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Abstract This study investigated the antioxidant
system and the growth of marine cyanobacteria, Syne-
chococcus sp., illuminated by white (350-700 nm), red
(630 nm), green (530 nm) and blue (450 nm) light-emit-
ting diodes (LEDs) during 8 days of cultivation. We
measured dry weight, total lipid concentration, antiox-
idant enzyme (superoxide dismutase, catalase and glu-
tathione peroxidase) activities, lipid peroxidation and
H,O, levels. In red and green LED light, dry weight
and total lipid concentration were significantly higher
than under other light spectra. Furthermore, antioxi-
dant enzyme activities were significantly higher in red
light than in the other light spectra evaluated. How-
ever, the H,O, level in red light was significantly lower
than that found under other light spectra. These results
indicated that red LEDs inhibit oxidative stress and
enhance antioxidant function in cultured Synechoco-
CCUS SP.
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The metabolism and growth of phytoplankton (algae)
isregulated by both the intensity and spectral composi-
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tion of light*2. However, in nature, the photic regime
experienced by a planktonic algae is not uniform, and
different wavelengths of sunlight are attenuated by
seawater at different rates®.

Generaly, blue wavelengths (approximately 480 nm)
are dominant in the ocean, and phytoplankton is ex-
posed primarily to blue light*. However, yellow-green
wavelengths are dominant in coastal and bay waters
rich in suspended solids because the blue light is ab-
sorbed. For this reason, the growth of species that pri-
marily absorb red light is difficult to maintain in coas-
tal and bay waters. In contrast, species that primarily
absorb yellow-green light are generally dominant in
marine waters®. Recent research has sought to enhance
productivity with light of a single wavelength in mass
cultures of microalgae to supply prey to farmed species
in aguaculture®’. However, research on the effect of
different light wavelengths on the growth of microal-
gae®? is a relatively uncommon type of research on
the physiological characteristics of microalgae.

Research on the effects of illumination with blue
light and red light or both red and blue light, in terms
of the absorption wavelengths of chlorophyll, and
research on enhancing cultivation efficiency by regu-
lating pulses of light effectively for terrestrial plants
contrast with research related to microalgae'®. In addi-
tion, research has examined the physiological responses
of plants to different wavelengths of light in terms of
the regulation of oxidative stress. These responses
depend on the wavelength and the intensity of the light
source'. More recently, LEDs (light-emitting diodes)
have been developed. These devices can emit light of
a single wavelength®?. LEDs have been used in the
cultivation of terrestrial plants and to promote the
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growth of teleosts'®'4. Additionally, previous studies
have reported that single wavelengths of blue and green
light decreased oxidative stress during starvation in a
marine teleost, the cinnamon clownfish Amphiprion
melanopus'®.

LEDs are recognized as a light source that offers
high culture efficiency and economy in sealed cultures
compared to fluorescent lamps. LEDs can also increase
the overal efficiency of the light supplied to a culture
by furnishing only the wavelength of light suitable for
the particular cultured species'®. However, the use of
LED technology in marine research, including research
on agae and photosynthetic microalgae, is still in its
initial stages.

Cyanaobacteria such as Prochlorococcus sp. and
Synechococcus sp. are important primary producers.
These microalgae fix nitrogen”8, In particular, Syne-
chococcus sp. is distributed virtually throughout the
world ocean, ranging from tropical coasts to the polar
regions. This organism is abundant in coastal waters
and can contribute up to 20% of total primary produc-
tion'’. Recently, these microalgae have been identified
as a potential source of biofuels and biomaterials. Re-
search on Synechococcus sp. has included a population
study involving different light sources and pigments
responsive to blue-green light®°. Another study hasin-
vestigated growth and antioxidant reactions in response
to treatment with microcystin-RR?. Various marine
organisms, including all cyanobacterial groups that
play an important role as primary producers in the
ocean, are known to grow under environmental condi-
tions that induce oxidative stress’. Reactive oxygen
species (ROS), including superoxide (O,7), hydrogen
peroxide (H.O,), hydroxyl radicals (HO") and singlet
oxygen (*0,), are naturally produced during oxidative
metabolism??. Organisms will employ antioxidant de-
fense mechanisms to protect themselves from oxida-
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Figure 1. Relative intensity and colors of light generated by
the light-emitting diodes (LEDs) used in this study (white, blue,
green and red LEDs). Reprinted from ref. (Shin et a., 2011),
with permission from Comparative Biochemistry and Physi-
ology, Part-A.

tive stress induced by ROS produced by the body.
These mechanisms facilitate the maintenance of home-
ostasis. Antioxidants include enzymes such as super-
oxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPX)Z.

