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Abstract 

To propose a strategy for the commercial cultivation of a Korean strain of Nannochloropsis oceanica, the growth, fatty 
acid content and bacterial community of N. oceanica cultures exposed to different light sources were investigated. 
Significant growth of N. oceanica cultured under blue (450 nm), red (620 nm) and white (cool-white fluorescent; con‑
trol) light was observed, whereas growth with relatively low densities was observed in N. oceanica cultured under pur‑
ple (415 nm) and yellow (592 nm) light. Cells cultured under white and blue light began growing again at day 26, 
after experiencing stationary phases for 7 days, indicating that day 26 may be a switching point for the growth trajec‑
tory in batch culture of N. oceanica. White light also produced the highest biomass of N. oceanica, followed by blue, 
red, and yellow light. These results indicate that blue and red light, excluding the white light characterized by a wide 
spectral band, can ensure a high growth rate and biomass of a Korean strain of N. oceanica. With respect to fatty acid 
content, eicosapentaenoic acid (EPA) was the most dominant under the yellow and red light with N. oceanica exhibit‑
ing relatively low biomass dry weight and growth rates. In bacterial communities in N. oceanica cultures exposed 
to different light sources, the genus Roseovarius appeared to promote the growth of N. oceanica. Based on the results 
of this study, the most advantageous EPA production system for a Korean strain of N. oceanica initially uses white 
or blue light to produce the desired cell concentration and rapid growth, then switches to red or yellow light 
to enhance EPA content. This two-phase cultivation approach offers a viable pathway for large-scale EPA production 
from native strains, with potential application in nutraceutical or aquaculture industries.
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Introduction
Microalgae have been exploited to produce bulk foods, 
nutraceuticals, cosmetics, pharmaceutical derivatives, 
and biodiesel, and to treat wastewater, due to their ability 
to produce useful biological materials (e.g., lipids, func-
tional pigments, antioxidants, and bioactive compounds) 
and nutrient requirements [1–6]. Various cultivation 
strategies to enhance microalgal biomass and bioproduct 
production have been suggested (e.g., [7–9]) and numer-
ous equipment and technologies have been improved 
across the years. However, as microalgae species vary 
greatly in environmental requirements for growth and 
different strains of microalgae species can also exhibit 
differences in physiological activities and metabolite pro-
duction in response to habitat and physico-chemical con-
ditions, an exploration of cultivation conditions for local 
populations should be conducted before attempts are 
made to cultivate local species at commercial scale. 

The genus Nannochloropsis was described by Hibberd 
[10] with Nannochloropsis oculata (Droop) D.J. Hibber 
and N. salina D.J. Hibberd as type species. Currently, 
seven species of Nannochloropsis, including one freshwa-
ter species (N. limnetica) and a species in the sister genus 
of Microchloropsis [11] have been formally described 
[12]. These species are frequently used as feed for marine 

invertebrates, as they contain highly nutritious com-
pounds such as sterols [13] and polyunsaturated fatty 
acids [14]. Recently, their potential for biodiesel produc-
tion has been evaluated because of their high biomass 
accumulation rate and lipid content [15, 16]. 

Among Nannochloropsis species, N. oceanica has 
been reported from oceans around the world, including 
those near Korea [17, 18]. However most of the studied 
strains of N. oceanica have originated in coastal areas of 
China, Japan, and Taiwan (e.g. [19]). In previous studies, 
strains of N. oceanica with high potential for producing 
eicosapentaenoic acid (EPA) were reported from Taiwan 
[20, 21] and Portugal [22]. EPA plays an important role 
in human health and is frequently used in nutraceutical 
products, as EPA in the diet of humans may lower the 
risk of cardiovascular diseases and inhibit tumor growth 
[23]. Chen et al. [20, 21] investigated the factors critical 
to enhancing EPA production and growth of the strain 
of N. oceanica, finding that light sources affect both the 
growth and EPA accumulation in N. oceanica. Most 
microalgae, including N. oceanica, are unicellular eukary-
otic microorganisms that use light as an energy source 
through photosynthesis. The effects of quality of irra-
diation supplied by light-emitting diodes (LEDs) on the 
growth and bioproduct production of microalgae have 
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been examined, intensively [16, 17, 24–28]. For exam-
ple, Chen et al. [21] found that a binary combination of 
blue and red LEDs can produce the highest levels of EPA 
productivity in a Taiwan strain of N. oceanica, and Das 
et al. [24] reported that white light can induce the highest 
EPA content in Nannochloropsis species. However, gaps 
remain in knowledge of how microalgae respond to dif-
ferent light sources, as various species and strains exhib-
its distinct light requirements for biomass production 
and bioproduct synthesis (e.g. [18, 20, 21, 24, 25, 29–31]). 
It is, therefore, necessary to consider the growth rate and 
EPA content associated with productivity and response 
to light sources when selecting species and strains for 
commercial production.

Besides the light sources, several approaches to culti-
vation under controlled abiotic factors, such as nutri-
ent limitation, salinity, temperature, and light cycle and 
intensity, are known to enhance the lipid content of 
microalgae cells [32–38]. In addition, microalgal-bacte-
rial interaction studies have been conducted to enhance 
the growth and production of valuable algal bioproducts 
[39–41]. According to Lian et  al. [40], the microalgal-
associated bacteria can provide beneficial services to 
microalgae: consuming oxygen to produce carbon diox-
ide, decomposing and mineralizing algal waste compo-
nents that can be used by microalgae, synthesizing the 
siderophores that can stimulate algal growth, and pro-
ducing antimicrobial compounds that protect microal-
gae from invasion by pathogens. As a result, the culture 
media after algal growth can be reused for the growth of 
specific species [42]. Bacteria can also inhibit the micro-
algal growth by competing for nutrients and synthesizing 
algicidal compounds that can kill the algal host [43–45]. 
However, mutualistic relationships between bacteria and 
microalgae appear to be more common than antagonis-
tic interactions [40, 46, 47]. Previous studies revealed that 
the interaction between bacteria and microalgae can be 
species-specific (e.g., [48, 49]). Bacterial diversity in many 
microalgal species and algal strains should be investi-
gated to explore the function of beneficial bacteria.

