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Abstract: There is currently much interest in fucoxanthin due to its broad beneficial health effects.
The major commercial source of fucoxanthin is marine seaweed, which has many shortcomings, and
has thus restricted its large-scale production and more diversified applications. In this study, growth
characteristics and fucoxanthin accumulation were evaluated to explore the potential of the marine
diatom Nitzschia laevis in fucoxanthin production. The results suggested that heterotrophic culture
was more effective for cell growth, while the mixotrophic culture was favorable for fucoxanthin
accumulation. A two-stage culture strategy was consequently established. A model of exponential
fed-batch culture led to a biomass concentration of 17.25 g/L. A mix of white and blue light
significantly increased fucoxanthin content. These outcomes were translated into a superior
fucoxanthin productivity of 16.5 mg/(L·d), which was more than 2-fold of the best value reported
thus far. The culture method established herein therefore represents a promising strategy to
boost fucoxanthin production in N. laevis, which might prove to be a valuable natural source of
commercial fucoxanthin.
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1. Introduction

Fucoxanthin is one of the primary carotenoids in marine brown seaweeds, diatoms and golden
algae, and it plays a major role in the light-harvesting complex of photosystems by forming a complex
with the chlorophyll a/c binding proteins [1,2]. It has been reported to exhibit an array of beneficial
biological activities including anti-obesity, anti-diabetes, anti-cancer, anti-allergy, anti-inflammation,
anti-oxidation, and anti-osteoporosis [3,4]. Hence, fucoxanthin has great potential for application in
pharmaceutical, cosmetic, food and aquaculture industries [5,6].

Currently, commercially available fucoxanthin is mainly extracted from marine seaweeds [7,8].
However, the use of marine seaweeds as a natural source of fucoxanthin has important shortcomings,
including low growth rate, low fucoxanthin content, poor product quality and potential negative
impact on the environment [9,10]. These shortcomings have compromised the development of
cost-effective production methods. In contrast, many microalgae, especially diatoms, produce
fucoxanthin as one of their main cellular pigments with contents ranging from 0.22% to 2.66% of dry
cell weight, which could be up to 100 times higher than that in brown seaweeds. In addition, they
grow rapidly and perform robustly in bioreactors. Therefore, these microalgae might prove to be much
better producers of fucoxanthin than brown seaweeds [7].
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Although many microalgae are rich in fucoxanthin, their fucoxanthin productivity is often poor.
Fucoxanthin-rich microalgae, including Mallomonas sp., Isochrysis galbana, Phaeodactylum tricornutum
and Odontella aurita, have been reported to have high fucoxanthin content (1.65% to 2.66%), but
the maximum fucoxanthin productivity only ranged from 1.75 to 7.96 mg/(L·d) [11–14]. The low
productivity of fucoxanthin in these previous studies was likely due to inefficient utilization of organic
carbon source(s) in the culture medium [15]. Hence, it would be of great importance to explore
fucoxanthin-rich microalgae that can grow to a high cell density under heterotrophic conditions.
Nevertheless, there has been very limited research on heterotrophic production of fucoxanthin by
microalgae [7].

Although the marine diatom Nitzschia laevis can grow photoautotrophically, large-scale production
of fucoxanthin will be hindered by an inability to obtain high cell densities in photobioreactors
due to light limitation. However, heterotrophic culture eliminates the requirement for light
and offers the potential of elevating biomass concentration and productivity alternative to
photoautotrophic growth [15]. N. laevis was found to be capable of growing and producing fucoxanthin
heterotrophically [16]. N. laevis therefore has the potential to be a candidate for industrial production
of fucoxanthin, which has been seriously underexploited [17]. In the present study, effects of various
light intensities on cell growth and fucoxanthin accumulation in N. laevis were evaluated. After
identifying the optimal light condition, a two-stage fed-batch cultivation strategy utilizing fermentors
and bubbling column bioreactors was examined aiming to optimize biomass accumulation and
fucoxanthin productivity. To the best of our knowledge, this has been the first study on the use
of a two-stage cultivation strategy for the production of fucoxanthin by N. laevis, which achieved
superior productivity.

2. Results

2.1. Effects of Light on Cell Growth of N. laevis

In the present study, various light intensities (0, 10, 20, 40, 60 µmol m−2 s−1) were supplied to
examine the effect of light on the growth of N. laevis. As shown in Figure 1a, the highest biomass
concentration of 2.22 g/L was obtained in darkness at 96 h. It gradually decreased as light intensity
increased from 10 to 40 µmol m−2 s−1 and there was a more dramatic decrease when it changed from
40 to 60 µmol m−2 s−1. When the light intensity of the mixotrophic culture was set at 10 µmol m−2 s−1,
the biomass concentration reached a maximum of 1.91 g/L at day 6 (Figure 1b). Although the
growth pattern of the heterotrophic culture was similar to that of the mixotrophic culture, the specific
growth rate in the dark of the former was much higher than that of the latter (0.024 ± 0.0021 h−1 vs.
0.0176 ± 0.0012 h−1).
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Figure 1. Effect of light on the growth of N. laevis. (a) biomass concentrations of N. laevis under 
different light intensities at 96 h; (b) growth curves of N. laevis in heterotrophic culture (H) and 
mixotrophic culture (M). Values are mean ± SD of at least three independent experiments. Bars not 
sharing a common letter (a, b, c, d, e) are significantly different (p < 0.05). 

