratio of 1:1:0.9 (chloroform: methanol: water). 
The organic phase was carefully transferred to a vial and 
dried to constant weight with nitrogen flow. The lipid weight 
was the difference of the weights of vial with and without 
lipid, and the total lipid content was calculated as a percent-
age of the dry weight of the algae.

A 0.5 mg sample of lipid was dissolved in 1 mL hep-
tane that contains 50 µg heptadecanoic acid methyl ester 
 (C18H37  COOCH3) as internal standard for FAME analy-
sis on a Varian 450GC (Varian Inc., USA) equipped with 
a flame ionization detector (FID) and Agilent HP-5 GC 
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Capillary Column (30 m × 0.25 mm × 0.25 µm). Nitrogen 
was used as carrier gas. The injector temperature was set 
at 280 °C with an injection volume of 2 µL under split-
mode (10:1). The detector temperature was set at 280 °C. 
The individual FAMEs were identified by chromatographic 
comparison with authentic standards (Sigma) and the quan-
tities of individual FAMEs were calculated as reports by 
Chen et al. [16].

Pigments extraction and fucoxanthin analysis

For pigments extraction, 20 mg of lyophilized cell powder 
was grounded and then extracted with 2 mL cold metha-
nol/acetone (1:1, v/v) under dim light. After shaking for 
1 h, the whole solutions carrying grinded cells were cen-
trifuged at 8000 r/min for 5 min at 4 °C. The supernatant 
was collected and the pellets were extracted for another 
time under the same conditions. All supernatants were 
combined and filtered through a 0.22 µm filter prior to 
HPLC analysis.

Fucoxanthin was detected using Waters 2695 HPLC 
systems (Waters, Milford, MA, USA) with a PDA detec-
tor and a C18 reverse phase bar (5  mm particle size, 
250 mm × 4.6 mm ID). The mobile phase used was (A) 80% 
methanol, 20% 0.5 M ammonium acetate, (B) 90% ace-
tonitrile, and (C) 100% ethyl acetate, with a flow rate of 
0.8 mL min−1. The chromatogram was recorded at 449 nm. 
A purified fucoxanthin standard was used for quantification 
and identification of fucoxanthin by means of a calibration 
curve and comparison of retention time and ultraviolet–vis-
ible absorption spectra, respectively.

Statistical analysis

All cultivations were performed at lease in duplicate. All 
determinative data were collected from triplicate samples 
and the final values were expressed as mean value ± standard 
deviation. Statistical significance was evaluated by ANOVA 
and t test using SPSS programs (Version 19.0, IBM SPSS, 
Chicago, IL, USA) at a level of P < 0.05.

Results

Effect of light intensity on biomass, EPA 
and fucoxanthin accumulation in two diatoms

Results for dry weight, lipid and fucoxanthin contents of 
two diatom strains at an initial concentration of 0.15 g 
 L−1 were shown in Fig. 1, and the fatty acid profiles were 
shown in Table 1. Cultures subjected to the lowest light 
intensity (30 µmol photons  m−2 s−1) showed lower biomass 

concentrations than any higher light intensity tested for 
both P. tricornutum (Fig. 1a) and C. fusiformis (Fig. 1b). 
For P. tricornutum cultures, the similar growth rates were 
observed between 70 and 120  µmol photons  m−2  s−1, 
although the highest biomass concentration reached the 
highest of 1.56 g L−1 under 70 µmol photons  m−2 s−1 at day 
8. For C. fusiformis cultures, a light intensity of 120 µmol 
photons  m−2 s−1 resulted in the highest biomass concentra-
tion of 1.38 g  L−1. However, at the highest light intensity 
of 180 µmol photons  m−2 s−1, the cell grew slowly and the 
biomass concentrations were lower than 120 µmol pho-
tons  m−2 s−1. Cultures that are light limited are expected 
to show an increase in biomass productivity upon increas-
ing light intensities [17]. However, the results show that 
the biomass decreased when the cultures were exposed 
to 180 µmol photons  m−2 s−1, this might be explained by 
photo inhibition that occurred. As soon as the photosyn-
thetic machinery becomes inhibited, further increasing 
light intensity would not enhance the biomass concentra-
tion anymore [18]. Alma et al. [19] presented a light curve 
for P. tricornutum, and similar to our findings, they too 
reported that high light intensity decreases the growth of 
cells.