Recently, Ling et  al. [50], who documented the core 
N. oceanica-dominant bacterial microbiomes at differ-
ent cultivation scales, concluded that supplementation 
with probiotic algae-associated bacteria can significantly 
enhance both biomass and EPA production in N. oce-
anica, Wang et  al. [51] studied bacterial communities 
associated with N. oceanica IMET1 grown at different 
temperatures and Powell and Hill [52] defined the mech-
anism of algal aggregation by a bacterium (Bacillus sp. 
strain RP1137) using N. oceanica IMET1 in fixed culture 
conditions (temperature, salinity, light source, and cycle). 
However, there is a lack of studies on the bacterial diver-
sity in N. oceanica cultured under different light sources.

This study identifies the light sources that can most 
efficiently enhance biomass productivity and fatty acid 
contents of a Korean strain of N. oceanica, especially 
EPA, and investigates the bacterial diversity and benefi-
cial bacteria in N. oceanica cultures exposed to different 
light sources. Based on the results, we propose a poten-
tially viable strategy for cultivating N. oceanica (LIMS-
PS-0093) to optimize biomass productivity and EPA 
content.

Materials and methods
Korean strain of Nannochloropsis oceanica
A strain of Nannochloropsis oceanica (Strain LIMS-
PS-0093), which was collected from surface waters 
around the southern area of Korea (34°45′27.15"N, 
127°13′52.32"E), was obtained from the culture collec-
tion of microalgae, at the Korea Institute of Ocean Sci-
ence and Technology (KIOST). The morphology and 
phylogenetic position of N. oceanica based on small 
subunit rRNA sequences are shown in Figs. S1 and S2. 
The strain in KIOST has been maintained in 35 mL cul-
ture tube containing f/2 culture medium (Marine Water 
Enrichment Solution, Sigma Aldrich, USA) without 
silicate, prepared with sterile seawater (salinity of 35) 
(filtered through a 47  mm GF/F filter (Hyundai micro, 
Korea) with a pore size of 0.7 and autoclaved) at 20  °C 
and ca. 100  µmol photons m−2  s−1 cool-white illumina-
tion under a 10L:14D photo-cycle.

Growth experiment under different light sources
This study used four light treatments (purple, blue, yel-
low and red LEDs) with three replicates for cultivating 
Nannochloropsis oceanica (Fig. 1). LED lights were set in 
an individual LED incubator chamber (SJ-404 M; Sejong 
Scientific Co. Korea). Each LED strip in the incubator 
consisted of 400 diodes spaced at 1.5  cm intervals. The 
wavelengths of the purple, blue, yellow and red LEDs 
light were 415 nm, 450 nm, 592 nm and 620 nm, respec-
tively. The light spectra of these LEDs were characterized 
with a fiber-based spectrometer (Hanyang Semiconduc-
tor Co. Korea). Cool-white fluorescent light was used as 
the control treatment in this study.

Filtered and autoclaved seawater collected from 
Jangmok Bay, Korea (34°57′52.93"N, 127°42′33.83"E) 
was used as basal seawater, and an f/2-Si culture 
medium was made using basal seawater (salinity of 
35). For culture experiments, the N. oceanica strain 
was pre-cultured in a 1L culture bottle containing 
f/2-Si culture medium at 20  °C and ca. 100 µmol pho-
tons m−2  s−1 cool-white illumination under a 12L:12D 
photo-cycle. Growing cells of N. oceanica (at concen-
trations ranging from 883 to 1003 cell mL−1) were inoc-
ulated into 1L culture bottles (SPL, Korea) containing 
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the f/2-Si culture medium, and the bottles for the treat-
ments were placed in the incubator with LEDs lights 
and incubated for 36  days at 20  °C and ca. 100  µmol 
photons m−2  s−1 with 12L:12D photo-cycle. The light 
intensity was measured using a light sensor (MQ-200; 
Apogee, USA). Cell counts were performed every two 
days to monitor growth, using 1  mL subsamples fixed 
in Lugol’s solution (final concentration 1%). The cells 
were counted with a Sedgewick-Rafter counting slide 
on an upright microscope (ECLIPSE Ni; Nikon, Japan).

The cell density was used to calculate the specific 
growth rates (μ, day −1) of N. oceanica, using the follow-
ing equation [53]:

Specific growth rate (μ) = ln ( Nt/N0 ) / �t

where N0 and Nt are the cell concentrations (cells 
mL−1) at the initial and final time during the incubation 

experiments, respectively, and �t is the length of expo-
nential phase (day).

Biomass determination and fatty acids analysis
Triplicate samples of Nannochloropsis oceanica (900 mL 
for each culture sample) were harvested at the end of 
the incubation period for fatty acid analysis. The sam-
ples were centrifuged by a Combi R515 apparatus (Hanil, 
Korea) at 3515 × g for 10 min. The supernatant was gen-
tly removed, and the cell pellets were re-suspended with 
distilled water and centrifuged to remove the remaining 
salts. This step was repeated three times. The remain-
ing cell pellets were frozen at −20 °C until the total fatty 
acid methyl esters (FAMEs) analysis. The frozen cell pel-
lets were lyophilized using a freezer dryer (FDU-7012, 
Operon, Gimpo, Korea) at −80  °C under vacuum for 
1 day, and weighed. The biomass production in this study 

Fig. 1  Image of cultivation of Nannochloropsis oceanica (LIMS-PS-0093) in an incubator with LEDs lights. A Purple light (415 nm); B blue light 
(450 nm); C yellow light (592 nm); D red light (620 nm)



Page 5 of 15Han et al. Biotechnology for Biofuels and Bioproducts           (2025) 18:55 	

was determined by measuring the dry cell weight (mg 
L−1).

