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Abstract

Background
Marine diatoms were considered as a promising alternative to microbial resources for the development of
biofuels, food additives, medicines and chemical materials. Light of wavelength is a principal element
that can easily be controlled in microalgal scale-culture and in�uence the growth, pigment composition,
and lipids accumulation of algal cells. With the increasing implementation of light-emitting diodes (LEDs)
in microalgal production systems (photobioreactors), a measure of light quality controlled by LED could
be suitable to improve microalgal yields.

Results
In this study, Cylindrotheca Closterium, a widely used diatom, in�uenced by �ve light quality (white, red,
blue, green and yellow light) was tested for its effects of growth rates, chlorophylls contents, total lipids
contents and fatty acids compositions. The growth and chlorophyll experiments also showed that the
green and yellow light signi�cantly improve the growth rates and chlorophylls contents than other groups
(P < 0.05). The group white light showed the greatest increases in total lipid contents of C. closterium (P < 
0.05). The group blue light had the highest polyunsaturated fatty acids (PUFAs) proportion (P < 0.05),
while the group white showed the lowest PUFAs and the highest saturated fatty acids (SFAs) and
monounsaturated fatty acids (MUFAs) proportions (P < 0.05). The proportions of SFAs and MUFAs were
negatively correlated with growth, chlorophylls, and lipids. And the proportion of PUFAs and n-3 PUFA was
positively correlated with growth chlorophylls, and lipids. Principal component analysis showed that the
fatty acid composition differed among light quality groups.

Conclusion
In summary, green light and yellow light were conductive to boosting the growth and chlorophylls
accumulation of C. closterium. White light increased total lipid yields, while blue light was superior in
increasing the production of unsaturated fatty acids, especially on the timnodonic acid (EPA). The
application of two-step methods to increase the production of biomass and fatty acids is an effective
measure for the cultivation of C. closterium; green light is used to increase the growth, followed by white
light cultivation to improve total lipids or blue light to enhance the proportion of PUFAs of C. closterium.

Background
With the rapid increase of the world population and the development of industrialization, energy sources
in modern society have been constantly keeping increase in demand. However, the most extensively used
and exploitable fossil energy is a non-renewable resource, which has been unable to meet the needs of
economic and social development [1, 2]. Therefore, the proposed search for renewable energy has
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become an important way to solve such problems. Compared with renewable resources such as wind,
water or geothermal power, bioenergy is not only the oldest renewable energy but also the most novel
solution, because of its advantages such as unlimited geographical conditions, easy access to sunlight,
air and water resources. Moreover, biodiesel is one of the best promising candidates in response to the
energy crisis, since it has the capability to minimize most of the environmental problems [3]. Microalgae
are considered one of the most potential and healthy food due to their advantages such as small
cultivation coverage areas, simple equipment requirements, fast growth rate, minimal consumption (they
can be used as microalgal nutrients in municipal wastewater), and their high nutritive values[4, 5].
Microalgae species with superior performance have been currently developed, such as Chlorella and
Nannochloropsis, while generally concentrated in green algae species [6, 7]. Diatoms, a few microalgae
species that use fat as a direct reserve, have been invariably neglected. Research on diatoms has been
aimed at the development of lipid extraction, which are rich in polyunsaturated fatty acids (PUFAs),
making them the most optimal choice for high-added products. With the progress of microalgal
sentiment and lipid extraction techniques, it is urgent for algal biologists to screen suitable microalgal
strains, optimal environmental factors and methods to promote oil-yield improvements.

Light is the crucial source of energy input and feedback information for microalgae to maintain normal
physiological activities, respond to external stimuli and adapt to their surrounding environment [8].
Generally, characteristics of light environments, including light quality, quantity and photoperiod, are
extensively linked to the growth and development of diatoms, especially their photosynthesis [9]. Light
quality (exclusive visible spectrum) is the wavelength range of a particular colour of light dispersed
through a �xed medium. Wei et al (2020) also showed that light with wavelengths from 400 nm to 700
nm could be utilized for photosynthesis by microalgae. The responses of microalgal growth rates and
lipid contents to differential light quality values were signi�cantly diverse[8, 10]. Hence, microalgae
require optimal light quality to achieve a maximum growth rate. Compared with light intensity and
photoperiod, light quality is more easily controlled and regulated though generally limited, and has been
abundantly applied in the cultivation of advanced plants[11, 12].