From Fig. 1c, d, it could be noted that high light inten-
sity enhanced the lipid accumulation of tested diatom 
strains. For two diatom strains, of all tested conditions, 
the cultures exposed to low light intensity (30 µmol pho-
tons  m−2 s−1) reached the lowest lipid contents of 25.68 
and 28.12%, respectively. Increasing the incident light 
intensity resulted in higher lipid content, and the highest 
lipid contents of P. tricornutum (41.48%) and C. fusiformis 
(44.82%) occurred in 180 and 120 µmol photons  m−2 s−1, 
respectively. Table 1 illustrated the fatty acid composi-
tion of two diatoms strains cultured under different light 
intensities. The most abundant fatty acids in two diatom 
strains were found to be C16:1 (30.52–35.88%) and C16:0 
(19.72–37.1%), that were in accordance with a previous 
study [20]. Besides, fractions of C20:4 (ARA) and C20:5 
(EPA) were found in both two strains. As the increment 
of the light intensity, the content of EPA fraction (% of 
total fatty acids) reduced continuously, which is contrary 
to the change of lipid content. For P. tricornutum and C. 
fusiformis, the EPA content dropped from 17.15 to 13.83, 
10.28 to 4.19% of the total fatty acids, respectively, from 
30 to 180 µmol photons  m−2 s−1. Literature reported that 
the culture exposed to high incident light intensity showed 
a decline in EPA content of fatty acid profiles [21]. Based 
on the lipid content of dry biomass and the EPA content 
of total fatty acids, the EPA content of dry biomass could 
be calculated. In final, with the tested light intensities, the 
EPA contents of biomass in P. tricornutum were 4.41, 4.77, 
6.65 and 6.89%, respectively. While the EPA contents of 
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biomass in C. fusiformis were 2.89, 2.53, 2.55 and 1.75%, 
much lower than those in P. tricornutum.

Contrary to cell growth and lipid accumulation, the 
highest values for fucoxanthin content in P. tricornutum 
and C. fusiformis were obtained under low light intensity 

(30 µmol photons  m−2 s−1) (Fig. 1e, f). Under such con-
ditions, 0.75 and 0.65% fucoxanthin (% of biomass) in 
P. tricornutum and C. fusiformis were produced on the 
8th day of growth. Similar with the change in EPA con-
tent of fatty acid profiles, high light intensity reduced the 
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Fig. 1  Effects of light intensity on biomass (a, b), lipid (c, d) and fucoxanthin accumulation (e, f) of P. tricornutum (a, c, e) and C. fusiformis (b, 
d, f)
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biosynthesis of fucoxanthin. The fucoxanthin content of P. 
tricornutum and C. fusiformis dropped to 0.11 and 0.18%, 
respectively, under 180 µmol photons  m−2 s−1. Guo et al. 
[7] reported that light intensity between 10 and 30 µmol 
photons  m−2 s−1 promoted the fucoxanthin accumulation, 
while 40 µmol photons  m−2 s−1 declined the fucoxanthin 
content, the conclusion of which was similar to ours. Thus, 
higher fucoxanthin production was obtained under low 
light intensities.

Effect of nitrogen concentration on biomass, EPA 
and fucoxanthin accumulation in two diatoms

Figure 2 illustrated the growth profile, lipid and fucoxan-
thin content of two diatom strains cultivated with various 
nitrogen concentrations in column photobioreactors. The 
cultures without nitrogen supply maintained relatively stable 
biomass concentrations, and the growth rates of two diatom 
strains were enhanced with an increase in higher nitrogen 
concentration (Fig. 2a, b). Consequently, the final biomass 
concentration reached 1.61 and 1.52 g L−1 on day 8 for the 
highest nitrogen concentration supplied cultures, 6.65- and 
3.9-fold higher than those without nitrogen supply in P. tri-
cornutum and C. fusiformis, respectively. This was in line 
with previous studies that high level of available nitrogen 
promoted biomass accumulation of diatoms as well as of 
other algae strains [22].