2.2. Effects of Light on the Photosystem II of N. laevis 

Chlorophyll fluorescence parameter Fv/Fm reflects the photosynthesis activity of photosystem II 
(PS II). In order to understand the pattern of biomass accumulation of N. laevis, Fv/Fm was monitored 
using a Water-PAM (pulse-amplitude modulation) fluorometer. It was observed that Fv/Fm values of 
mixotrophic and heterotrophic cells increased dramatically (at 24 h) when they were inoculated in 
fresh medium (Figure 2a). Mixotrophic cells showed the highest increase of Fv/Fm at a light intensity 
of 10 μmol m−2 s−1, while heterotrophic cells (0 μmol m−2 s−1) showed the lowest increase. After 24 h, 
Fv/Fm of the cells under mixotrophic conditions decreased significantly with time. However, there 
was no significant change from 24 to 96 h when the cells were cultured under heterotrophic 
conditions. 

2.3. Effects of Light Intensity on Fucoxanthin Accumulation of N. laevis 

Although cell growth of N. laevis with exogenous glucose was inhibited by light, fucoxanthin 
accumulation was elevated significantly. In heterotrophic cells, the fucoxanthin content was 0.89% 
(of cell dry weight). It is worth noting that the fucoxanthin contents of the cells cultured under light 
intensity of 10 μmol m−2 s−1 and 20 μmol m−2 s−1 reached 1.11% and 1.03%, which were 24.42% and 
14.64% higher than those cultured in darkness, respectively (Figure 2b). However, at higher light 
intensity (60 μmol m−2 s−1), the fucoxanthin content decreased dramatically to only 0.52%. From the 
dry weight point of view, the presence of moderate light intensity improved the productivity of 
fucoxanthin. The fucoxanthin productivity of cells cultured for 96 h with 10 μmol m−2 s−1 light reached 
5.42 mg/(L·d), which was 9.27% higher than that of cells cultured in darkness. 
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culture (M). Values are mean ± SD of at least three independent experiments. Bars not sharing a
common letter (a, b, c, d, e) are significantly different (p < 0.05).

2.2. Effects of Light on the Photosystem II of N. laevis

Chlorophyll fluorescence parameter Fv/Fm reflects the photosynthesis activity of photosystem II
(PS II). In order to understand the pattern of biomass accumulation of N. laevis, Fv/Fm was monitored
using a Water-PAM (pulse-amplitude modulation) fluorometer. It was observed that Fv/Fm values
of mixotrophic and heterotrophic cells increased dramatically (at 24 h) when they were inoculated in
fresh medium (Figure 2a). Mixotrophic cells showed the highest increase of Fv/Fm at a light intensity
of 10 µmol m−2 s−1, while heterotrophic cells (0 µmol m−2 s−1) showed the lowest increase. After 24 h,
Fv/Fm of the cells under mixotrophic conditions decreased significantly with time. However, there
was no significant change from 24 to 96 h when the cells were cultured under heterotrophic conditions.

2.3. Effects of Light Intensity on Fucoxanthin Accumulation of N. laevis

Although cell growth of N. laevis with exogenous glucose was inhibited by light, fucoxanthin
accumulation was elevated significantly. In heterotrophic cells, the fucoxanthin content was 0.89%
(of cell dry weight). It is worth noting that the fucoxanthin contents of the cells cultured under light
intensity of 10 µmol m−2 s−1 and 20 µmol m−2 s−1 reached 1.11% and 1.03%, which were 24.42%
and 14.64% higher than those cultured in darkness, respectively (Figure 2b). However, at higher light
intensity (60 µmol m−2 s−1), the fucoxanthin content decreased dramatically to only 0.52%. From
the dry weight point of view, the presence of moderate light intensity improved the productivity
of fucoxanthin. The fucoxanthin productivity of cells cultured for 96 h with 10 µmol m−2 s−1 light
reached 5.42 mg/(L·d), which was 9.27% higher than that of cells cultured in darkness.
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2.4. Effects of Light Composition on Fucoxanthin Accumulation in N. laevis

As mentioned above, high-intensity light inhibited the growth of N. laevis but promoted
fucoxanthin generation. To explore if fucoxanthin biosynthesis could be enhanced by manipulating
the wavelength of light, a full-wavelength scan of this diatom was carried out. As shown in Figure 3a,
there were two absorption peaks at 440 nm and 674 nm. The peak at 674 nm generally corresponds
to absorption of red light, which was related to chlorophyll content. On the other hand, the peak at
440 nm generally corresponds to the absorption of blue light, which has been demonstrated to be
involved in the synthesis of carotenoids, including fucoxanthin [18]. Hence, LED light of white, blue
and a mixture of the two (1:1) were used following heterotrophic culture of N. laevis for two days.

After light treatment (10 µmol m−2 s−1) for two days, the carotenoid content of the mixotrophic
culture was found to be higher than that of the heterotrophic culture, and the highest carotenoid
content (8.34%) was obtained with blue light (Figure S2). However, the highest carotenoid productivity
of 137 mg/(L·d) was achieved under the mixed light condition. Different from total carotenoids,
the fucoxanthin content under mixed light was 1.20% of cell dry weight, which was significantly
higher than that obtained under monochrome light (Figure 3b). In accordance with the trends shown
in Figure 1a, the mixotrophic culture resulted in a 33.7% higher content of fucoxanthin than the
heterotrophic culture, which indicates that light, especially a mix of blue and white (1:1), could
promote the accumulation of fucoxanthin in N. laevis.
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2.5. Two-Stage Cultivation Strategy for Fucoxanthin Production by N. laevis

As stated above, although both light intensity and composition exhibited significant effects on
fucoxanthin biosynthesis in N. laevis, heterotrophic culture was more suitable for biomass accumulation.
Therefore, a two-stage cultivation strategy, including high cell density fermentation in darkness and
stimulation of fucoxanthin synthesis with moderate light, was established.