Cylindrotheca closterium is a marine eukaryotic unicellular diatom, and the cell shape is fusiform, 12 ~ 23
µm in length and 23 µm in width [13, 14]. The microalgal species C. closterium is widely sought due to its
ability to synthesize large amounts of lipid bodies and for its high biomass productivity, making it an
ideal choice for the production of food, feed, nutraceuticals, and biofuel [15–17]. The investigation for the
applicable ways to improve the yields and nutrient components of rhomboid algae, especially in PUFAs,
has attracted many researchers. To provide additional information on light quality constraints in�uencing
the production and lipid content, fatty acids composition of this diatom. Therefore, the objective of this
study was to investigate the differential effects of C. closterium to different single LED wavelengths.

Results

Comparison of the growth rates on various light qualities
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Different light qualities were used to stimulate C. closterium for 7 days aiming to observe their effects on
growth. The treatment of light quality had signi�cant differences on the growth rates of C. closterium (P < 
0.05; Fig. 1). Yellow Light (YL) (0.426) > Green Light (GL) (0.425) > White Light (WL) (0.398) > Blue Light
(BL) (0.396) > Red Light (RL) (0.000). The dominance of GL and YL was signi�cantly greater than other
three groups (P < 0. 05).

Comparison of chlorophylls content on various light
qualities
Figure 2 shows chlorophylls content of C. closterium under the different light quality; there were
signi�cant differences among treatments (P < 0.05). The range of chlorophyll a (Chla) content was from
1.26 × 10− 7 µg·ind− 1 to 1.99 × 10− 7 µg·ind− 1 under various light qualities. While chlorophyll c (Chlc)
concentration was from 0.04× 10− 7 µg·ind− 1 to 0.12 × 10− 7 µg·ind− 1 (Table. 2). Chla concentration on
WL and GL was the highest, which was signi�cantly higher than that under other light conditions (P < 
0.05). There was no signi�cant difference in Chla content between YL and BL (P < 0.01), while the
difference of various light qualities performing on Chlc content was consistent with Chla content.

Comparison of total lipids content on various light qualities
The determined total lipids content was demonstrated in Fig. 3. There were signi�cant differences in
lipids content between various light quality cultivation (P < 0.05). The total lipid contents ranged from
5.40–11.37%, in which WL (11.37%) > GL (10.27%) > YL (9.80%) > BL (7.56%) > RL (5.40%) (Table.2). The
lipid content in WL condition was the highest, which was signi�cantly higher compare with all the other
light culture (P < 0.05). The total lipids content in groups YL and GL was signi�cantly greater than that in
groups RL and BL (P < 0. 05), but there was no signi�cant difference in total lipids content between
groups RL and BL (P > 0. 05).

Comparison of fatty acids pro�le on C. closterium on various light qualities

Light quality supplement had a signi�cant effect on all measured fatty acids pro�les and yield (Table. 3).
Under light quality culture, the saturated fatty acid (SFA) concentration of C. closterium ranged from
26.77–33.65%. No signi�cant difference of GL, RL and BL on SFA’s content was demonstrated in the
presented experiment (P < 0. 05). However, SFA under these treatments was signi�cantly higher than that
in groups WL and YL (P < 0. 05). There was no signi�cant difference in MUFA between LED RL and YL (P 
< 0. 05), both of which were signi�cantly higher than those of other light quality treatments, ranging from
26.72–35.13%. MUFA was mainly contributed by C16: n-7, and the maximum content of MUFA can reach
37.50% under RL cultivation.