Nitrogen concentration had a significantly negative effect 
on lipid accumulation. It was observed that P. tricornu-
tum and C. fusiformis cultivated without nitrogen supply 
reached the highest lipid contents of 43.76 and 51.08%, 
respectively (Fig. 1c, d). As the increment of nitrogen con-
centration, the lipid contents of two diatom strains reduced 

remarkably. The highest concentration nitrogen-supplied 
cells of P. tricornutum and C. fusiformis declined to the 
lowest lipid content of 29.19 and 34.2%, respectively. 
Nitrogen is the most important element contributing to 
microalgal cells, its deprivation significantly changed the 
physiological and biochemical parameters. As protein is a 
nitrogen-rich compound, nitrogen deprivation can reduce 
protein content, extra energy flow would shift to carbohy-
drate and lipid metabolism [23].

The effect of nitrogen concentration on fatty acid com-
positions of two diatom strains was shown in Table 2. Simi-
lar to the above, the lipids of tested strains were primarily 
comprised of C16:0, C16:1 and C20:5. For P. tricornutum, 
the content of C16:0 had a slight increase from 20.72 to 
24.4%, while there was a slight decrease from 34.35 to 
31.77% in cells of C. fusiformis. However, in both strains, 
higher nitrogen concentration induced the lower content of 
C16:1. Noteworthy, as the increase of nitrogen supply, the 
contents of C20:5 (EPA) in P. tricornutum reached 16.83 
from 13.65%, and that in C. fusiformis enhanced to 8.17 
from 3.86%. Therefore, based on the data, nitrogen supply 
benefited the accumulation of EPA in total fatty acids in dia-
tom. According to the lipid content and EPA ratio, the EPA 
contents of biomass in P. tricornutum were 5.97, 5.31, 5.05 
and 4.91%, respectively, which were not significantly differ-
ent. Moreover, the EPA contents of biomass in C. fusiformis 
were 1.97, 1.88, 2.41 and 2.79%, respectively. This finding 
revealed that the EPA production from P. tricornutum was 
better compared to that of C. fusiformis.

Nitrogen has an impact on both cell density and produc-
tion of metabolites in microalgae. The further study on the 
impact of nitrogen concentration in fucoxanthin produc-
tion was also investigated in this study (Fig. 2e, f). It was 

Table 1  Effect of light intensity on the fatty acid composition and content in two diatom strains