Up to now, the effects of various nutrients on the growth of N. laevis remain poorly understood.
The data (Figure 4a) from our evaluation of the relationship between biomass accumulation and main
nutrient consumptions revealed that after a short lag phase, N. laevis grew rapidly from 24 h to 72 h,
and then its growth rate gradually decreased and reached a maximum biomass of 2.13 g/L at 96 h.
Biomass accumulation exhibited respectively a linear correlation with the consumption of glucose,
nitrate and phosphate in the exponential phase. The biomass yields on glucose, nitrate and phosphate
were 0.35 g/g, 2.60 g/g and 32.21 g/g, respectively. Subsequently, a fed-batch model was established
to feed the culture during the exponential phase aiming to optimize biomass accumulation.
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Figure 4. Relationship between biomass concentrations and nutrient concentrations. (a) relationships
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Based on the biomass yields on the nutrients in the batch cultivation of N. laevis, the mass ratio of
glucose:nitrate:phosphate in the feeding medium was determined to be 91.55:12.37:1.00. Equation (6)
was applied to calculate the feeding volume. The specific growth rate in the batch culture was
determined to be µ = 0.0276 h−1, which was used as the basis for determination of the coefficients
of the feeding equations. For flask culture, the initial conditions were set as follows: C0 = 0.25 g/L,
V0 = 100 mL, FG = 500 g/L. Thus, Equation (6) was simplified to

VF·s = 0.004 exp(0.0276t) . (1)

For fermentor culture, the initial conditions were set as follows: C0 = 0.32 g/L, V0 = 1200 mL,
FG = 500 g/L. Thus, Equation (6) was simplified to

VF·s = 0.060 exp(0.0276t) . (2)

As shown in Figure 5, the biomass of N. laevis in flasks by the fed-batch method entered a nearly
steady state after 180 h, which might be due to a lack of dissolved oxygen caused by the high biomass
concentration (7.13 g/L). In the 3.0-L fermentor, a peak biomass concentration of 17.25 g/L was
achieved at 252 h, which was 7.7-fold of that achieved with the batch culture (2.22 g/L). These data
suggest that fed-batch culture with the above feeding model might be a promising strategy to enhance
biomass accumulation in heterotrophic fermentation of N. laevis. Subsequently, blue-white (1:1) mixed
light was applied to the two-stage culture to induct fucoxanthin accumulation. The final fucoxanthin
productivity reached 16.5 mg/(L·d), which has been the highest reported thus far (Table 1). The
two-stage cultivation strategy established herein therefore provides an effective means to enhance
fucoxanthin production by N. laevis.
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Table 1. Biomass concentration, fucoxanthin content and fucoxanthin productivity of
various microalgae.

Species Biomass
Concentration, g/L

Fucoxanthin
Content, %

Fucoxanthin
Productivity, mg/(L·d) References

Mallomonas sp. 3.75 2.66 7.13 [19]
Cyclotella cryptica 1.72 1.29 3.38 [9]

Chaetoceros calcitrans 0.53 [20]
Chaetoceros gracilis 4.63 [21]
Chaetoceros gracilis 0.22 [10]

Phaeodactylum tricornutum 2.4 1.02 1.75 [19]
Phaeodactylum tricornutum 0.41 0.45 0.18 [22]
Phaeodactylum tricornutum 4.1 0.69 4.73 [23]

Isochrysis aff. galbana 1.82 [20]
Odontella aurita 6.36 2.17 7.96 [11]

Nitzschia sp. 0.49 [11]
Nitzschi laevis 0.2 0.5 0.17 [11]

Nitzschi laevis (batch in flask) 2.22 1.20 4.44 This study
Nitzschi laevis (fed-batch in flask) 7.13 1.20 9.01 This study

Nitzschi laevis (fed-batch in fermentor) 17.25 1.20 16.5 This study
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3. Discussion

Many studies have demonstrated that heterotrophic culture of certain microalgae could lead to
higher biomass concentrations than mixotrophic and photoautotrophic culture. In agreement with
previous reports, our results also indicate that light has a negative impact on biomass accumulation
and cell growth as reflected by a lower final cell density and lower specific growth rate in mixotrophic
culture compared with heterotrophic culture. Heterotrophic culture obtained the highest biomass
concentration of Spirulina sp. as compared to mixotrophic and photoautotrophic growth modes [24].
Heredia-Arroyo et al. also demonstrated that heterotrophic culture of Chlorella protothecoides grew
better than mixotrophic culture [25]. This phenomenon was probably due to the availability of organic
carbon source(s), which provided sufficient energy and intermediates to support cell metabolism,
thus promoting cell enlargement and division. In the present investigation, heterotrophic cultivation
of N. laevis resulted in the highest biomass concentration, and application of light attenuated the
promoting effect on biomass concentration. The energy and substrate sources from photosynthesis
and glucose absorption were suggested as the competitive pathways for subsequent metabolism, and
glucose absorption was the better source for its significantly stimulating effect on cell growth. These
results might be attributed to cell damage induced by light under the glucose-repletion condition.

Fv/Fm represents the maximum quantum yield of primary PSII and is generally accepted as a
measure for the PSII status. Our result was in line with a previous study which found that Fv/Fm

of a mixotrophically cultured diatom decreased from 0.6 to 0.1 when the cells were exposed to
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low or high intensity of light [26]. The observed decrease in Fv/Fm provided indirect evidence for
degradation of the photosynthetic apparatus, which indicated that mixotrophic culture likely damaged
the photosystem of N. laevis [26]. A similar trend was also observed for the ROS levels in the cells
(Figure S1). The elevated ROS levels induced by light may damage the N. laevis cells and affect their
growth. We hypothesized that the photosynthetic activity of PS II might correspond to cell growth
and final biomass concentration of the diatom. Consistent with our hypothesis, heterotrophic cells
maintained the highest photosynthetic activity of PS II even after 72 h, and the highest biomass
concentration was obtained under heterotrophic conditions. Of note, under mixotrophic conditions,
light intensity as low as 10 µmol m−2 s−1 was already able to support a high Fv/Fm and resulted in a
high cell density. Feng et al. also found that the Fv/Fm of Isochrysis cells of exhibited a drastic decline
with a decrease of biomass concentration [20].