FAMEs were analyzed by gas chromatography 
(GC2400; PerkinElmer, MA, USA). For FAME extraction, 
freeze-dried samples of approximately 10  mg and glass 
micro-beads were combined in a 2  mL screw cap tube 
to which 0.9 mL of a 5:100 v/v acetyl chloride: methanol 
(MeOH) solution and 0.1 mL of methyl heptadecanoate 
(3  mg  mL−1) dissolved in hexane were added. The use 
of methanol (MeOH) and acetyl chloride as esterifica-
tion agents is common, because it efficiently converts 
free fatty acids into their methyl esters, which are easier 
to analyze by gas chromatography (GC). Methyl hep-
tadecanoate (C17:0) was used as an internal standard 
to normalize variability during sample preparation and 
GC analysis, ensuring accurate fatty acid quantification. 
Cell disruption was performed using a Mini-beadbeater 
24 (Biospec Products, AZ, USA) for 2 min. The samples 
were incubated at 80 ℃, shaken at 200 rpm for 1 h using a 
thermomixer (Eppendorf, Germany), and then cooled for 
1  min on ice, after which 1  mL of n-hexane was added 
and mixed for 1 min with a vortex mixer. The superna-
tant was separated, and 1 µL of the extract was injected 
into a DB-23 column (60  m × 0.25  mm internal diam-
eter, 0.15  µm film thickness). The split ratio was 1/10 
and N2 was used as the carrier gas. Column tempera-
ture programs used the following procedure: 50  ℃ for 
1 min, increased to 175 ℃ min−1 at 25 ℃ min−1, and then 
increased to 230 ℃ for 5  min at 2 ℃ min−1. The injec-
tor and detector were set at 250 ℃ and 280 ℃, respec-
tively. FAME peaks were determined by comparing the 
retention times between the reference standard (Supelco 
37-component FAME mix; Sigma-Aldrich, USA) and the 
samples and quantified as the percentage area of each 
component of FAME. The signal data at each retention 
time were compared with those of the IS (Internal Stand-
ard) for a quantitative analysis.

Bacterial community profiling
Triple samples were collected at the end of the incubation 
period for bacterial community profiling. Total genomic 
DNA was extracted using the DNeasy PowerWater Kit 
(Qiagen, Valencia, USA) following the manufacturer’s 
instructions. DNA concentration was quantified with a 
Qubit™ dsDNA HS Assay Kit and a Qubit™ 3.0 fluorom-
eter (Thermo Fisher Scientific Inc., Waltham, USA). We 
utilized the BioTek Synergy H1 microplate reader (Agilent 
Technologies) to assess DNA purity. Absorbance meas-
urements at 260 nm, 280 nm, and 230 nm were recorded, 
and the A260/A280 and A260/A230 ratios were calculated. 
Samples exhibiting A260/A280 ratios between 1.8 and 2.0 
and A260/A230 ratios between 2.0 and 2.2 were considered 
to have acceptable purity levels, indicating minimal protein 

and organic compound contamination, respectively. Bacte-
rial community composition was analyzed by amplifying 
the V5–V7 hypervariable regions of the 16S rRNA gene 
using the primer pair 799F (5′-AACMGGA​TTA​GAT​ACC​
CKG-3′) and 1391R (5′-ACG​TCA​TCC​CCA​CCT​TCC​-3′). 
This primer pair was selected to minimize the amplification 
of non-target DNA from plant compartments [54]. The 
amplified DNA fragments were purified, pooled in equimo-
lar concentrations, and sequenced on an Illumina NovaSeq 
6000 platform. Paired-end reads were processed following 
methodologies described by Magoč and Salzberg [55] and 
Bokulich et al. [56]. Briefly, sequences were merged using 
FLASH (v1.2.11) and quality-filtered with fastp (v0.23.1). 
The QIIME2 pipeline (v2020.8) was used to process 
sequences [57]. Reads were demultiplexed, trimmed, and 
denoised with the DADA2 plugin [58] to infer amplicon 
sequence variants. Taxonomic classification was performed 
using the SILVA 138.1 reference database. Feature tables 
were generated for taxonomic classification at multiple lev-
els (kingdom, phylum, class, order, family, genus, and spe-
cies), forming the basis of amplicon analysis. Selected taxa 
were used for species composition analysis and differential 
abundance comparisons across sample groups, facilitating 
clustering and in-depth investigation. To ensure standard-
ized comparisons, the feature table for each sample was 
rarefied to a depth of 10,000 sequences. All raw sequenc-
ing data were deposited in the National Center for Biotech-
nology Information Sequence Read Archive (NCBI SRA) 
under accession number PRJNA1223121.

Statistical analysis and data visualization
Data were presented as the mean ± standard deviation 
of triplicate samples. The assumptions of normality and 
homogeneity of variance were tested by Shapiro–Wilk’s W 
and Levene’s test, respectively. One-way analysis of vari-
ance (ANOVA) followed by a Tukey’s test was performed 
for multiple comparisons of differences between treat-
ments, using MS Excel Professional Plus 2016 Analysis 
ToolPAK. Differences between the two treatments were 
assessed by an independent t-test. Differences were consid-
ered significant when p < 0.05.