Fatty acid P. tricornutum C. fusiformis

30 µmol pho-
tons  m−2 s−1

80 µmol pho-
tons  m−2 s−1

120 µmol pho-
tons  m−2 s−1

180 µmol pho-
tons  m−2 s−1

30 µmol pho-
tons  m−2 s−1

80 µmol pho-
tons  m−2 s−1

120 µmol pho-
tons  m−2 s−1

180 µmol 
photons 
 m−2 s−1

C14:0 6.17 ± 0.12 6.72 ± 0.05 7.14 ± 0.1 7.31 ± 0.05 9.72 ± 0.11 7.67 ± 0.1 6.77 ± 0.07 6.49 ± 0.04
C16:0 19.72 ± 0.21 21.41 ± 0.2 22.82 ± 0.24 24.4 ± 0.25 27.84 ± 0.17 33.97 ± 0.33 37.10 ± 0.4 35.87 ± 0.16
C16:1 34.12 ± 0.37 32.16 ± 0.16 30.52 ± 0.27 31.57 ± 0.12 30.9 ± 0.25 33.54 ± 0.11 35.25 ± 0.17 35.88 ± 0.22
C16:2 6.2 ± 0.03 6.89 ± 0.02 5.84 ± 0.11 5.96 ± 0.06 – 0.06 ± 0.01 – –
C18:0 1.55 ± 0.01 2.21 ± 0.0 2.43 ± 0.01 1.95 ± 0.02 0.64 ± 0.03 0.67 ± 0.02 0.86 ± 0.0 1.09 ± 0.01
C18:1 5.8 ± 0.1 4.91 ± 0.12 5.03 ± 0.07 5.75 ± 0.02 2.88 ± 0.02 0.90 ± 0.01 1.01 ± 0.12 1.65 ± 0.03
C18:2 2.05 ± 0.12 1.32 ± 0.12 1.86 ± 0.12 2.21 ± 0.01 1.7 ± 0.02 1.85 ± 0.02 1.02 ± 0.01 0.72 ± 0.01
C18:3 0.57 ± 0.01 0.36 ± 0.01 0.18 ± 0.0 0.26 ± 0.0 0.83 ± 0.04 0.74 ± 0.02 0.68 ± 0.01 0.41 ± 0.0
C20:4 2.60 ± 0.05 3.35 ± 0.03 2.27 ± 0.01 1.58 ± 0.01 8.96 ± 0.12 8.42 ± 0.1 6.46 ± 0.08 5.94 ± 0.1
C20:5 17.15 ± 0.1 15.61 ± 0.11 16.62 ± 0.12 13.83 ± 0.12 10.28 ± 0.11 6.94 ± 0.06 5.69 ± 0.05 4.19 ± 0.09
Others 3.96 ± 0.02 4.21 ± 0.01 4.68 ± 0.12 4.54 ± 0.07 4.17 ± 0.07 5.2 ± 0.11 4.62 ± 0.02 6.76 ± 0.05
Sum 100 100 100 100 100 100 100 100
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observed that the fucoxanthin contents with highest nitrogen 
concentration reached 0.54 and 0.61% at day 8, from 0.22 
and 0.28% with nitrogen deprivation in P. tricornutum and 
C. fusiformis, respectively. Therefore, in the whole, nitro-
gen supply promoted the fucoxanthin biosynthesis in our 
study. The beneficial effect of nitrogen supply on fucoxan-
thin content and production was also observed in previous 
report [24]. The reason might be as analysis from Alipanah 
et al. [13]: nitrogen supply might upregulate the biosynthe-
sis of chlorophyll and, consequently, promote fucoxanthin 

accumulation, as fucoxanthin is a core part of photosystem 
in diatoms.

Effect of salinity on biomass, EPA and fucoxanthin 
accumulation in two diatoms

The biomass, lipid and fucoxanthin accumulation of two 
diatom strains cultivated at different salinities were com-
pared (Fig. 3). The initial concentration in P. tricornutum 
was ca. 0.15 g L−1, which increased to 0.72, 1.12, 1.49 and 
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Fig. 2  Effects of nitrogen concentration on biomass (a, b), lipid (c, d) and fucoxanthin accumulation (e, f) of P. tricornutum (a, c, e) and C. fusi-
formis (b, d, f)
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1.34 g L−1 at the salinity of 5, 10, 20 and 30‰, respectively 
(Fig. 3a). For C. fusiformis, the cultures grow slowly at the 
salinity of 5‰, while the other salinity had a significant 
effect on cell growth, as the biomass concentration reached 
1.38, 1.53 and 1.64 g L−1 at the salinity of 10, 20 and 30‰ 
(Fig. 3b).

As illustrated in Fig. 3c, d, salinity showed different 
effects on lipid accumulation of two tested diatom strains. 
For P. tricornutum, quantitatively, the minimum lipid con-
tent of 33.88% was obtained at the salinity of 10‰, while 
the lipid content reached the maximum of 44.44% at the 
salinity of 20‰. This finding was different from the litera-
ture described by Ye et al. [25], in which the highest lipid 
content reached at the salinity of 30‰, higher and lower 
salinity decrease the lipid content. The reason might be that  
the strains of P. tricornutum they used were different and 
the their P. tricornutum cells were ultraviolet mutant. For C. 
fusiformis, except for the culture exposed to the salinity of 
20‰, lipid accumulation has not significant difference for 
other salinity conditions. Specifically, the maximum lipid 
contents at the salinity of 20‰ were 43.99% C. fusiformis, 
ca. 12.5% higher than those of other salinity conditions. 
The fatty acid profiles of both diatoms strains with various 
salinities can be found in Table 3. As similar to lipid accu-
mulation, the change of EPA ratio in total fatty acids differs 
from species to species. For P. tricornutum, the EPA con-
tent decreased to 12.54% from 16.46% as salinity increases, 
thus, low salinity benefits the EPA accumulation, which was 
in accordance with the previous report [25]. However, the 
EPA ratio in total fatty acids was maintained relatively sta-
ble, which was 5.94–6.87% of total fatty acids. Therefore, 
salinity had no significant effect on EPA accumulation in C. 
fusiformis. By contrast, C. fusiformis had a high percent-
age of C20:4 (5.96–9.94%), the ratio of which increased as 
salinity increased.