Fucoxanthin, a xanthophyll, is an accessory pigment in the chloroplasts of diatoms. It absorbs
light primarily in the blue-green to yellow-green region of the visible spectrum. Our results here
are in agreement with previous studies which also showed that moderate light intensity favors the
synthesis of fucoxanthin [27]. Our study has demonstrated that light had dual effects on fucoxanthin
biosynthesis in N. laevis. At low light intensity, fucoxanthin accumulation was enhanced. When
light intensity was increased beyond a certain level, fucoxanthin synthesis was impaired. It was
suggested that the variation in fucoxanthin content caused by light might be related to modulation of
the Diadinoxanthin Cycle [14], whereby, diatom cells tend to convert the precursors to diatoxanthin
(instead of fucoxanthin) in order to adapt to the abiotic stress under high intensity light. The beneficial
effect of low light intensity on fucoxanthin production and accumulation was also observed in the
diatom Cyclotella cryptica in our previous work [7].

It has been reported that monochromatic light (especially blue light) had positive effects
on microalgal cell growth and carotenoid accumulation [28]. Sun et al. also showed enhanced
accumulation of astaxanthin with extra blue light in the green microalga Haematococcus pluvialis [29].
In addition, it has been found that blue light induced carotenoid synthesis in the bacteria Myxocococcus
xanthus [30].

Development of a suitable feeding strategy is of critical importance to avoid potential detrimental
effect on cell growth and product synthesis caused by overfeeding or underfeeding of nutrients in fed
batch culture. To this end, a simple yet accurate model capable of predicting cell growth and nutrient
utilization during fed-batch fermentation was adopted to design an exponential feeding strategy [31].
According to the relationship between nutrient consumption and biomass accumulation, the final
feeding model for N. laevis was determined to be: VF·S = 0.004 exp0.0276t and VF·S = 0.060 exp0.0276t for
flask and fermentor culture, respectively. The biomass (17.25 g/L) and specific growth rate (0.0276 h−1)
achieved represent significant improvement over those reported in the literature thus far. Furthermore,
the fed-batch exponential feeding model established in this study is easy to operate and has low
requirements for equipment and space. Furthermore, these advantages may help overcome some of
the major problems associated with traditional fed-batch culture, namely feeding time and amounts of
feeding nutrients. The feeding model might also be a useful tool in process optimization and control.

Biomass concentration and fucoxanthin content are key factors for fucoxanthin production by
microalgae. Large-scale production of fermentation products is often limited by suboptimal biomass
accumulation and productivity in conventional photoautotrophic systems [32,33]. Many studies
have demonstrated that heterotrophic and mixotrophic culture of certain microalgae could lead to
higher biomass concentrations than photoautotrophic culture [33]. Light illumination is an effective
strategy of inducing microalgal cells to accumulate pigments such as astaxanthin and fucoxanthin.
However, after a long-term cultivation in the darkness, the microalgal cellular photosynthesis systems
of cells, especially cells at stationary phase, were not ready for light irradiation cells due to their low
chlorophyll contents [34]. Thus, N. laevis cells at the end of the exponential phase were harvested for
light induction in the present study. The observation led us to explore the feasibility to increase the
fucoxanthin productivity with a two-stage cultivation model. The results supported our hypothesis
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that heterotrophic culture of N. laevis produced a high biomass with high fucoxanthin productivity.
Although some microalgae were reported to have higher fucoxanthin contents than N. laevis, their low
biomass concentrations significantly compromised productivity of fucoxanthin.

4. Materials and Methods

4.1. Algal Strain and Culture Conditions

Nitzschia laevis UTEX 2047 was purchased from the Culture Collection of Algae at The University
of Texas at Austin, TX, USA. N. laevis cells were maintained in liquid LDM medium and subcultured
in the dark.

The LDM medium consisted of 1 g tryptone, 892 mL artificial seawater, 100 mL Bristol solution,
6 mL PIV metal solution, 1 mL stock solution of biotin (25.0 × 10−5 g /L) and 1 mL vitamin B12

(15.0 × 10−5 g/L). All the fermentation media were supplemented with 120 mg/L Na2SiO3·9H2O,
0.68 g/L NaNO3 and 5 g/L glucose. The media were adjusted to pH 8.5 and autoclaved at 121 ◦C for
20 min [19].

The cell suspensions were centrifuged at 3000 g for 5 min, and the cell pellets were washed
twice with distilled water before transferring into 250-mL Erlenmeyer flasks each containing 100 mL
of fresh LDM medium. Pre-sterilized glucose stock solution was added to the medium at a final
concentration of 5 g/L. The cell cultures were incubated at 23 ◦C with orbital shaking at 150 rpm. The
mixotrophic cultures were continuously illuminated with light emitting diode (LED) lights, whereas
the heterotrophic culture was kept in darkness.

The effect of light intensity on cell growth and fucoxanthin content was evaluated in flasks with
initial light intensity set at 0, 10, 20, 40 and 60 µmol m−2 s−1, respectively. Then, white, blue and a
mix of the two (1:1 ratio) were used to evaluate their respective effects on cell growth and pigments
biosynthesis. Heterotrophic cells from 3-L fermentors (BioFlo 115, New Brunswick, NJ, USA) were
stimulated with the mixed light in 200-mL glass bubble column (3-cm diameter) photobioreactors for
24 h.

4.2. Feeding Model of Fed-Batch Culture

The feeding model was based on the substrate consumption model, which aimed at balancing the
concentration of nutrients. The equation could be expressed as:

dCs

dt
= CF·s −

1
Yxs

dCx

dt
, (3)

where Cs and Cx are the concentration of substrate and cells (g/L), respectively; CF·s is the feeding
concentration of substrate (g/mL/h); and Yxs is the yield of biomass on a nutrient (g/g).