To visualize and analyze differences in bacterial commu-
nities among samples, R (v4.1.0) was used. For graphical 
representation, the ggplot2 package was used to generate 
heatmaps illustrating bacterial community composition 
across different light treatments.

Results and discussion
Growth responses of Nannochloropsis oceanica exposed 
to different light sources
Significant growth of Nannochloropsis oceanica cul-
tured under blue, red and white light (control) was 
observed, whereas growth with relatively low density was 
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observed in N. oceanica cultured under purple and yel-
low light (Fig. 2A and Table 1). Similar growth patterns 
were observed in N. oceanica cultured under white and 
blue light (t-test, p > 0.05): cells slowly grew until day 6 of 
incubation and then rapid growth was observed until day 
14 of incubation (the first growth phase), and cells exhib-
ited a stationary phase for 10 days (until day 24 of incu-
bation), and on day 26 resumed proliferating until day 32 
at the highest cell density (3983 × 103 cells mL−1 for white 
light and 3516 × 103 cells mL−1 for blue light) (the second 
growth phase) (Fig.  2A). In the first phase, the growth 
rates of N. oceanica under white and blue lights were 
0.6 ± 0.02 and 0.4 ± 0.10 day−1, respectively, and 0.10 ± 0.0 
and 0.10 ± 0.0 day−1 in the second growth phase, respec-
tively (Table  2). In N. oceanica culture exposed to red 
light, the growth pattern for 36  days of incubation was 
different from those in N. oceanica cultured under blue 
and white light (one-way ANOVA, p < 0.05). No signifi-
cant change in N. oceanica cell density (< 80 X 103 cells 

mL−1) was observed until day 12 of incubation (lag 
phase); however, the cells grew slowly, and rapid growth 
was observed from day 26 (Fig.  2A, B and Table  1). In 
the N. oceanica exposed to yellow light, rapid growth 
was observed from day 24 to the end of incubation 
(0.2 ± 0.1 day −1) (Fig. 2A, Tables 1 and 2), and the maxi-
mum cell density was 1050 × 103 cells mL−1 at the end of 
incubation (day 36) (Fig. 2B and Table 1). Compared with 
N. oceanica cultures exposed to white, blue, red and yel-
low light, cells cultured under purple light did not grow 
significantly (Fig.  2B and Table  1). The dry cell weights 
under different light colors are presented in Table  3. 
White light produced the highest biomass (73.9 mg L−1) 
of N. oceanica, followed by blue light (72.3 mg L−1), red 
light (66.0 mg L−1) and yellow light (33.0 mg L−1).

According to the evolutionary history of microalgal 
pigments illustrated by Keeling [59], blue and red lights 
are seen to be the most preferred spectral choice for 
the growth of microalgae, and actually, previous stud-
ies reported that the blue or red light can enhance the 
growth of microalgae [18, 24, 25, 30, 60–62]. Similar 
results were obtained in this study; compared with yel-
low and purple light, blue and red light were associated 
with high growth rates and maximum cell densities of N. 
oceanica, and relatively high biomass was also produced 
from the cultures of N. oceanica exposed to blue light. 
This is not surprising, because the photosynthetic appa-
ratus of Nannochloropsis species depends solely on chlo-
rophyll a, which is responsible for absorbing blue and red 
light [63, 64]. However, compared with blue and red light, 
N. oceanica grown under white fluorescent light had the 
highest growth rate and maximum cell density, although 
similar growth patterns of N. oceanica were observed 
under both white and blue light. Comparable results have 
been reported for the cultures of some Nannochloropsis 
species. According to Chen et al. [21], illumination with 
a fluorescent light source can be used to ensure optimal 
cell growth of N. oceanica, and Chen and Lee [65] and 
Schulze et al. [26] reported that cell density of N. oculata 
is higher under a fluorescent lamp. Vadiveloo et al. [66] 
noted that, compared with Nannochloropsis sp. exposed 
to blue and red lights [65], the species grown under white 
light exhibits greater cell density and a higher growth 
rate. In contrast, Ra et al. [18] found no significant differ-
ences in the growth rates and biomasses of N. salina and 
N. oceanica cultured under blue, red, and white light, but 
concluded that a binary combination of blue and red light 
can produce the high biomass in N. salina and N. ocean-
ica. In addition, Chen et al. [21] documented that three 
binary combinations of different colors (red–yellow, 
blue–red and blue–yellow) can lead to higher biomass 
productivity of N. oceanica, compared with that under a 
single wavelength (blue light). These results suggest that 

Fig. 2  Growth curve (A) and maximum cell density (B) 
of Nannochloropsis oceanica (LIMS-PS-0093) exposed to different light 
sources
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the growth response and biomass of Nannochloropsis 
species under different light qualities can vary among 
strains of the same species, and that blue and red light 
ensure high growth and biomass production in Nanno-
chloropsis species, because white light has a wide spectral 
band that includes a single wavelength such as blue and 
red light. According to Sforza et al. [67], Nannochloropsis 
species has been found to have a flexible photosynthetic 
apparatus, which can acclimate to a wide range of con-
stant and varying light intensities. In addition, photosyn-
thesis is one of the most thermally sensitive processes in 

Table 1  Changes in cell density (× 103 cells mL−1) of Nannochloropsis oceanica (LIMS-PS-0093) cultivated under different light sources 
during an incubation period of 36 days