The salinities that rendered the fucoxanthin contents 
of the two diatom strains were shown in Fig. 3e, f. For P. 
tricornutum, the highest fucoxanthin content (0.74%) in P. 
tricornutum cultures was obtained at the salinity of 20‰, 
however, other salinities did not induce a significant effect 
on the fucoxanthin content (0.59–0.63%). However, for 
C. fusiformis, fucoxanthin accumulation also did not sig-
nificantly differentiate for other salinity conditions except 
for the culture exposed to the salinity of 5‰. Under such 
conditions, 0.48% of fucoxanthin was produced on the 8th 
day of growth.

In conclusion, because salinity induced the change of bio-
mass, lipid, EPA and fucoxanthin accumulation with dif-
ferent degrees, it is necessary to take into account the total 
EPA and fucoxanthin production of both microalgae species. 
According to the data given in Fig. 3 and Table 3, the high-
est EPA and fucoxanthin production were both obtained at 
the salinity of 20‰ for P. tricornutum. In addition, for C. 
fusiformis, the highest value for EPA production was also 
achieved at the salinity of 20‰. Although the maximum 
fucoxanthin production of C. fusiformis was 0.92 g  L−1 at 
the salinity of 30‰, it was only 12% higher than that at the 
salinity of 20‰ (0.82 g  L−1). Therefore, in total, among the 
tested salinities, 20‰ could be regarded as the ideal salinity 
for active substance production from diatom.

Production of EPA and fucoxanthin from two diatom strains 
in pilot scale

To assess EPA and fucoxanthin production scale-up feasibil-
ity, two diatom strains were cultured in a pilot scale hanging 
bag photobioreactor with a volume of 20 L in workshops. 
Based on the above result, 2f-N enriched medium with the 
salinity of 20‰ was adopted to cultivate the microalgal 

Table 2  Effect of nitrogen concentration on the fatty acid composition and content in two diatom strains

Fatty acid P. tricornutum C. fusiformis

0-N f/2-N f-N 2f-N 0-N f/2-N f-N 2f-N

C14:0 7.55 ± 0.06 7.26 ± 0.1 7.06 ± 0.02 6.51 ± 0.02 8.74 ± 0.08 9.17 ± 0.04 7.98 ± 0.11 6.45 ± 0.03
C16:0 20.72 ± 0.15 23.56 ± 0.09 22.82 ± 0.14 24.4 ± 0.16 34.35 ± 0.17 34.17 ± 0.3 33.28 ± 0.4 31.77 ± 0.16
C16:1 33.95 ± 0.28 31.48 ± 0.21 30.7 ± 0.27 30.64 ± 0.32 35.14 ± 0.12 32.9 ± 0.22 30.37 ± 0.25 29.18 ± 0.18
C16:2 5.82 ± 0.06 6.75 ± 0.05 6.84 ± 0.05 7.63 ± 0.11 – – 0.13 ± 0.0 0.16 ± 0.01
C18:0 2.58 ± 0.03 2.23 ± 0.08 1.67 ± 0.03 1.64 ± 0.02 1.12 ± 0.04 0.98 ± 0.03 0.86 ± 0.02 0.87 ± 0.12
C18:1 4.83 ± 0.02 5.11 ± 0.06 5.14 ± 0.1 5.23 ± 0.13 2.01 ± 0.07 1.72 ± 0.1 1.69 ± 0.02 1.50 ± 0.06
C18:2 1.95 ± 0.02 2.3 ± 0.07 2.05 ± 0.07 2.11 ± 0.01 1.72 ± 0.08 2.14 ± 0.06 2.25 ± 0.12 3.19 ± 0.04
C18:3 0.37 ± 0.01 0.54 ± 0.01 0.58 ± 0.01 0.36 ± 0.0 0.55 ± 0.01 0.7 ± 0.04 1.05 ± 0.03 1.78 ± 0.11
C20:4 2.71 ± 0.07 2.85 ± 0.03 2.46 ± 0.04 2.63 ± 0.05 4.9 ± 0.1 6.36 ± 0.08 8.99 ± 0.14 10.09 ± 0.13
C20:5 13.65 ± 0.15 14.52 ± 0.08 16.27 ± 0.2 16.83 ± 0.13 3.86 ± 0.07 4.44 ± 0.12 6.43 ± 0.08 8.17 ± 0.17
Others 5.87 ± 0.06 3.6 ± 0.04 1.52 ± 0.12 2.02 ± 0.04 3.43 ± 0.08 2.2 ± 0.12 2.35 ± 0.02 5.84 ± 0.1
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cells. In addition, it was demonstrated that high light inten-
sity promoted the growth and lipid accumulation, while 
low light intensity benefited the fucoxanthin accumulation. 
Therefore, two steps method based on light intensity was 
applied to produce EPA and fucoxanthin from diatom. More 
concretely, higher light intensity (120 µmol photons  m−2 s−1) 
was adopted for the high growth rate and lipid content, and 
then low light intensity (30 µmol photons  m−2 s−1) was used 