Since dCs/dt = 0 when at equilibrium, Equation (3) could be simplified as

CF·s =
1

Yxs
µCx (4)

and
CF·s =

1
Yxs

µC0 exp(µt), (5)

where µ is the specific growth rate (h−1); and C0 is the initial biomass (g/L). To facilitate the operation
of the fed-batch culture, the volume was used as the feeding index. Thus, Equation (5) becomes

VF·s =
1

Yxs
µV0C0 exp(µt)

Fs
, (6)
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where V0 is the initial culture volume (mL); Fs is the concentration of substrate in fed-batch culture
(g/L); and VF·s is the feeding rate (mL/h). Fed-batch culture of N. laevis was carried out in both
Erlenmeyer flasks and fermenters by feeding nutrients at regular time intervals and was compared
with a batch culture without addition of nutrients. The fed-batch stock medium consisted of glucose
500.0, NaNO3 113.4, and KH2PO4 16.6 (g/L). Cells in 3.0 L fermentation broth were transferred to
200 mL bubble column photobioreactors and treated with a mixture of white and blue (1:1) LED light
for 2 days. Light intensity was set at 10 µmol m−2 s−1.

4.3. Determination of Biomass Concentration

Five milliliters of cell suspension was centrifuged at 5000 g for 3 min. Then, the cell pellet was
washed twice with distilled water and filtered through a pre-weighed filter paper (Whatman GF/C).
The cells on the filter paper were dried to a constant weight at 80 ◦C in a vacuum oven.

The specific growth rate of N. laevis was calculated using Equation (7):

µ =
(ln Nt − ln N0)

t
, (7)

where Nt is the biomass concentration of the culture after t days (g/L); and N0 is the initial biomass
concentration (g/L).

4.4. Determination of Glucose, Nitrate and Phosphate Concentration

Glucose concentration of the supernatant was determined by DNS method [35]. Nitrate
concentration of the supernatant was determined by measuring its optical density at 220 nm with a
U-3900H spectrophotometer (Hitachi, Tokyo, Japan) [36]. Phosphate concentration of the supernatant
was determined by measuring its optical density at 660 nm on a SpectraMax i3x Multi-Mode microplate
reader (Molecular Devices, Sunnyvale, CA, USA).

4.5. Measurement of Quantum Yield of Photosystem II (PSII)

The maximum quantum yield (Fv/Fm) of photosystem II was determined by
pulse-amplitude-modulated (PAM) fluorometry (Walz, Effeltrich, Germany). Three milliliters
of cell suspension was incubated in the dark for 20 min. The dark-adapted minimum level of
fluorescence (F0), the maximum level of fluorescence, and other chlorophyll fluorescence parameters
were measured after a short pulse of high intensity light (Fm) [37].

4.6. Measurement of Reactive Oxygen Species (ROS)

The intracellular ROS level was determined using an ROS assay kit (Beyotime Institute of
Biotechnology, Shanghai, China) by measuring the oxidative conversion of 2′,7′-dichlorofluorescin
diacetate (DCFH-DA) to a fluorescent compound dichlorofluorescin (DCF) according to the
manufacturer’s instructions [35]. One milliliter of cell suspension was centrifuged at 13,500 g for
3 min and the cell pellet was resuspended in 500 µL of 10 µM DCFH-DA. After incubation for 20 min,
the cells were washed two times with distilled water. The cell pellet was suspended in 1 mL of distilled
water and fluorescence was measured on a microplate reader (Molecular Devices, Sunnyvale, CA,
USA) with excitation wavelength at 488 nm and emission wavelength at 525 nm.

4.7. Carotenoid Analysis

For the analysis of pigment content, 1 mL of each cell suspension was centrifuged at 13,500 g
for 3 min, and the cell pellets were suspended in 2 mL of methanol respectively. After incubation
in the dark at 37 ◦C for 24 h, the extracts were centrifuged at 13,500 g for 3 min. Absorbance of the



Mar. Drugs 2018, 16, 219 11 of 13

supernatants was measured at 480 nm. The pigment contents were calculated using the following
equation [38]:

Carotenoids
( µg

mL

)
= 4× A480. (8)

The calculated pigment contents were converted to a dry weight basis and presented in mg/g.

4.8. Fucoxanthin Analysis

The lyophilized cell samples were ground and subsequently extracted with pure ethanol until the
pellet was almost colorless. The ethanol layer was collected by centrifugation at 5000 g for 5 min and
dried under a stream of nitrogen gas. Then, the dried extracts were re-dissolved in 1 mL of ethanol
and filtered through a 0.22-µm Millipore membrane before subjecting to high performance liquid
chromatography (HPLC) analysis [7].

4.9. Statistical Analysis

The data of all the measurements were obtained from three repetitions and analyzed using
one-way analysis of variance (ANOVA) with subsequent post hoc multiple-comparison LSD tests,
which were calculated using SPSS Statistics 18.0 software (IBM Corporation, Armonk, NY, USA).

5. Conclusions

In conclusion, the present investigation used high-density fermentation to produce fucoxanthin
with broad beneficial health effects. By means of the two-stage cultivation strategy established
in this study, heterotrophic culture together with mixed low light stimulation resulted in a
superior fucoxanthin productivity, which has been the highest reported to date. Considering the
encouraging findings, the diatom of N. laevis possesses good potential for industrial applications to
produce fucoxanthin.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/7/219/s1,
Figure S1: Effect of light intensity on ROS level of N. laevis; Figure S2: Effect of light quality on carotenoids content
of N. laevis.