Polyunsaturated fatty acid (PUFA) content was not signi�cantly altered between groups BL, YL and GL (P 
< 0. 05), while was signi�cantly higher increase than that of WL and RL (from 28.86 to 39.95%). It was
mainly supplied by C20: 5(n-3) (EPA), as well as the highest part was 39.95% under blue light treatment.
EPA and C22: 6(n-3) (DHA) were merely detected in n-3 PUFA. The content of n-3 PUFA in response to BL
culture was signi�cantly higher than other light quality treatments. No signi�cant effect on the content of
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n-6 PUFA occurred with the administration of WL, GL and YL cultures, while was signi�cantly higher than
that in the RL and BL cultures. n-6 PUFA content ranged from 1.93–3.29% and was mainly composed of
C20: 4(n-6) (ARA), C18: 2(n-6), and C16: 2(n-6). EPA’s content under blue light culture (26.76%), in C.
closterium ranged from 18.21 to 26.76%, was signi�cantly higher compared with other light quality. All
supplements with speci�c LED wavelength and optimal light intensity produced DHA yields of C.
closterium, while DHA production remained a relatively low level, ranging from 1.93 to 3.29%.
Signi�cantly increased DHA content was observed in RL culture compared with other light quality
treatments, and there was no signi�cant difference in the content of DHA with other experimental groups.

The principal component analysis (PCA) plots for the fatty acid composition of C. closterium, in which
each point represented a sample stimulated by different light quality, showed quite evident differences
among the different light quality treatments. The �rst and second principal components accounted for
64.6% of the variation (29.1% and 35.5% respectively) (Fig. 3). The fatty acid pro�les were grouped into
�ve clusters, which matched light quality groups. The fatty acid composition of group WL (W) and GL (G)
was most closed, while the group RL (R) and BL (B) was most far away from each other. G’s circle
stretched across the four quadrants and had considerable proportion of C16: n-9. W circle had no
signi�cant enrichment in fatty acids composition. Furthermore, C16: 3(n-4) was the dominant
composition of fatty acids in YL (Y) circle. RL and BL had their advantages and occupied respectively the
fourth and third quadrant. R circle was relatively rich in C18: 0 and C22: 6(n-3), while C14: 0, C20: 5(n-3)
and C16: 4(n-1) were the dominant composition of fatty acids in B circle. These results indicated that the
fatty acid composition of C. closterium under diverse light conditions could be differentiated.

Correlation analysis of growth and fatty acids composition on C. Closterium

The correlation coe�cients (r) of growth and fatty acids composition on C. Closterium ranged from − 1 to
1 (Fig. 4). n-6 PUFA had no signi�cant correlation with other measured indexes, so there was a bank
space on the right side of Fig. 4 (P < 0. 05). In the evaluation of quantitative index ‘r’, there was no
correlation between SFA and Chlc, Chla; between lipids and MUFA, n-3 PUFA (|r| < 0.2). In addition, Chlc
had weakly negative correlation with n-3 PUFA (0.2 ≤ |r| < 0.4). Additionally, SFA were entirely moderately
negative correlated with GR and lipids (0.4 ≤ |r| < 0.6). Nevertheless, a moderately negative correlation
was observed between MUFA and GR, Chlc; between PUFA and Chlc, lipids. Notwithstanding, n-3 PUFA
had moderately positive correlation with GR and Chla (0.4 ≤ |r| < 0.6). A strong negative correlation was
found between MUFA and Chla (0.6 ≤ |r| < 0.8). There was a very strongly positive correlation between
PUFA and GR, Chla (|r| ≥ 0.8).

Discussion
Effects of different light qualities on the growth of C. closterium

The growth of C. closterium on groups GL and YL was greater than the other groups. The growth of C.
closterium on groups WL and BL was moderate and the lowest growth was observed on the group RL.
These results may be due to differences in spectral coverage, photon energy and luminous power among
light qualities. Li reported that blue light could signi�cantly promote the growth of Chaetoceros gracilis,
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while red light could cause growth inhibition [18]. Our results also showed that the main effect of the
group RL was a decreasing trend in the growth rate of C. closterium.