Day White (control) Purple Blue Yellow Red

0 0.9 ± 0.1 0.9 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 0.9 ± 0.1

2 1.6 ± 0.4 0.3 ± 0.1 1.4 ± 0.2 0.4 ± 0.0 1.3 ± 0.0

4 2.2 ± 1.5 1.1 ± 0.5 5.3 ± 3.2 0.6 ± 0.1 2.0 ± 0.9

6 14.4 ± 0.4 0.8 ± 0.3 33.2 ± 14.6 0.8 ± 0.1 16.7 ± 6.6

8 43.8 ± 2.2 1.3 ± 0.3 280.7 ± 50.0 1.7 ± 0.1 6.7 ± 2.3

10 740.0 ± 431.4 1.4 ± 0.7 1003.3 ± 521.6 2.3 ± 0.5 19.0 ± 4.1

12 1060.0 ± 337.2 2.0 ± 0.6 1593.3 ± 443.0 2.9 ± 0.3 72.9 ± 32.8

14 1483.3 ± 230.3 2.0 ± 1.2 1640.0 ± 465.2 4.3 ± 0.7 266.7 ± 118.5

16 1366.7 ± 439.4 1.5 ± 0.1 1593.3 ± 238.6 5.3 ± 1.0 430.0 ± 165.2

18 1700.0 ± 285.8 1.8 ± 0.2 1416.7 ± 350.0 12.0 ± 2.2 523.3 ± 296.7

20 1846.7 ± 150.4 3.0 ± 1.2 1763.3 ± 431.5 21.1 ± 7.7 1046.7 ± 274.7

22 1733.3 ± 251.7 2.6 ± 1.1 1680.0 ± 370.0 34.1 ± 8.7 1270.0 ± 206.6

24 1770.0 ± 121.7 2.5 ± 1.2 1570.0 ± 292.1 100.0 ± 10.0 1596.7 ± 168.6

26 3896.7 ± 505.4 1.6 ± 0.3 2670.0 ± 402.6 133.3 ± 66.6 2583.3 ± 595.4

28 3126.7 ± 180.4 3.4 ± 2.6 2993.6 ± 359.1 146.7 ± 25.2 2986.7 ± 185.8

30 3603.3 ± 352.2 4.4 ± 3.4 3150.0 ± 230.0 320.0 ± 85.4 2953.3 ± 140.1

32 3983.3 ± 578.3 6.9 ± 4.3 3516.7 ± 361.2 456.7 ± 153.1 3333.3 ± 165.6

34 3013.3 ± 181.5 6.9 ± 4.2 2900.0 ± 101.5 700.0 ± 300.5 2876.7 ± 344.4

36 3233.3 ± 310.1 7.8 ± 4.5 2976.7 ± 145.7 1050.0 ± 461.6 2560.0 ± 225.4

Table 2  Growth rates (day −1) and maximum cell densities (× 103 
cells mL−1) of Nannochloropsis oceanica (LIMS-PS-0093) cultivated 
at different light sources

Values in parentheses are the growth rate in the second growth phase

Light source Growth rate Maximum cell density

White (control) 0.6 ± 0.0 (0.1 ± 0.0) 3983.3 ± 578.3

Purple 0.1 ± 0.1 7.8 ± 4.5

Blue 0.4 ± 0.1 (0.1 ± 0.0) 3516.7 ± 361.2

Yellow 0.2 ± 0.1 1050.0 ± 461.6

Red 0.2 ± 0.0 3333.3 ± 165.6

Table 3  Fatty acid profile and content, and biomass density in cultures of Nannochloropsis oceanica (LIMS-PS-0093) exposed to 
different light sources

Values of each fatty acid are given as the percentage of total fatty acid methyl esters

Fatty acid White (control) Blue Yellow Red

12:0 3.2 ± 0.4 3.2 ± 0.7 2.3 ± 0.4 1.6 ± 0.1

14:0 2.8 ± 2.4 2.7 ± 2.4 2.2 ± 1.9 1.7 ± 0.1

16:0 25.5 ± 1.4 30.6 ± 1.4 24.9 ± 0.3 21.9 ± 1.9

16:1 21.8 ± 0.1 20.6 ± 1.4 24.7 ± 0.7 24.4 ± 0.2

18:0 8.0 ± 0.7 8.8 ± 0.8 5.5 ± 1.1 5.0 ± 1.1

18:1 5.7 ± 0.2 4.5 ± 0.2 4.2 ± 1.5 8.3 ± 0.3

18:2 2.9 ± 0.1 2.4 ± 2.1 2.2 ± 0.5 3.1 ± 0.0

20:4 3.9 ± 0.1 2.6 ± 0.3 3.2 ± 0.2 3.3 ± 0.2

20:5 26.3 ± 0.1 24.7 ± 1.4 30.8 ± 1.9 30.6 ± 3.3

Total fatty acid (mg g−1) 47.2 ± 11.4 43.4 ± 1.6 71.8 ± 8.9 72.4 ± 8.1

Biomass production (mg L−1) 73.9 ± 7.8 72.3 ± 12.6 33.0 ± 23.9 66.0 ± 8.4
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microalgae [68]. However, a comprehensive comparison 
of N. oceanica growth under variable temperatures has 
not yet been conducted. Further studies are required to 
clarify the relationships between N. oceanica growth and 
environmental factors such as different light sources, var-
iable light intensity, and temperature.

Interestingly, the cells cultured under white and blue 
light grew again from day 26 (the second growth phase), 
after experiencing a stationary phase for 7  days (days 
12–24) (Fig.  2A and Table  1). The stationary phase in a 
microalgae batch culture is often observed when the 
nutrients in the culture medium are exhausted by the 
microalgae [7]. Ra et  al. [18] observed that the station-
ary phase in the batch culturing of N. oceanica coincides 
with the stage of depleted nitrate concentrations at 10 
or 11  days. This indicates that the arrival time (day 12) 
to the stationary phase was determined by the nutrient-
depleted conditions in the N. oceanica culture under 
white and blue light. After the stationary phase, the 
microalgae generally enter a death phase, with a rapid 
decline in cell concentration [7]. However, the concentra-
tions of N. oceanica cultured under white and blue light 
doubled without a death phase (to day 26). This may be 
attributed to the recycling of nutrients in the batch cul-
ture, because viable cells can grow by consuming recycled 
nutrients from dead and decaying cells in the stationary 
phase (e.g., [42, 69]). It is, therefore, possible that the cul-
tivation water of N. oceanica can be reused to stimulate 
microalgal growth, although the effects of reused water 
on algae growth differ across algae taxa [42].