Author Contributions: Conceptualization, X.L., F.C. and B.L.; Methodology, X.L. and B.L.; Software, X.L.;
Validation, W.Y., H.S. and K.-W.C.; Formal Analysis, K.-W.C., W.Y. and H.S.; Investigation, X.L.; Resources,
F.C.; Data Curation, X.L. and B.L.; Writing—Original Draft Preparation, X.L.; Writing—Review and Editing,
B.L. and K.-W.C.; Visualization, F.C.; Supervision, B.L. and F.C.; Project Administration, B.L. and F.C.; Funding
Acquisition, B.L. and F.C.

Funding: This research was funded by Public Science and Technology Research Funds Projects of Ocean
[201505032], and partly funded by the General Financial Grant from the China Postdoctoral Science Foundation
[2017M620506] and National Natural Science Foundation of China [31471717].

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kuczynska, P.; Jemiola-Rzeminska, M.; Strzalka, K. Photosynthetic pigments in diatoms. Mar. Drugs 2015,
13, 5847–5881. [CrossRef] [PubMed]

2. Yi, Z.; Xu, M.; Magnusdottir, M.; Zhang, Y.; Brynjolfsson, S.; Fu, W. Photo-oxidative stress-driven mutagenesis
and adaptive evolution on the marine diatom Phaeodactylum tricornutum for enhanced carotenoid
accumulation. Mar. Drugs 2015, 13, 6138–6151. [CrossRef] [PubMed]

3. Kelman, D.; Posner, E.K.; McDermid, K.J.; Tabandera, N.K.; Wright, P.R.; Wright, A.D. Antioxidant activity
of Hawaiian marine algae. Mar. Drugs 2012, 10, 403–416. [CrossRef] [PubMed]

4. Rajauria, G.; Foley, B.; Abu-Ghannam, N. Characterization of dietary fucoxanthin from Himanthalia elongata
brown seaweed. Food Res. Int. 2017, 99, 995–1001. [CrossRef] [PubMed]

5. Mok, I.K.; Lee, J.K.; Kim, J.H.; Pan, C.H.; Kim, S.M. Fucoxanthin bioavailability from fucoxanthin-fortified
milk: In vivo and in vitro study. Food Chem. 2018, 258, 79–86. [CrossRef] [PubMed]

http://www.mdpi.com/1660-3397/16/7/219/s1
http://dx.doi.org/10.3390/md13095847
http://www.ncbi.nlm.nih.gov/pubmed/26389924
http://dx.doi.org/10.3390/md13106138
http://www.ncbi.nlm.nih.gov/pubmed/26426027
http://dx.doi.org/10.3390/md10020403
http://www.ncbi.nlm.nih.gov/pubmed/22412808
http://dx.doi.org/10.1016/j.foodres.2016.09.023
http://www.ncbi.nlm.nih.gov/pubmed/28865626
http://dx.doi.org/10.1016/j.foodchem.2018.03.047
http://www.ncbi.nlm.nih.gov/pubmed/29655757


Mar. Drugs 2018, 16, 219 12 of 13

6. Sun, P.; Cheng, K.-W.; He, Y.; Liu, B.; Mao, X.; Chen, F. Screening and identification of inhibitors of advanced
glycation endproduct formation from microalgal extracts. Food Funct. 2018, 9, 1683–1691. [CrossRef]
[PubMed]

7. Guo, B.; Liu, B.; Yang, B.; Sun, P.; Lu, X.; Liu, J.; Chen, F. Screening of diatom strains and characterization of
Cyclotella cryptica as a potential fucoxanthin producer. Mar. Drugs 2016, 14, 125. [CrossRef] [PubMed]

8. Ishika, T.; Moheimani, N.R.; Bahri, P.A.; Laird, D.W.; Blair, S.; Parlevliet, D. Halo-adapted microalgae for
fucoxanthin production: Effect of incremental increase in salinity. Algal Res. 2017, 28, 66–73. [CrossRef]

9. Endo, H.; Okumura, Y.; Sato, Y.; Agatsuma, Y. Interactive effects of nutrient availability, temperature, and
irradiance on photosynthetic pigments and color of the brown alga Undaria pinnatifida. J. Appl. Phycol. 2017,
29, 1683–1693. [CrossRef]

10. Prabhasankar, P.; Ganesan, P.; Bhaskar, N.; Hirose, A.; Stephen, N.; Gowda, L.R.; Hosokawa, M.; Miyashita, K.
Edible Japanese seaweed, wakame (Undaria pinnatifida) as an ingredient in pasta: Chemical, functional and
structural evaluation. Food Chem. 2009, 115, 501–508. [CrossRef]

11. Xia, S.; Wang, K.; Wan, L.; Li, A.; Hu, Q.; Zhang, C. Production, characterization, and antioxidant activity of
fucoxanthin from the marine diatom Odontella aurita. Mar. Drugs 2013, 11, 2667–2681. [CrossRef] [PubMed]

12. Wang, H.; Zhang, Y.; Chen, L.; Cheng, W.; Liu, T. Combined production of fucoxanthin and EPA from two
diatom strains Phaeodactylum tricornutum and Cylindrotheca fusiformis cultures. Bioprocess Biosyst. Eng.
2018, 41, 1061–1071. [CrossRef] [PubMed]

13. Kim, S.M.; Jung, Y.J.; Kwon, O.N.; Cha, K.H.; Um, B.H.; Chung, D.; Pan, C.H. A potential commercial source
of fucoxanthin extracted from the microalga Phaeodactylum tricornutum. Appl. Biochem. Biotechnol. 2012,
166, 1843–1855. [CrossRef] [PubMed]

14. Peng, J.; Yuan, J.P.; Wu, C.F.; Wang, J.H. Fucoxanthin, a marine carotenoid present in brown seaweeds and
diatoms: Metabolism and bioactivities relevant to human health. Mar. Drugs 2011, 9, 1806–1828. [CrossRef]
[PubMed]