to accumulate fucoxanthin for another 3 days. The concrete 
results were illustrated in Fig. 4.

Results showed the similar variation tendency of 
growth between two diatom strains, although the final 
biomass concentrations were different (Fig. 4a). The maxi-
mum biomass concentration of 1.3 g  L−1 was obtained 
for P. tricornutum, which was higher than that of 1.14 g 
 L−1 for C. fusiformis at day 18. As indicated in Fig. 4b, 
the lipid content of P. tricornutum showed an upward 
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Fig. 3  Effects of salinity on biomass (a, b), lipid (c, d) and fucoxanthin accumulation (e, f) of P. tricornutum (a, c, e) and C. fusiformis (b, d, f)
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tendency with the extension of time, and that increased 
remarkably to 37.36 from 24.61% at day 12 from day 9. 
For C. fusiformis, the lipid content increased to 35.54% at 
day 15 from the initial of 22.49% under high light inten-
sity, although it slightly decreased to 19.73% at day 3. It 
is worth mentioning that the lipid contents of two diatom 
strains still had slight increase even at low intensity from 
day 15 to day 18.

With the extension of time, EPA ratio of total fatty acids 
in two diatom strains exhibited irregular changes (Fig. 4c). 
EPA ratio of P. tricornutum increased to 11.18% at day 6, 
while a decline was observed at day 9 (9.52%), and then 
it reached its highest ratio (12.09%) at day 12. However, 
for C. fusiformis, in the initial stage of culture, EPA ratio 
decreased slightly from 5.32 to 4.66% at day 3, followed 
by a slow growing with the extension of culture time, and 
the final EPA ratio reached 6.39% at day 18. In spite of the 
irregular change of EPA ratio, EPA yields of two diatom 
strains increased continuously as the biomass concentra-
tion and lipid content improved (Fig. 4d). The EPA yield 
of P. tricornutum cultures reached 24.08 mg  L−1 at day 9, 
followed by a sharp increase till 62.55 mg  L−1 at day 18, 
17.18-fold higher compared to the initial of 3.64 mg  L−1. 
Moreover, for C. fusiformis, EPA yield showed a relatively 
linear increase tend from 2.19 to 27.32 mg  L−1 during the 
culture time. However, the EPA yield of two diatom strains 
differed significantly, as EPA yield of P. tricornutum was 
higher than that in C. fusiformis.