Previous studies have suggested that mixed light such as white has more advantages light rather than
the single wavelength for enhancing the production of microalgae [19, 20]. WL has a wide range of
wavelength containing various wavelength signals and energy, which can meet the requirements of the
growth of microalgae. In the present study, group WL grew poorer than groups GL and YL, possibly due to
the low proportion of certain important wavelengths. Compared with the single wavelength, there was a
higher proportion of unsuitable wavelength in group WL than in the single wavelength groups and the
more suitable wavelength may have been less absorbed by microalgae. Some studies demonstrated that
the experiments on the effect of different ratios of red-blue mixed light on the growth of Spirulina had
also achieved good results [20]. Other studies also showed that the experiment on the effect of different
the ratio of red-blue mixed light on the growth of Spirulina has also achieved good results [20]. The
effects of C. Closterium with different mixes of suitable wavelength is worthy of further research.

Effects of various light qualities on chlorophylls content in C. closterium

Photosynthesis occurs only in the chlorophyll-containing cells of green plants and algae, as it plays a key
role in capturing photoelectrons and acts as an effective catalyst for photoreaction [21]. The observations
of this experiment provided the evidence of signi�cant effects of various light qualities on Chla and Chlc
contents of C. closterium, and GL was the most suitable light source among these light qualities, which
displayed the same trend on the growth of C. closterium. The key to the metabolism of microalgae lies in
the conversion of light energy to chemical energy, and the photosynthetic pigment molecules carried by
themselves can solve this problem very well [22]. Some studies have indicated that Chlorophyta and
Cyanobacteria showed a preference for short wavelength, which may be related to their pigment
composition [23, 24]. The light energy absorption mode of Chlorophyta is mainly chlorophyll a and b,
which is more e�cient for red light such as long wavelength, and the light system of cyanobacteria based
on phycobilin can effectively absorb red light and blue light [25, 26].

Chla and Chlc, the main photosynthetic pigments of C. closterium, directly indicates the speed of the
photosynthetic rate and is related to the growth of algal cells [27]. C.closterium to generally snuff-
colouredcolored, rich in diadinoxanthin, lutein and other carotenoids, can greatly improve the e�ciency of
photoelectron capture and is important to assisting photocatalytic water splitting [28]. Consequently,
there were favorable advantages of using the short wavelength light. The use of short-wave lengths, such
as GL and YL, prevailed for C. closterium. In addition, photosynthetic pigments have different light
absorption with different wavelengths, which can affect the formation of photosynthetic pigments [29].
Kana indicated that environmental factors could affect the concentration and composition of
photosynthetic pigments in microalgae in a dynamic manner [30]. Prasiola crispa, an aerial green-algae,
has the long wavelength chlorophylls that can absorb considerable at approximately 710 nm [24].

Effects of various light qualities on lipid contents of C. closterium
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Photons are one of the important factors affecting biochemical components in cultures, and various light
quality conditions will have a signi�cant impact on lipid synthesis [31, 32]. The results showed that in
comparison to the other light qualities, the WL, GL and YL cultivation were all conducive to the synthesis
and accumulation of total lipids for C. closterium. Because of short-term stimulation of algal cultivation
with light quality, RL stimulation did not damage algal cells; compared to growth experiments with long-
term adaptation, those with RL stimulation could still result in growth. Hultberg found that Chlorella
vulgaris with red and green light enhanced biomass production and fatty acid contents [33]. The methods
of blue light use and nutrient starvation were also proved to be highly e�cient in promoting the
production of Chlorella sp. AE10 [10]. As mentioned above, certain studies have suggested that the total
lipids of microalgal cells have distinct responses under different light quality treatments. Various light
qualities have different effects on the activities of crucial enzymes in the lipid synthesis pathway, leading
to total lipid content variation in microalgae [9, 34].

In this study, in comparison to the other light quality, group BL had no signi�cant effects on lipid content
and growth, which was not in agreement with the previous conclusions that BL would increase growth
and lipid content [23, 25]. These results seemed to suggest that BL, the shortest wavelength among the
�ve kinds of light quality studied, had the highest energy with light irradiance and may cause high-energy
damage to algal cells, which can be con�rmed by the determination of antioxidant enzyme activity in
algal cells in future experiments [35].

Effects of various light qualities on fatty acid pro�les of C. closterium

Various light quality affected the fatty acid composition of C. closterium and in�uenced their growth and
development. SFAs and MUFAs were negatively correlated with growth, while PUFAs were positively
correlated with growth (Fig. 4). The PCA analysis of the fatty acid pro�le also showed several distinct
differences under different light quality conditions (Fig. 5).