In this study, we examined the effect of the growth
and antioxidant mechanisms of the cultured marine
cyanobacterium Synechococcus sp. under white, red,
green and blue LEDs during 8 days of culture. In addi-
tion, we determined the oxidative stress levels and the
antioxidant response mechanisms for specific spectra
by measuring SOD, CAT and GPX activities, plasma
H,0, and lipid peroxidation (LPO) under the LED
spectra during the experiment.

Results

Light sources

Figure 1 shows the spectral distribution scans taken
from 350 to 700 nm at 2 nm steps with a spectrometer.
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Figure 2. Change in levels of (A) dry weight and (B) growth
rate in Synechococcus sp. under various light treatments (white,
red, green and blue LEDs). Vaues with numbers are signi-
ficantly between culture days within the same LED spectra
(P<0.05). The lowercase letters indicates significant differ-
ences between different LED spectra within the same culture
days (P<0.05). All values are means+ SE (n=5). Tempera-
ture, 25+ 1°C; 33 salinity; pH 8.0.
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Figure 3. Levels of total lipid production in Synechococcus
sp. under white, red, green, and blue LEDs. The lowercase
letters indicates significant differences between different LED
spectra within the same culture days (P < 0.05). All values are
means=+ SE (n=5).

The emission peak for the LED light sources were
white (350-700 nm), red (peak at 630 nm), green (peak
at 530 nm) or blue(peak at 450 nm) light.

Dry weight and growth rate of Synechococcus sp.

We measured the dry weight and growth rate of Syne-
chococcus sp. during the 8 days of experimental expo-
sureto light (Figure 2). In all experimental groups, the
dry weight increased significantly over this 8 day period
(Figure 2A). The dry weight of the organism under the
red and green LED treatments was significantly higher
than that for the other spectra.

Additionaly, the growth rate(r) for the red and green
LED treatments (0.332+0.004 and 0.334+0.003, re-
spectively) was significantly higher than that for the
white and blue LED treatments (0.278+0.005 and
0.303+0.003, respectively) (Figure 2B).

Total lipid production analysis

We investigated the total lipid production of Synecho-
coccus sp. during the experiment (Figure 3). The tota
lipid production for the red and green LED treatments
(0.230£0.024 and 0.233+0.015 g/L, respectively)
was significantly higher than that for the white and
blue LED treatments(0.122+0.006 and 0.184 + 0.008
o/L, respectively).

Activity of antioxidant enzymes(SOD, CAT and GPX)

We examined the antioxidant enzyme activities during
the experiment with a plate reader (Figure 4). In all
experimental groups, the SOD and GPX levels showed
asignificant increase at 4 days and then decreased at
the end of the experimental period. The CAT level
increased significantly until the 8th day.
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Figure 4. Changes in the activity levels of SOD (A), CAT
(B) and GPX (C) in cultured Synechococcus sp. under white
(W), red (R), green (G) and blue(B) LEDs, as measured with
a microplate reader. Values with numbers are significantly
between culture days within the same LED spectra(P < 0.05).
The lowercase letters indicates significant differences between
different LED spectra within the same culture days(P< 0.05).
All values are means+ SE (n=5).

In particular, al antioxidant enzyme activities were
significantly higher under the red LED treatment than
in the other spectrum groups.

H,0, and LPO levels

The H,0, and LPO levels during the experiment were
observed with a plate reader. The H,O, levels in all
treatments increased significantly until the 8th day.
The H,0, levels under the red LED treatment were
significantly lower than those in the other spectrum
groups (Figure 5). Furthermore, the LPO levelsin all
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Figure 5. H,O, levels in cultured Synechococcus sp. under
white (W), red (R), green (G) and blue (B) LEDs, as measured
with amicroplate reader. Va ues with numbers are significantly
between culture days within the same LED spectra(P < 0.05).
The lowercase letters indicates significant differences between
different LED spectra within the same culture days (P < 0.05).

All values are means+ SE (n=5).
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Figure 6. LPO activity in cultured Synechococcus sp. under
white (W), red (R), green (G) and blue (B) LEDs, as measured
with amicroplate reader. Vaues with numbers are significantly
between culture days within the same LED spectra(P < 0.05).
The lowercase |etters indicates significant differences between
different LED spectra within the same culture days (P < 0.05).
All values are means=+ SE (n=5).

experimental groups increased significantly until the
8th day, but the LPO levels under the red LED treat-
ment were significantly lower than under other light
spectra(Figure 6).