Despite the fact that N. oceanica cultured under red 
light did not experience a stationary phase, cell density 
increased from day 26 rapidly, and the growth pattern 
from day 26 was similar to that in blue light conditions 
(t-test, p > 0.05) (Fig. 2A and Table 1). In addition, rapid 
growth from day 24 was observed, even in N. ocean-
ica exposed to yellow light that experiences inhibited 
growth. This indicates that in a 1L batch culture of N. 
oceanica under our culture conditions, day 24 or 26 can 
be a switching point for the growth trajectory. This cul-
tivation time should, therefore, be considered to produce 
the desire cell concentration when the working volume 
for culturing N. oceanica increases.

Fatty acid profiles and contents in Nannochloropsis 
oceanica cultures exposed to different light sources
The fatty acid composition of Nannochloropsis oceanica 
cultured under white (control), blue, yellow and red lights 
included the saturated fatty acids C12:0 (lauric acid), 
C14:0 (myristic acid), C16:0 (palmitic acid) and C18:0 
(stearic acid), the monounsaturated fatty acids C16:1 
(palmitoleic acid) and C18:1n9c (oleic acid), and the pol-
yunsaturated fatty acids C18:2n6c (linoleic acid), C20:4n6 

(arachidonic acid; ARA) and C20:5n3 (EPA) (Fig.  3 and 
Table 3). No compositional changes were seen in the fatty 
acids of N. oceanica cultures exposed to different light 
sources, indicating that the fatty acids for N. oceanica are 
not controlled by the light quality. Ma et  al. [16] exam-
ined the fatty acid profile of 9 Nannochloropsis strains 
including N. gaditana, N. salina, N. granulata, N. lim-
netica, N. oculate and N. oceanica cultivated in seawater, 
and documented that C16:0, C16:1, C18:1n9c, C20:4n6 
and C20:5n3 are major fatty acids in nine Nannochloro-
psis strains. This finding is in accordance with our obser-
vations, although C18:1n9c in the Korean strain of N. 
oceanica was present at lower percentages, compared 
with the other Nannochloropsis strains. This fatty acid 
profile was also observed in an N. oceanica strain from 
the coast of southern Taiwan [20]. According to a review 
by Maltsev and Maltseva [5], the main fatty acid profiles 
of microalgae can be used as taxonomic biomarkers for 
the division and class level; however, the profiles have 
been ambiguous at the species level of the same genus 
and in different strains of the same species. Neverthe-
less, the Nannochloropsis species cultivated in seawater 
may be characterized by the specific fatty acid profile, 
because Ma et  al. [16] observed that when N. limnetica 
from freshwater was cultivated in seawater, the fatty acid 
profile in freshwater changed to that of the Nannochlo-
ropsis strains cultivated in seawater. In particular, EPA 
(C20:5n3) appears to be more common in the fatty acids 
of Nannochloropsis species, as described by many previ-
ous studies (e.g., [16, 20–22, 70, 71]).

The total fatty acid contents of N. oceanica cultured 
under white, blue, yellow, and red light were 47.2, 43.4, 
71.8 and 72.4  mg  g−1, respectively (Table  3 and Fig.  3). 
In the N. oceanica cultures exposed to the yellow and 
red light, relatively more EPA content was detected 
(22.2  mg  g−1 (30.8%) for yellow light and 22.3  mg  g−1 

Fig. 3  Fatty acid content in Nannochloropsis oceanica (LIMS-PS-0093) 
cultures exposed to different light sources
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(30.6%) for red light), whereas the EPA content in N. 
oceanica cultured under white and blue light were 
12.4 mg g−1 (26.3%) and 10.7 mg g−1 (24.6%), respectively 
(Table  3). In addition, the monounsaturated fatty acid, 
C16:1 (palmitoleic acid), was higher in N. oceanica cul-
tured under red (24.4%) and yellow (24.7%) light, than 
white (21.8%) and blue (20.6%) light (Fig. 3 and Table 3). 
The EPA contents were the most dominant in N. ocean-
ica cultures exposed to yellow and red light; however, in 
the N. oceanica culture exposed to blue light the domi-
nant fatty acid was palmitic acid, and the EPA and pal-
mitic acid contents were similar in N. oceanica cultures 
exposed to white light (Fig. 3 and Table 3). ARA was also 
detected in N. oceanica cultures exposed to all light, and 
the ARA content was relatively low in N. oceanica cul-
tured under a blue light (Table 3).

According to Ma et al. [16], N. oceanica lMET1 is the 
best strain for biodiesel production, based on the high 
lipid productivity, triacylglyceride production, and 
favorable fatty acid contents of C16-C18 (56.62 ± 1.96%). 
Similar fatty acid contents of C16-C18 (61.50–66.88%) 
were also observed in this study, and no significant dif-
ferences in the values between light sources (one-way 
ANOVA, p > 0.05) were visible. In addition, the Korean 
strain of N. oceanica contained 25.02–32.73% mono-
unsaturated fatty acids (palmitoleic and oleic acids), 
producing an optimal compromise between oxidative 
stability and cold flow in biodiesel fuel (e.g., [72]). This 
indicates that the Korean strain of N. oceanica may be 
useful as a biodiesel feedstock. However, as the EPA con-
tent that can result in low oxidative stability was quite 
different from other strains of Nannochloropsis spe-
cies (2.90–12.74%) examined by Ma et al. [16] and some 
strains of N. oceanica [18, 20, 21], the Korean strain of N. 
oceanica is likely to be more useful for the EPA produc-
tion, rather than biodiesel production.