The main components of SFAs were myristic acid (C14: 0), palmitic acid(C16:0) and stearate acid (C18:
0) of C. closterium, and this was highest in group RL and lowest in group YL. Radakovits found that the
accumulation of SFAs may be related to the expression level of acyl-ACP thioesterases in genetically
engineered Phaeodactylum tricornutum [36]. Some studies also found that light quality can affect the
activities of enzymes related to fatty acid synthesis, but whether red light can affect the activities of
thioesterase and other related enzymes in SFA metabolic pathway [37]. We only con�rmed that RL
promoted the accumulation of much SFAs, which leads to a decrease in the proportion of PUFA, and so is
the performance of group YL. However, which plays a major role in the synthesis of unsaturated fatty
acids and saturated fatty acids needs to be further studied.

Some studies have shown that the synthesis of palmitoleic acid was correlated with substrate
concentration of its palmitic acid (C16: 0), but the current results did not support this view. Because group
BL with the lowest MUFAs also had a high content of palmitic acid (21.33%). However, there is a positive
correlation between MUFA and growth, he relationship between growth performance and palmitoleic acid
is still unclear. Other studies have pointed out that the existence of PUFA and MUFA is necessary for
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microalgae to maintain the stability of cellular membrane structure [38]. As the most important lipid
reservoir of lipid droplets, the stability of the outer membrane structure of lipid droplets is related to
whether it can effectively accumulate more fatty acids [39].

PUFAs with 18 and 20 carbon are vitally important substrates in the synthesis of long-chain unsaturated
fatty acids [40]. The content of 16-carbon PUFAs (including C16: 2(n-6) and C16: 3(n-4)) in was
signi�cantly higher the YL treatments than in all the other light treatments, and the high content of 16
carbon PUFAs suggested that YL may play a key role in inducing fatty acid biosynthesis-related
regulation of the enzyme activities of prokaryotic plastids in algal cells.The WL treatment resulted in a
greater increase in the 18 carbon (C18: 2(n-6) and C18: 3(n-6)) and 20 carbon (C20: 4(n-6), C20: 5(n-3)
and C22: 6(n-3)) PUFAs contents; speci�cally, the content of ARA (2.89%) and C18:2(n-6) (2.34%) were
signi�cantly higher in the WL treatment than in the other treatments, which suggested that the
composition of fatty acids in the WL treatment was consistent with the substrates of long-chain PUFA
synthesis.

Although SFAs proportion limited the production of PUFAs under group BL, the EPA content still
maintained the highest level compared that with in other treatments. EPA involved in the synthesis of
phospholipids to form the cell membrane, can adjust the membrane �uidity to adapt to the stressful
environment [41]. Accompanied by growing experiments, these observations may show that in group BL,
C. closterium may be induced to produce light damage. Relative to selecting the optimal light intensity, BL
possesses powerful emission energy and can activate the antioxidant system of algal cells. Nonetheless,
in terms of light quality regulation, whether BL and RL were able to regulate the lipid metabolism process
of diatom cells, the signi�cant levels of C16:2(n-6) and C16:3(n-4) in group YL showed that light quality
also plays a regulatory role in the lipid metabolism process of diatoms. There was no signi�cance or
advantage in increasing the yield of fatty acids among the groups GL and WL. The process through
which energy and information regulation played the main role should be determined by determining the
key enzyme that regulates information and the chlorophyll light energy quenching experimental results of
photosynthesis [42, 43].

Conclusion
Our study of C. closterium established that light composition played a dominant role affecting normal
survival in this prominent marine species and economically aquatic microalgae and further enhanced our
knowledge of the function of light factors. The application of two-step methods to increase the
production of biomass and fatty acids is an effective measure for the cultivation of C. closterium. For
example, green light is used to increase the growth, followed by white light cultivation to improve total
lipids or blue light to enhance the proportion of unsaturated fatty acids of C. closterium.