Discussion

In this study, we examined the growth and the antiox-
idant mechanisms of cultured marine cyanobacteria,
Synechococcus sp. under different LED spectra (white,
red, green and blue LEDs) during an 8 day culture
period. We measured the dry weight and lipid content

to understand the physiological aspects of light on
Synechococcus sp. grown under different LED spectra.
Furthermore, we investigated the activity of the antiox-
idant enzymes SOD, CAT and GPX with an indicator
of oxidative stress, LPO and the concentration of H,O;
to confirm the antioxidant activity associated with the
growth of Synechococcus sp.

We observed that the dry weight of Synechococcus
sp. showed a greater significant increase over the 8
days of culture under the red and green LED treatments
than under the white and blue LED treatments(Figure
2).

Wang et al.® reported that rapid growth of the green
algae Spirulina platensis was observed under the red
LED treatment in a study involving different LED
spectra(white, red, green, blue and yellow). This result
suggested that a single wavelength of red light was
more effective in stimulating the growth of these mic-
roalgae than fluorescent light or light of wavelengths
other than red. The red light induced photosynthesis
and produced high growth rates.

In previous studies with the diatom Thalassiosira
gravida?* and with Porphyra umbilicalis (Rhodophy-
ceae)®, red wavelengths produced a high growth rate
and increased the carbon concentration and the size
of the cells. For this reason, these studies investigated
the potential of red wavelengths to increase photosyn-
thesisin T. gravida and P. umbilicalis. In another study,
birch Betula platyphylla?® and pea Pisum sativum L.
seedlings®” were cultured under different light sources.
The highest growth rates were observed under red light.
Previous studies have reported that red light plays an
important role in the development of the photosynthetic
organs and affects the accumulation of rust in the plant
species studied. Consistent with these previous find-
ings, the results of this study suggest that red light at
long wavelengths induced rapid growth in Synecho-
coccus sp. because the red color of the light was com-
plementary to the color of the Synechococcus sp. cells
and was very important for the growth of the cultures
of Synechococcus sp., a primary producer.

In this study, Synechococcus sp. aso showed increas-
ed growth under the green LED treatment (Figure 2).
This result was consistent with the results of Glover
et al.?8, who found that green light increased the pho-
tosynthetic rate and growth rate of a phycoerythrin-
rich culture of Synechococcus sp.. The results of this
study were also similar to the findings of other previ-
ous studies in which the marine diatoms Cyclotella
caspia and Stephamopyxis turris showed a tendency
to grow rapidly and increase their chlorophyll content
under blue-green light®*?°. We have comprehensively
investigated the hypothesis that green light increases
photosynthesis and growth by stimulating the color-
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specific response of marine microalgae.

The estimation of the photon demand of photoauto-
trophic microalgae can be simplified by considering
the anabolic demands for the production of cellular
carbohydrate (CH,O) derived from CO.. In addition
to carbohydrate, microalgae contain protein, lipid and
nucleic acids, none of which have a chemical composi-
tion similar to that of CH,O. If the growth of micro-
algae as a result of exposure to a single wavelength
of light, as in the case of the increase in the release of
oxygen by photosynthesis, can most likely contribute
significantly to the resolution of problems associated
with eutrophication, hypoxia and the absorption of
nutrients, the use of a single wavelength of light from
an LED source can have a significant impact not only
on growth but also on the productivity of the aguacul-
ture industry.

In this study, we observed that red and green light
from an LED source increased not only the growth but
also the amount of total lipid produced by cultured
Synechococcus sp. (Figure 3). The lipid composition
of phytoplankton plays an important role in cell struc-
ture. Moreover, the lipid composition of phytoplank-
ton affects physiological processes, such as photosyn-
thetic electron transport in the process of film forma
tion and the generation of photosynthetic material®!.
Additionally, lipids are a component of the photosyn-
thetic mechanism involved in light adaptation®. Riv-
kin® has reported that the synthesis of proteins, lipids
and carbon, as well as growth, increase in cultured
Thalassiosira rotula and Dunaliella tertiolecta under
red light.

The results of this study show that red and green
light sources influence growth and lipid production in
Synechococcus sp.