Fucoxanthin content of P. tricornutum cultures 
decreased, as the culture enters the stationary phase dur-
ing the first 15 days cultivation. As illustrated in Fig. 4e, 

fucoxanthin content in P. tricornutum cultures reached 
highest with 0.77% at growth phase, while there was a 
decline in stationary phase. Likewise, fucoxanthin con-
tent in C. fusiformis cultures was higher in the mid-lin-
ear growth phase (6 days) in comparison with the con-
tents detected in stationary phase (15 days). In addition, 
when light intensity was lowered from day 15 to day 18, 
fucoxanthin contents in both strains improved at different 
degrees. The observation suggested that low light inten-
sity led to a greater fucoxanthin accumulation in diatom. 
Besides, fucoxanthin yield of two diatom strains were 
calculated in terms of fucoxanthin content and biomass 
concentration and illustrated in Fig. 4f. Consequently, 
although fucoxanthin yield of P. tricornutum had slight 
decrease from day 12 to day 15, it still kept a stable 
increasing trend in both strains during the whole culture 
period. Consequently, fucoxanthin yield reached 8.32 and 
6.05 mg  L−1 from 0.99 and 0.68 mg  L−1 in P. tricornutum 
and C. fusiformis, respectively.

Conclusions

With a range of light intensity, higher light intensity pro-
moted the growth and lipid accumulation of two diatoms 
strains, but decreased the accumulation of fucoxanthin. 
Moreover, nitrogen supply benefited the accumulation of 
biomass concentration, EPA ratio and fucoxanthin accu-
mulation. Among the tested salinities in the study, 20‰ 
was considered as the ideal salinity in terms of EPA and 
fucoxanthin yield. Finally, two steps method based on light 
intensity were applied to produce EPA and fucoxanthin 
from diatom, results showed that EPA and fucoxanthin 

Table 3  Effect of salinity on the fatty acid composition and content in two diatom strains

Fatty acid P. tricornutum C. fusiformis

5‰ 10‰ 20‰ 30‰ 5‰ 10‰ 20‰ 30‰

C14:0 8.23 ± 0.14 8.72 ± 0.08 8.36 ± 0.13 7.33 ± 0.09 9.72 ± 0.11 8.67 ± 0.1 7.81 ± 0.07 7.43 ± 0.04
C16:0 22.91 ± 0.21 23.14 ± 0.14 23.6 ± 0.12 23.32 ± 0.25 33.84 ± 0.27 34.17 ± 0.24 32.19 ± 0.4 32.36 ± 0.16
C16:1 31.17 ± 0.37 30.14 ± 0.23 32.12 ± 0.28 28.06 ± 0.12 32.56 ± 0.18 31.54 ± 0.32 31.08 ± 0.25 29.46 ± 0.26
C16:2 4.87 ± 0.03 5.64 ± 0.02 5.47 ± 0.11 5.88 ± 0.06 0.07 ± 0.0 – 0.06 ± 0.01 –
C18:0 1.99 ± 0.03 2.17 ± 0.02 2.18 ± 0.05 3.49 ± 0.1 0.76 ± 0.05 0.84 ± 0.13 1.22 ± 0.04 1.85 ± 0.03
C18:1 2.87 ± 0.12 2.71 ± 0.0 3.01 ± 0.14 10.8 ± 0.14 2.49 ± 0.08 2.66 ± 0.06 2.81 ± 0.0 3.74 ± 0.01
C18:2 3.25 ± 0.08 3.72 ± 0.11 4.16 ± 0.02 2.86 ± 0.01 1.7 ± 0.0 1.85 ± 0.02 1.02 ± 0.12 0.72 ± 0.02
C18:3 0.23 ± 0.12 0.31 ± 0.01 0.36 ± 0.0 0.8 ± 0.02 0.83 ± 0.05 1.64 ± 0.04 2.36 ± 0.08 1.41 ± 0.03
C20:4 2.19 ± 0.04 2.02 ± 0.02 1.71 ± 0.04 1.08 ± 0.0 5.96 ± 0.13 7.42 ± 0.13 7.46 ± 0.08 9.94 ± 0.07
C20:5 16.46 ± 0.17 14.31 ± 0.08 15.02 ± 0.12 12.54 ± 0.12 6.9 ± 0.07 5.94 ± 0.05 6.87 ± 0.06 6.19 ± 0.04
Others 5.96 ± 0.1 5.12 ± 0.06 4.51 ± 0.02 3.84 ± 0.04 4.34 ± 0.04 2.2 ± 0.12 6.22 ± 0.14 6.4 ± 0.03



1070 Bioprocess and Biosystems Engineering (2018) 41:1061–1071

1 3

yield of P. tricornutum were both higher than those of C. 
fusiformis.
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