Materials And Methods

Microalgal strain and cultivation
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C. closterium was provided by the microalgae laboratory of Ningbo University. NUM3 (Table 1) was used
as the culture medium using autoclaved seawater from Xiangshan Bay at 25‰ salinity [44]. The culture
medium was enriched with1 mL of 1000× NUM3 nutrient solution. The culture of seawater and
Erlenmeyer �asks was disinfected and sterilized. Stock cultures were grown in 1 L �asks and used to
inoculate the working cultures (GXZ-intelligent light incubator, Ningbo Jiangnan Instrument Factory,
China).

Table 1
Composition of NUM3 culture medium.

Nutrient composition Mass concentration

(g·L− 1)

KNO3 100

KH2PO4 10.0

FeSO4·7H2O 2.50

MnSO4 0.25

EDTANa2

Na2SiO3·9H2O

10.0

2.50

Table 2
Characterization of cell density, RGR, Chla, Chlc and Total lipids properties of C. Closterium under

different light quality culture.
Treatment Cell density (104

ind·mL− 1)
RGR

(day− 1)

Chla

(10− 7 µg ind− 

1)

Chlc

(10− 7 µg·ind− 

1)

Total lipids

(% dry
basis)

RL 0.00 ± 0.00 c 0.00 ± 
0.00 c

0.00 ± 0.00 d 0.00 ± 0.00 c 5.40 ± 1.15
c

YL 313.33 ± 9.46 a 0.43 ± 
0.01 a

1.26 ± 0.17 c 0.04 ± 0.03 b 9.80 ± 0.41
ab

GL 313.33 ± 25.04 a 0.43 ± 
0.01 a

1.99 ± 0.05 a 0.13 ± 0.06 a 10.27 ± 
2.76 ab

BL 255.00 ± 21.65 b 0.40 ± 
0.01 b

1.69 ± 0.05 b 0.09 ± 0.04 ab 7.56 ± 1.83
bc

WL 255.00 ± 15.21 b 0.40 ± 
0.01 b

1.78 ± 0.21 ab 0.12 ± 0.07 ab 11.37 ± 
1.99 a

The values are means ± S.D. Different letters indicate statistically signi�cant difference (P < 0.05,
Duncan's analysis).
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Table 3
Proportions of fatty acids under different light quality cultivation of C. Closterium.

Fatty Acid
Pro�le

Proportion (%)

RL YL GL BL WL

C14: 0 5.41 ± 0.32 b 5.18 ± 0.18 b 6.99 ± 0.35 a 7.07 ± 0.79 a 6.39 ± 0.08 a

C16: 0 22.01 ± 0.85
a

17.22 ± 0.85 c 20.5 ± 0.75 ab 21.33 ± 0.59
a

19.56 ± 0.99
b

C18: 0 6.23 ± 0.80 a 4.38 ± 0.15 bc 5.05 ± 0.37 b 4.94 ± 0.10 bc 4.23 ± 0.17 c

SFA 33.65 ± 1.47
a

26.78 ± 0.93 c 32.55 ± 0.74 a 33.35 ± 1.36
a

30.19 ± 1.09
b

C16: n-7 31.95 ± 1.70
a

29.72 ± 1.74 b 25.22 ± 0.71 c 21.85 ± 1.01
d

28.14 ± 0.79
b

C16: n-9 -- -- 0.93 ± 0.02 a -- --

C18: n-7 4.88 ± 0.24 a 4.37 ± 0.19 a 3.66 ± 0.41 b 4.87 ± 0.40 a 4.84 ± 0.32 a

C18: n-12 0.67 ± 0.06 c 1.04 ± 0.09 b -- -- 1.68 ± 0.19 a

MUFA 37.5 ± 1.59 a 35.13 ± 1.67 b 29.81 ± 0.29 c 26.72 ± 1.35
d

34.66 ± 1.07
b

C16: 2(n-6) 1.93 ± 0.19 a 1.79 ± 0.10 a 1.06 ± 0.08 b 0.37 ± 0.01 c --

C16: 3(n-4) 7.41 ± 0.31 d 13.45 ± 0.50 a 12.08 ± 1.30 b 6.74 ± 0.22 d 8.84 ± 0.35 c

C16: 4(n-1) -- -- -- 1.77 ± 0.09 a --

C18: 2(n-6) -- -- 1.34 ± 0.21 b 1.38 ± 0.20 b 2.24 ± 0.30 a

C18: 4(n-12) -- -- -- 0.70 ± 0.03 a --

C20: 4(n-6) -- 1.28 ± 0.11 a 0.89 ± 0.07 b 0.27 ± 0.01 c 0.80 ± 0.02 b

Different letters indicate statistically signi�cant difference (P < 0.05, Duncan's analysis). The data
were shown as mean ± standard deviation.