According to Chen et al. [20], blue light stimulates N. 
oceanica to produce EPA, but significantly inhibits cell 
growth. By contrast, in this study the EPA content was 
the lowest and the growth was not inhibited in N. oce-
anica cultured under a blue light. This trend was also 
evident in the N. oceanica culture exposed to white light. 
Numerous studies investigated the responses of fatty acid 
in Nannochloropsis species to the stressful conditions 
controlled by light, temperature, salinity and nutrients, 
and as a consequence, stress-induced conditions could 
enhance the fatty acid content and hinder cell growth 
(e.g., [5, 38, 73–80]). According to Ma et  al. [37], the 
biosynthesis and accumulation of storage neutral lipids 
appear to be a protective reaction in response to stress 
conditions, however, the studies on lipid biosynthesis and 
regulation in Nannochloropsis species are limited. In this 
study, when compared with N. oceanica cultured under 

white and blue light, the red and yellow light exhibited 
relatively low biomasses dry weight and growth rates of 
N. oceanica and induced a relatively high EPA content, 
as well as ARA content. This result indicates that red 
and yellow light treatments can impose stress on the 
Korean strain of N. oceanica but serve as suitable artifi-
cial light sources for the EPA production. The preferred 
light source for EPA production therefore varies among 
strains of N. oceanica. Previous studies investigated the 
relationship between ultraviolet light (UV) and microal-
gae growth and found that, under the stress of UV light, 
microalgae may alter the proportions of their unsaturated 
fatty acids [81, 82]. However, insufficient numbers of cells 
were harvested from an N. oceanica culture exposed to 
near-UV light (415 nm), and the EPA content could not 
be evaluated.

Bacterial communities in Nannochloropsis oceanica 
cultures exposed to different light sources
Bacterial diversity and clusters in Nannochloropsis ocean-
ica cultures exposed to white (control), blue, red, yellow 
and purple light are shown in Fig. 4 and Supplementary 
data. At the class level, the bacterial communities in 
N. oceanica cultures exposed to different light sources 
were dominated by Alphaproteobacteria and Gam-
maproteobacteria; the Alphaproteobacteria accounted 
for 91.3% under blue light, 74.1% under red light, 54.3% 
under white light, 39.3% under yellow light, and 8.3% 
under purple light, whereas the Gammaproteobacteria 
accounted for 91.7% under purple light, 60.7% under yel-
low light, 45.7% under white light, 25.9% under red light, 
and 8.7% under blue light. Interestingly, the contrast pro-
portions of the two bacterial classes, Alphaproteobacte-
ria and Gammaproteobacteria, were found for each light 
source. The class Bacilli, with a low proportion (0.003%), 
was also found for only red light. Previous studies docu-
mented that Alphaproteobacteria and Gammaproteobac-
teria are the dominant groups associated with strains of 
N. oceanica IMET1 [51, 83] and N. oceanica KB1 [41]. 
In addition, Nakase and Eguchi [84] reported that, in 
cultures of unspecified Nannochloropsis species Alp-
haproteobacteria was most abundant in the bacterial 
community of actively growing cells. Similar results in 
the current study were obtained for relative proportions 
of the Alphaproteobacteria cultivated under blue, red, 
and white light that N. oceanica relatively exhibited high 
growth rates and cell densities, and a preliminary exami-
nation also revealed a positive correlation for concentra-
tions of bacteria and N. oceanica cultivated under white 
light (Fig. S3, r = 0.91). This indicates that Alphaproteo-
bacteria can be an important contributor to the growth 
of Nannochloropsis species. In contrast, Gammaproteo-
bacteria exhibited low proportions under the blue and 
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red light, as well as white light characterized by a wide 
spectral band. A high proportion was observed under 
the purple and yellow light that relatively low cell densi-
ties of N. oceanica were observed during incubation. In 
general, excitation with near-UV light tends to inhibit 
bacterial growth (e.g., [85]). However, the high propor-
tion of Gammaproteobacteria in the N. oceanica culture 
exposed to purple light (415 nm) may be due to a reduc-
tion in the proportion of Alphaproteobacteria. which 
may be more sensitive to exposure to purple light com-
pared with Gammaproteobacteria.

The bacterial community at the genus level was similar 
in N. oceanica cultures exposed to blue and white (con-
trol) light, whereas under purple and yellow light the 
bacterial communities were grouped together, and those 
under red light had a close relationship with this group 
(Fig.  4). At the genus level, Marinobacter (class Gam-
maproteobacteria) and Roseovarious (class Alphapro-
teobacteria) were found to occur most frequently under 
different light sources; Marinobacter accounted for 91.1% 
under purple light, 59.4% under yellow light, 42.7% under 
white light, 24.7% under red light, and 8.1% under blue 
light, whereas Roseovarius was the most abundant genus 
under blue light (90.3%), followed by red light (67.9%), 