15. Chen, H.H.; Jiang, J.G. Lipid accumulation mechanisms in auto-and heterotrophic microalgae. J. Agric.
Food Chem. 2017, 65, 8099–8110. [CrossRef] [PubMed]

16. Wen, Z.Y.; Chen, F. Production potential of eicosapentaenoic acid by the diatom Nitzschia laevis.
Biotechnol. Lett. 2000, 22, 727–733. [CrossRef]

17. McClure, D.D.; Luiz, A.; Gerber, B.; Barton, G.W.; Kavanagh, J.M. An investigation into the effect of culture
conditions on fucoxanthin production using the marine microalgae Phaeodactylum tricornutum. Algal Res.
2018, 29, 41–48. [CrossRef]

18. Mercado, J.M.; Sanchez-Saavedra, M.D.; Correa-Reyes, G.; Lubian, L.; Montero, O.; Figueroa, F.L. Blue
light effect on growth, light absorption characteristics and photosynthesis of five benthic diatom strains.
Aquat. Bot. 2004, 78, 265–277. [CrossRef]

19. Chen, G.Q.; Jiang, Y.; Chen, F. Salt-induced alterations in lipid composition of diatom Nitzschia laevis
(Bacillariophyceae) under heterotrophic culture condition. J. Phycol. 2008, 44, 1309–1314. [CrossRef]
[PubMed]

20. Feng, D.; Chen, Z.; Xue, S.; Zhang, W. Increased lipid production of the marine oleaginous microalgae
Isochrysis zhangjiangensis (Chrysophyta) by nitrogen supplement. Bioresour. Technol. 2011, 102, 6710–6716.
[CrossRef] [PubMed]

21. Tokushim, H.; Inoue-Kashino, N.; Nakazato, Y.; Masuda, A.; Ifuku, K.; Kashino, Y. Advantageous
characteristics of the diatom Chaetoceros gracilis as a sustainable biofuel producer. Biotechnol. Biofuels
2016, 9. [CrossRef] [PubMed]

22. Yang, Y. H.; Du, L.; Hosokawa, M.; Miyashita, K.; Kokubun, Y.; Arai, H.; Taroda, H. Fatty acid and lipid
class composition of the microalga Phaeodactylum tricornutum. J. Oleo. Sci. 2017, 66, 363–368. [CrossRef]
[PubMed]

23. Gao, B.; Chen, A.; Zhang, W.; Li, A.; Zhang, C. Co-production of lipids, eicosapentaenoic acid, fucoxanthin,
and chrysolaminarin by Phaeodactylum tricornutum cultured in a flat-plate photobioreactor under varying
nitrogen conditions. J. Ocean U. China 2017, 16, 916–924. [CrossRef]

24. Chojnacka, K.; Noworyta, A. Evaluation of Spirulina sp. growth in photoautotrophic, heterotrophic and
mixotrophic cultures. Enzym. Microb. Technol. 2004, 34, 461–465. [CrossRef]

25. Heredia-Arroyo, T.; Wei, W.; Hu, B. Oil accumulation via heterotrophic/mixotrophic Chlorella protothecoides.
Appl. Biochem. Biotechnol. 2010, 162, 1978–1995. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C7FO01840A
http://www.ncbi.nlm.nih.gov/pubmed/29473927
http://dx.doi.org/10.3390/md14070125
http://www.ncbi.nlm.nih.gov/pubmed/27399729
http://dx.doi.org/10.1016/j.algal.2017.10.002
http://dx.doi.org/10.1007/s10811-016-1036-8
http://dx.doi.org/10.1016/j.foodchem.2008.12.047
http://dx.doi.org/10.3390/md11072667
http://www.ncbi.nlm.nih.gov/pubmed/23880936
http://dx.doi.org/10.1007/s00449-018-1935-y
http://www.ncbi.nlm.nih.gov/pubmed/29619547
http://dx.doi.org/10.1007/s12010-012-9602-2
http://www.ncbi.nlm.nih.gov/pubmed/22371063
http://dx.doi.org/10.3390/md9101806
http://www.ncbi.nlm.nih.gov/pubmed/22072997
http://dx.doi.org/10.1021/acs.jafc.7b03495
http://www.ncbi.nlm.nih.gov/pubmed/28838232
http://dx.doi.org/10.1023/A:1005666219163
http://dx.doi.org/10.1016/j.algal.2017.11.015
http://dx.doi.org/10.1016/j.aquabot.2003.11.004
http://dx.doi.org/10.1111/j.1529-8817.2008.00565.x
http://www.ncbi.nlm.nih.gov/pubmed/27041727
http://dx.doi.org/10.1016/j.biortech.2011.04.006
http://www.ncbi.nlm.nih.gov/pubmed/21524571
http://dx.doi.org/10.1186/s13068-016-0649-0
http://www.ncbi.nlm.nih.gov/pubmed/27822308
http://dx.doi.org/10.5650/jos.ess16205
http://www.ncbi.nlm.nih.gov/pubmed/28239063
http://dx.doi.org/10.1007/s11802-017-3174-2
http://dx.doi.org/10.1016/j.enzmictec.2003.12.002
http://dx.doi.org/10.1007/s12010-010-8974-4
http://www.ncbi.nlm.nih.gov/pubmed/20443076


Mar. Drugs 2018, 16, 219 13 of 13

26. Radchenko, I.G.; Il’yash, L.V.; Fedorov, V.D. Effect of exogenous glucose on photosynthesis in the diatom
Thalassiosira weissflogii depending on nitrate nitrogen supply and illumination. Biol. Bull. 2004, 31, 67–74.
[CrossRef]