In this study, we also analyzed the activity of the
antioxidant enzymes SOD, CAT and GPX in cultured
Synechococcus sp. under specific LED light sources.
During the culture period, the activity of antioxidant
enzymes tended to increase for the first 4 days(with a
peak on the 4th day), then tended to decrease at all
wavelengths. In particular, the activity of SOD, CAT
and GPX under thered LED treatment was significant-
ly higher than that observed for other wavelengths(Fig-
ure 4). Inits physiological role, light is known to influ-
ence the intracellular concentration of thiols(cysteine
and glutathione) and the ability to detoxify ROS in
marine plankton. Light has been observed to influence
more than 90% of the non-protein thiols of marine
microalgae and bacteria®®. In particular, antioxidant
enzymes are known to influence the formation of chl-
oroplasts in the thylakoid membrane and cytosol of
microalgae to remove the ROS generated by the oxi-
dative stress*.

In the present study, we have suggested that long-
wavelength red light increases the activity of antioxi-
dant enzymes in the thylakoid membrane of Synecho-
coccus sp. It follows that red light serves to remove/
defend against oxidative stress during growth.

The concentrations of LPO, ROS and H,0O, under
the green and blue LED light treatments increased
overall during the incubation period, but the red LED
treatment had relatively small effects compared to the
other wavelengths (Figures 5, 6). This result shows
that the amount of active oxygen increased during the
growth of Synechococcus sp. under the short-wave-
length green and blue LED treatments. In contrast, the
long-wavelength red LED treatment counteracted the
production of ROS due to the increased activity of the
antioxidant enzymes. Additionally, Wu et al.?” have
reported that the amount of 3-carotene in pea seedlings
increased under ared LED treatment through the activ-
ity of antioxidant enzymes and photosynthesis. How-
ever, this study found that the concentration of H,O,
decreased, so the red LED light treatment stimulated
the activity of the antioxidant enzymes.

The results of the current study suggested that long-
wavelength red light increases the growth rate and
total lipid production of Synechococcus sp. and acts
to protect the organism from harmful free radicals by
inhibiting oxidative stress. We suggest that future
studies should investigate the molecular and physio-
logical responses of microalgae to light of different
wavelengths.

Materials& Methods

Organism and culture conditions

Synechococcus sp. stock (KMMCC-314) was collected
from surface water of Busan coast water (Korea) and
obtained from the Korea Marine Microalgae Culture
Center (KMMCC, Busan, Korea). The organism was
grown in 500 mL of sterilized Conway medium (33
salinity) at 25+1°C for 8 days. The Conway medium
isamodified version of the Walne medium®. The com-
position of the Conway medium used in this study
was as follows: 1L of natural seawater; NaNOs, 100
mg; Na;EDTA, 45 mg; H3BO;, 33.6 mg; NaH,PO,-
2H,0, 26.00 mg; FeCls-6H,0, 1.28 mg; MnCl,-4H,0,
0.36 mg; trace metal solution, 1 mL; vitamin solution,
50 mL. The composition of the trace metal solution
used in the medium was as follows. ZnCl,, 1.05 g;
COC|2-6H20, 1g, (NH4)6M 0,094-4H50, 0.45 g CuSO,-
5H,0, 1g; H,O, 50 mL. The composition of the vita-
min solution used in the medium was as follows: vita-
min B1, 400 mg; vitamin B12, 20 mg; H,O, 100 mL.
The cultured samples were separated by centrifuga-
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tion (4°C, 10,000 x g, 5min) and stored at —80°C.

Light sources

Four LEDs(S-tech LED Co., Kyunggi, Korea) emitt-
ing white (ST-4836C White), red (ST-4836 Red), green
(ST-4836 Green) or blue (ST-4836 Blue) light were
chosen for microalgal cultivation. All the LEDs were
driven by a 12V power supply (SMPS-100, S-tech
LED Co.), and the illumination intensities were tuned
via a self-made potentiometer. A three-channel fiber
optic spectrometer (Avantes Inc., Broomfield, CO,
USA) with Spectrawin software (Avantes Inc.) was
used to measure the wavelengths and intensities of the
light sources. The light intensity was measured via a
light meter (L1-250A, L1-COR Inc., USA) with a quan-
tum sensor (L1-190, LI-COR Inc., USA). The light
intensity was maintained at a level not higher than 55
umol quantam/L?/s(2,000 Lux) during cultivation.

Deter mination of culture dry weight and growth rate

Culture samples(10 mL) were filtered with pre-weigh-
ed nitrocellulose filters(pore size 0.4 mm). After remo-
val of the medium, the filters were washed with dem-
ineralized water, dried in a microwave oven for 4 h at
85°C and weighed. Duplicate determinations gave
results that varied by 1%. The dry weight of the diluted
samples was then measured and used to construct a
standard curve. The average relative growth rate (R)
was calculated using the following formula: R=(InQ;
—InQ,)/(t,—t;), where Q, isthe dry weight of the algal
cells at the first time sampling point (t;) and Q, is the
dry weight at the second time sampling point (t,). The
data were collected at 48 h intervals with three repli-
cations per sample.