white light (51.0%), yellow light (26.6%), and purple 
light (6.1%). Under white light, the relative abundance 
of Roseovarius was twice that of Marinobacter. In addi-
tion, Maricaulis (class Alphaproteobacteria) was abun-
dant in an N. oceanica culture exposed to yellow light 
(12.7%). Genus Maricaulis has been frequently detected 
and associated with toxic and non-toxic dinoflagellates 
in culture [86–88], but the ecophysiological function in 
microalgae is not known. According to Liu et al. [41], in 
the co-cultivation of bacteria with N. oceanica KB1 some 
bacterial strains are quite effective for growth promotion 
and EPA production of the strain (KB1), and a higher 
relative abundance of the genus Marinobacter was found 
in growing culture of the strain. In contrast, in our study 
the genus Marinobacter does not appear to be related 
to enhance growth of the Korean strain of N. oceanica, 
because the lowest abundance of the Marinobacter was 
observed under blue light that N. oceanica exhibited high 
cell density and lower relative abundance of genus Mar-
inobacter was also found in the white light. Members of 
the genus Marinobacter is one of the bacterial organisms 
that may have relationships with Nannochloropsis spe-
cies [41]. However, as the interactions between bacteria 
and microalgae are species-specific and can vary among 
strains of the same microalgal species (e.g., [89, 90]), fur-
ther studies are required to clarify the role of genus Mar-
inobacter for the Korean strain of N. oceanica.

In the current study, the growth promotion of the 
Korean strain of N. oceanica appears to be related to 
Roseovarius rather than Marinobacter. Previous studies 
revealed that the abundance of the genus Roseovarius 
was correlated with chlorophyll a concentrations at a 
global scale, which suggests an association with phyto-
plankton communities [91–93]. Johansson et al. [94] and 
Hosseini et  al. [95] reported that Roseovarius has algae 
growth-promoting properties, and Yao et  al. [96] also 
documented that this genus of bacteria produces mor-
phogenic compounds with cytokinin functions which 
promote cell division and growth. It is therefore possible 
that the growth of the Korean strain of N. oceanica culti-
vated under blue, red, and white light is associated with 
Roseovarius, although a co-culture of Roseovarius and the 
Korean strain of N. oceanica was not examined in this 
study. Recently, Vacant et al. [97] concluded that Roseo-
varius has a beneficial effect on the long-term survival of 
microalgal cultures, because of their ability to produce 
vitamin B12. Indeed, cultivating Nannochloropsis spe-
cies in a vitamin-free f/2 medium led to a decrease in the 
growth rate [98, 99]. This indicates that the growth stim-
ulation (the second growth phase) and long-term survival 
of N. oceanica under blue, white, and red light (from day 
24 of incubation), and probably including yellow light, 
may be attributable to the activity of the Roseovarius.

Fig. 4  Clustering heatmap based on Pearson correlation 
coefficients, illustrating the similarity between bacterial communities 
associated with Nannochloropsis oceanica (LIMS-PS-0093) cultured 
under different light sources. The color intensity represents 
the relative abundance of bacterial taxa, with darker shades 
indicating higher abundance. The hierarchical clustering dendrogram 
at the top groups samples based on bacterial community 
composition, highlighting differences and similarities across light 
treatments (purple light: 415 nm, blue light: 450 nm, yellow light: 
592 nm, red light: 620 nm, and control)
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Cultivation strategy for enhancing growth and EPA 
production of the Korean strain of Nannochloropsis 
oceanica
Species and strain selection is the first and most impor-
tant step in bio-prospecting microalgae for any com-
mercial application [100]. In the current study, the 
experiments clearly showed that the Korean strain of 
Nannochloropsis oceanica is likely more useful for EPA 
production. As specific light sources may enhance the 
growth and EPA production of the strain, we propose 
an effective cultivation strategy for the strain. Based 
on the growth responses and fatty acid contents of the 
Korean strain of N. oceanica cultured under different 
light sources, a two-phase culture appears an effective 
strategy for high biomass and EPA productions (e.g., 
[36, 101]); the first phase is for high biomass produc-
tion, and the second phase is aimed at high EPA pro-
duction (Fig. 5). More precisely, the most advantageous 
EPA production system for the Korean strain of N. oce-
anica is to use white or blue light in the initial stages 
to produce the desire cell concentration and gener-
ate rapid growth, then switch to red or yellow light to 
enhance EPA content.

Co-cultivation of microalgae and bacteria may pro-
mote growth and enhance the production of valuable 
algal bioproducts. The genus Roseovarius appears to 
be beneficial to the Korean strain of N. oceanica, and 
if the bacteria has a beneficial effect on the long-term 
survival of the culture of N. oceanica (e.g., [97]), co-
cultivation of Roseovarius species and N. oceanica may 

be able to be used to maintain stock or stater culture. 
However, further studies are required to clarify the 
role of the genus Roseovarius in the Korean strain of N. 
oceanica.

Conclusion
This study investigated the effects of different light 
qualities on the growth, fatty acid content, and bacterial 
communities of the Korean strain of Nannochloropsis 
oceanica. The results showed that white and blue light 
promoted significantly higher cell densities and biomass 
production, while red and yellow light induced relatively 
lower growth but resulted in increased EPA production. 
Bacterial community analysis revealed a strong associa-
tion between high proportions of the genus Roseovarius 
and enhanced algal growth under white and blue light 
qualities. This finding suggests that co-cultivation with 
the genus Roseovarius may be beneficial for sustaining 
long-term cultures of N. oceanica. Based on the observed 
growth patterns and fatty acid content, a two-phase culti-
vation strategy is proposed to optimize both biomass and 
EPA production: the initial phase under white or blue 
light to achieve high cell densities, followed by a second 
phase under red or yellow light to enhance EPA accumu-
lation. This cultivation approach, potentially combined 
with co-cultivation with Roseovarius, may offer an effec-
tive method for the commercial application of the Korean 
strain of N. oceanica for EPA production.

Fig. 5  Illustration of a cultivation strategy to improve the growth and eicosapentaenoic acid (EPA) production of a Korean strain of Nannochloropsis 
oceanica (LIMS-PS-0093)
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