27. Gomez-Loredo, A.; Benavides, J.; Rito-Palomares, M. Growth kinetics and fucoxanthin production of
Phaeodactylum tricornutum and Isochrysis galbana cultures at different light and agitation conditions.
J. Appl. Phycol. 2016, 28, 849–860. [CrossRef]

28. Fu, W.; Guomundsson, O.; Paglia, G.; Herjolfsson, G.; Andresson, O.S.; Palsson, B.O.; Brynjolfsson, S.
Enhancement of carotenoid biosynthesis in the green microalga Dunaliella salina with light-emitting diodes
and adaptive laboratory evolution. Appl. Microbiol. Biotechnol. 2013, 97, 2395–2403. [CrossRef] [PubMed]

29. Sun, H.; Liu, B.; Lu, X.; Cheng, K.W.; Chen, F. Staged cultivation enhances biomass accumulation in the
green growth phase of Haematococcus pluvialis. Bioresour. Technol. 2017, 233, 326–331. [CrossRef] [PubMed]

30. Ruizvazquez, R.; Fontes, M.; Murillo, F.J. Clustering and co-ordinated activation of carotenoid genes in
Myxococcus xanthus by blue light. Mol. Microbiol. 1993, 10, 25–34. [CrossRef]

31. Wen, Z.Y.; Jiang, Y.; Chen, F. High cell density culture of the diatom Nitzschia laevis for eicosapentaenoic
acid production: Fed-batch development. Process Biochem. 2002, 37, 1447–1453. [CrossRef]

32. Chen, F. High cell density culture of microalgae in heterotrophic growth. Trends Biotechnol. 1996, 14, 421–426.
[CrossRef]

33. Liu, J.; Huang, J.; Sun, Z.; Zhong, Y.; Jiang, Y.; Chen, F. Differential lipid and fatty acid profiles of
photoautotrophic and heterotrophic Chlorella zofingiensis: Assessment of algal oils for biodiesel production.
Bioresour. Technol. 2011, 102, 106–110. [CrossRef] [PubMed]

34. Wan, M.X.; Zhang, Z.; Wang, J.; Huang, J.K.; Fan, J.H.; Yu, A.Q.; Wang, W.L.; Li, Y.G. Sequential
Heterotrophy–Dilution–Photoinduction Cultivation of Haematococcus pluvialis for efficient production of
astaxanthin. Bioresour. Technol. 2015, 198, 557–563. [CrossRef] [PubMed]

35. Liu, B.; Liu, J.; Sun, P.; Ma, X.; Jiang, Y.; Chen, F. Sesamol enhances cell growth and the biosynthesis and
accumulation of Docosahexaenoic Acid in the microalga Crypthecodinium cohnii. J. Agric. Food Chem. 2015,
63, 5640–5645. [CrossRef] [PubMed]

36. Collos, Y.; Mornet, F.; Sciandra, A.; Waser, N.; Larson, A.; Harrison, P.J. An optical method for the rapid
measurement of micromolar concentrations of nitrate in marine phytoplankton cultures. J. Appl. Phycol.
1999, 11, 179–184. [CrossRef]

37. Li, Y.; Han, D.; Hu, G.; Sommerfeld, M.; Hu, Q. Inhibition of starch synthesis results in overproduction of
lipids in Chlamydomonas reinhardtii. Biotechnol. Bioeng. 2010, 107, 258–268. [CrossRef] [PubMed]

38. Foo, S.C.; Yusoff, F.M.; Ismail, M.; Basri, M.; Chan, K.W.; Khong, N.M.H.; Yau, S.K. Production of
fucoxanthin-rich fraction (FxRF) from a diatom, Chaetoceros calcitrans (Paulsen) Takano 1968. Algal Res.
2015, 12, 26–32. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1023/B:BIBU.0000014357.60785.e4
http://dx.doi.org/10.1007/s10811-015-0635-0
http://dx.doi.org/10.1007/s00253-012-4502-5
http://www.ncbi.nlm.nih.gov/pubmed/23095941
http://dx.doi.org/10.1016/j.biortech.2017.03.011
http://www.ncbi.nlm.nih.gov/pubmed/28285225
http://dx.doi.org/10.1111/j.1365-2958.1993.tb00900.x
http://dx.doi.org/10.1016/S0032-9592(02)00034-1
http://dx.doi.org/10.1016/0167-7799(96)10060-3
http://dx.doi.org/10.1016/j.biortech.2010.06.017
http://www.ncbi.nlm.nih.gov/pubmed/20591657
http://dx.doi.org/10.1016/j.biortech.2015.09.031
http://www.ncbi.nlm.nih.gov/pubmed/26433152
http://dx.doi.org/10.1021/acs.jafc.5b01441
http://www.ncbi.nlm.nih.gov/pubmed/26017014
http://dx.doi.org/10.1023/A:1008046023487
http://dx.doi.org/10.1002/bit.22807
http://www.ncbi.nlm.nih.gov/pubmed/20506159
http://dx.doi.org/10.1016/j.algal.2015.08.004
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effects of Light on Cell Growth of N. laevis 
	Effects of Light on the Photosystem II of N. laevis 
	Effects of Light Intensity on Fucoxanthin Accumulation of N. laevis 
	Effects of Light Composition on Fucoxanthin Accumulation in N. laevis 
	Two-Stage Cultivation Strategy for Fucoxanthin Production by N. laevis 

	Discussion 
	Materials and Methods 
	Algal Strain and Culture Conditions 
	Feeding Model of Fed-Batch Culture 
	Determination of Biomass Concentration 
	Determination of Glucose, Nitrate and Phosphate Concentration 
	Measurement of Quantum Yield of Photosystem II (PSII) 
	Measurement of Reactive Oxygen Species (ROS) 
	Carotenoid Analysis 
	Fucoxanthin Analysis 
	Statistical Analysis 

	Conclusions 
	References