Total lipid contents analysis

After 8 days of growth, the cells were harvested using
centrifugation (3,000 x g, 15 min) and the biomass
pellet dried using a vacuum freeze-drier. Total lipids
were extracted using chloroform-methanol (2: 1, v/v)
according to the procedure of Parrish®. An aliquot of
total lipid extract was methylated as described by Mor-
rison and Smith?'.

SOD, CAT and GPX activity analysis

The cells were homogenized in ice-cold 0.1 M phos-
phate-buffered saline (PBS, pH 7.4) containing 1 mM
ethylenediaminetetraacetic acid (EDTA). The homo-
genates were centrifuged at 10,000 x g for 15 min at
4°C. The supernatant was removed, and the remaining
pellet was used for analyses. SOD, CAT and GPX
activities were determined using commercial kits sup-

plied by Cayman Chemical (Ann Arbor, MI, USA).

SOD activity was assessed using a tetrazolium salt
for detecting superoxide radicals generated by xan-
thine oxidase and hypoxanthine. One unit of SOD is
defined as the amount of enzyme needed to exhibit
50% dismutation of the superoxide radical. Absorbance
was read at 450 nm. Each assay was performed in
duplicate, and enzyme units were recorded as pg/mL.
For CAT activity, the assay is based on the reaction of
the enzyme with methanol in the presence of an opti-
mal concentration of H,O,. The formal dehyde produc-
ed is measured spectrophotometrically with 4-amino-
3-hydrazino-5-mercapto-1,2,4-triazole (Purpa d®) as
the chromogen. Purpald® specifically forms a bicyclic
heterocycle with aldehydes, which upon oxidation
changes from colorless to purple. Absorbance was read
a 540 nm. Each assay was performed in duplicate, and
CAT activity was expressed in mlU/mL. GPX activity
was measured indirectly by a coupled reaction with
glutathione reductase. Oxidized glutathione, produced
upon reduction of hydroperoxide by GPX, is recycled
to its reduced state by glutathione reductase and nico-
tinamide adenine dinucleotide phosphate hydrogen
(NADPH). The oxidation of NADPH to nicotinamide
adenine dinucleotide phosphate+ (NADP+) is accom-
panied by a decrease in absorbance at 340 nm. GPX
activity was expressed in mlU/mL.

H,0O, assay

H>O, concentrations were measured using the modified
methods of Nouroozzadeh et al.*® and a PeroxiDetect
Kit(Sigma, St. Louis, MO, USA). A total of 20 uL of
cells was added per well to flat-bottom 96 well plates.
The plates were left at room temperature for 20 min
to alow the cells to settle and adhere to the plate. A
working color reagent was prepared by mixing 100
mL distilled water containing 100 mM sorbitol and
125uM xylenol orange (Sigma) with 1 mL of 25mM
ferrous ammonium sulfate prepared in 2.5M sulfuric
acid (Sigma). Two hundred microliters of this reagent
was then added to each well and alowed to incubate
at room temperature for 1 h. Absorbance was read at
560 nm, and the concentration of H,O, was interpol at-
ed from a standard curve. Concentrations were express-
ed as nM/mL.

L PO assay

L PO was quantified by measuring the amounts of
malondialdehyde (MDA) and 4-hydroxynonenal (4-
HNE), the degradation products of polyunsaturated
fatty acid (PUFA) hydroperoxides, with a Lipid Hydro-
peroxide Assay Kit (Cayman Chemical) according to
the manufacturer’s instructions. The cells were homo-
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genized in 10mL of high performance liquid chroma-
tography (HPLC)-grade water. A total of 500 uL of
the cytosolic fraction of the homogenate were added
to aglass tube. A total of 500 uL of chloroform, 450
uL of chloroform-methanol and 50 uL of ferric thio-
cyanide solution (FTS) reagent 1 and FTS reagent 2
mixtures (Cayman Chemical) were added to the glass
tube and mixed. This sample was incubated for 5min
at room temperature. Samples (300 uL per well) were
then added to flat-bottom 96 well plates. The absorb-
ance was read at 500 nm using a plate reader. LPO was
expressed as nM of MDA and 4-HNE per gram of
protein.

Statistical analysis

All data were analyzed with the SPSS statistical pack-
age (version 10.0; SPSS Inc., USA). A one-way
ANOVA followed by a Tukey post hoc test was used
to examine differences in the data (P< 0.05). The
values were expressed as the mean+ SE of three
independent measurements.
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