1. SFA: Saturated fatty acids.

2. MUFA: Monounsaturated fatty acids.

3. PUFA: Polyunsaturated fatty acids.

4. n-6 PUFAs: n-6 polyunsaturated fatty acids.

5. n-3 PUFAs: n-3 polyunsaturated fatty acids.
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Fatty Acid
Pro�le

Proportion (%)

RL YL GL BL WL

C20: 5(n-3) 18.21 ± 1.70
d

20.58 ± 0.25 c 21.27 ± 1.89
bc

27.77 ± 1.27
a

23.37 ± 1.30
b

C22: 6(n-3) 1.31 ± 0.09 a 1.00 ± 0.09 b 1.02 ± 0.08 b 0.95 ± 0.13 bc 0.80 ± 0.02 c

PUFA 28.86 ± 1.23
c

38.09 ± 0.90
ab

37.66 ± 0.93 b 39.95 ± 1.66
a

36.04 ± 0.80
b

n-3 PUFA 19.52 ± 1.66
c

21.58 ± 0.25
bc

22.29 ± 1.86 b 28.72 ± 1.36
a

24.17 ± 1.29
b

n-6 PUFA 1.93 ± 0.19 b 3.07 ± 0.19 a 3.29 ± 0.23 a 2.02 ± 0.20 b 3.04 ± 0.29 a

Different letters indicate statistically signi�cant difference (P < 0.05, Duncan's analysis). The data
were shown as mean ± standard deviation.

1. SFA: Saturated fatty acids.

2. MUFA: Monounsaturated fatty acids.

3. PUFA: Polyunsaturated fatty acids.

4. n-6 PUFAs: n-6 polyunsaturated fatty acids.

5. n-3 PUFAs: n-3 polyunsaturated fatty acids.

Single factor experiment design
White light (LED) was used as the control group, and LED lights of different single colours red, yellow,
blue, and green light) were used as the light source for C. closterium growth. All microalgal cultivation
experiments were performed at a constant temperature and light incubator (PGX-330AY2-intelligent light-
quality incubator, Ningbo Lifewww Technology Company, China). The cell density was adjusted to
16×104 cell ind·mL− 1 after inoculation to ensure the same starting points for all experimental conditions.
The cultivation conditions were set as follows: static closed cultivation, shaken twice a day (8:00 and
18:00), temperature adjusted to around 20 ± 1°C, the light intensity controlled at 120 ± 2 µmol·m− 2·s− 1,
and the light and dark cycle maintained at (L: D) 12:12 [13, 15]. The light intensity was measured by an
illuminometer (GM1030C, BENETECH, Shenzhen Jumaoyuan Science and Technology Company, China).

Growth determination
Three biological replicates were set-up for each different light quality condition. The cells were harvested
for further processing at day 7 after inoculation, and the cell density was measured by Andreasson
method [45]. The growth rate (GR) was estimated by linear regression using the following expression: GR
= (ln Nt-ln N0)/t (µ/d)
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where Nt is the number of cells measured each day (from the �rst to sixth day of culturing) and N0 is the
initial cell density.

Chlorophyll a determination
The chlorophylls were measured as described by the acetone method [46]. Ten millilitres of algal liquid
were harvested by centrifugation into a 50 mL centrifuge tube and washed with distilled water to remove
extra salt. The samples were leached with 10 mL 90% acetone (hatched at 4°C, v/v), stored in a
refrigerator for 24 h. After centrifugation at 12 000 rpm for 20 min at 4°C, pigment supernatant was
obtained for the determination of absorbance at wavelengths of 640 nm and 630 nm, and 90% acetone
was used as the blank control. The chlorophylls were calculated according to the following formula:

Chlorophyll a (ug/ind) =(11.47A664-0.40A630) / C

Chlorophyll c (ug/ind) =(24.36A630-3.73A664) / C

(C is the density of algal cells at exponential phase)

Total lipid and fatty acid pro�le determination
The algal cells were harvested by centrifugation into a 50 mL centrifuge tube and washed with distilled
water to remove extra salt. The samples were stored in a refrigerator, frozen at -20°C for one day and
lyophilized (FD5-3T Vertical Freeze Dryer, Gold-SIM) for 2 days. Then, 1 000 mg of algal powder was
weighed, and total lipids was extracted by the Bligh and Dyer method [47] and rotary evaporation to a
constant weight to measure lipid content.

The fatty acid pro�le of algae was measured as described by [48]. Fatty acids were determined from the
lipid samples. The solutions containing 5–6% (w/v) KOH dissolved in CH3OH and 14% BF3-CH3OH
solution were added to the crude lipid samples for saponi�cation and methylation and rotary
evaporation. The samples were extracted to obtain supernatant with n-hexane by centrifugation. The
fatty acid pro�le was separated and identi�ed using GC–MS (Agilent 7890B single bond 7000C, GC–MS,
Agilent Technologies, Santa Clara, CA, USA) equipped with a Vocol fused-silica capillary column (60 m ×
0.32 mm i.d., 0.25 µm �lm thickness; Supelco, Bellefonte, PA, USA). We con�rmed the chemical structure
formulae of fatty acids through Chem Spider (http://www.chemspider.com; Royal Society of Chemistry,
London, UK). Relative quantities were expressed as percentage weight of total fatty acids in each sample
(% total fatty acid).

Statistical analysis
The results were analysed based on the data from at least three different algal cultivations. Experimental
results were expressed as the mean value ± SD. The differences between groups were tested for
signi�cance by the least signi�cant difference mean comparison using the IBM® SPSS® Statistics
software program (version 23). The relationship between variables was determined by one-way ANOVA at
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a signi�cance level of 0.05 using a Duncan’s test. The graphs were drawn in Origin 2018. Correlation
analysis and principal component analysis (PCA) were visualized using the R Studio (4.0.3).
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Figure 1

Growth of C. closterium cultures grown under different light source as well as control conditions. RL (red
light), BL (blue light), GL (green light), YL (yellow light) and WL (white light as control group). Different
letters indicate statistically signi�cant difference (P < 0.05, Duncan's analysis). Data are shown as mean
+/-SD of 3 biological repeats (n = 3).
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Figure 2

Chls concentration of C. closterium cultures grown under different light source as well as control
conditions. RL (red light), BL (blue light), GL (green light), YL (yellow light) and WL (white light as control
group). Different letters indicate statistically signi�cant difference (P < 0.05, Duncan's analysis).
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Figure 3

Lipid Content of C. closterium cultures grown under different light source as well as control conditions.
RL (red light), BL (blue light), GL (green light), YL (yellow light) and WL (white light as control group).
Different letters indicate statistically signi�cant difference (P < 0.05, Duncan's analysis).
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Figure 4

Principal component analysis (PCA) based on fatty acid compositions of C. closterium cultures under �ve
light sources. Fatty acid compositions from �ve light-source groups, R (red light), B (blue light), G (green
light), Y (yellow light) and W (white light as control group). The upper panel (a) shows factor coe�cients
plot (a), while the lower panel (b) shows the loading plot for the corresponding fatty acids' contribution to
the scores plot.
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Figure 5

Correlation analysis of GR (growth rate), Chla (chlorophyll a), Chlc (chlorophyll c), Lipids (total lipids
content), SFA (saturated fatty acid), MUFA (monounsaturated fatty acid), PUFA (polyunsaturated fatty
acid), n-3 PUFA, and n-6 PUFA among the C. closterium cultures grown under different light source. The
color shades represent the numerical size of the correlation coe�cient. |r| ≥ 0.8, very strong correlation;
0.6 ≤ |r| < 0.8, strong correlation 0.4 ≤ |r| < 0.6, moderate correlation 0.2 ≤ |r| < 0.4, weak correlation |r| <
0.2, no correlation.


