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Abstract
The biomass and carotenoid productivities of a freshwater microalga, Ettlia sp. YC001 (Chlorophyta, Chlamydomonadales), were
investigated in continuous culture systems irradiated with various LEDs. Green light was effectively used by Ettlia sp. for its biomass
growth compared to blue and red LED light. This effective use of green light was assumed to be beneficial for Ettlia sp., especially in
competitionwith othermicroalgae. Thus, in a competition betweenEttlia sp. andChlorella vulgaris,Ettlia sp. out-competedC. vulgaris
without losing any overall biomass productivity when green and white LEDs were used simultaneously. However, since Ettlia sp. also
showed relatively low oxygen production under green light, further studies are needed on its photosynthesis and biomass production
mechanisms. Notwithstanding, LEDs are potentially useful for identifying strain-specific photosynthetic characteristics of microalgae,
thereby increasing their biomass productivity and controlling contamination from other microalgae in open culture systems.
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Introduction

Microalgae are regarded as ecofriendly and renewable feed-
stocks for biodiesel production as they grow fast and com-
monly have high lipid content (Chisti 2007). Despite the prov-
en potential of microalgae, their economic viability as a

biofuel feedstock still largely depends on their growth and
productivity (Griffiths and Harrison 2009; Scott et al. 2010;
Ritchie and Larkum 2012). The growth of microalgae is a
holistic response to various abiotic and biotic environmental
factors. Thus, disentangling the response of microalgae to
environmental factors is of critical importance to optimize
their biomass productivity. It has already been reported that
abiotic environmental factors, such as light, nutrient composi-
tion, carbon dioxide, pH, and temperature, affect the growth of
microalgae (Atta et al. 2013; Bartley et al. 2014; Yu et al.
2018). Among these, light is one of the critical factors as the
main energy source for the photoautotrophic cultivation.
Accordingly, many studies have investigated the improve-
ment of cell growth using various light sources, intensities,
and penetrations (Huang et al. 2010; Atta et al. 2013; Yan
et al. 2013; Szwaja et al. 2016). Ritchie and Larkum (2012)
showed that photoinhibition at high irradiances was a major
factor in limiting primary productivity in ponds. They devel-
oped a model for estimating photosynthesis in shallow ponds
and to establish the optimum production for a given depth
rather than achieving the maximum production.

The effects of light on microalgal growth essentially can be
interpreted based on the main components of light, the wave-
length, and intensity. Microalgae, as well as most photosyn-
thetic microorganisms, have adapted to sunlight, which is a
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continuum of various wavelengths. However, it is also evident
that, even at the strain level, microalgae have divergently
evolved to use specific wavelengths and intensities of sunlight
available in their specified niche (Rocap et al. 2003). Thus,
investigating howmicroalgae respond to light in the context of
its wavelength and intensity can provide a more detailed un-
derstanding of the responses and consequently growth optimi-
zation of microalgae.

A light emitting diode (LED) is a suitable light source for
investigating the responses of microalgae to a specified wave-
length and intensity. An LED provides 10–30 nm of wave-
length bands in various spectral regions, including red, green,
blue, yellow, and purple. It has already been reported that the
use of specific narrow wavelengths from an LED promotes
microalgae growth and provides several advantages. For ex-
ample, microalgae can achieve maximum growth with a spe-
cific narrow wavelength within the visible color spectrum
(Brown et al. 1995). Saha et al. (2013) increased the biomass
productivity of Haematococcus pluvialis when various LEDs
were used as a stress-regulatory factor.

Ettlia sp., isolated from a fresh water pond in Korea, has
been reported as a promising algal strain with a high biomass
productivity and high lipid and carotenoid content. Yoo et al.
(2013) reported that Ettlia sp. can achieve high lipid (40% of
dry cell weight) and carotenoid contents under 5–10% CO2

concentration. Seo et al. (2017) obtained high biomass pro-
ductivity (1.48 g L−1 day−1) and lipid productivity
(291.4 mg L−1 day−1) for Ettlia sp. through optimization of
continuous culture condition and showed that the lipid pro-
ductivity of Ettlia sp. was much higher compared to other
microalgae such as Nannochloropsis salina or Chlorella
pyrenoidosa. Thus, the optimization of Ettlia sp. growth is
of critical importance for its full-scale application as a biofuel
feedstock and carotenoid resource.

Accordingly, since Ettlia sp. can be expected to exhibit a
strain-specific response to certain light wavelengths and inten-
sities, this study investigated the responses of Ettlia sp. to
various colored LEDs in a chemostat culture system. The
characteristics of the responses can then provide strategies
for Ettlia sp. growth optimization and its maintenance as the
dominant population in field-scale cultivation, for example,
race-way ponds.

Materials and methods

Microalgal strain and inoculum preparation

Ettlia sp. was obtained from the Korean Collection for Type
Cultures (KCTC 12109BP) at the Korea Research Institute of
Bioscience and Biotechnology (KRIBB). The Ettlia sp. was
cultivated in a 4-L photobioreactor (PBR) and used as the
inoculum. The working volume of the photobioreactor was

set at 3 L and continuously fed with a fresh BG-11 medium
(Stanier et al. 1971). The dilution rate of the photobioreactor
was set at 0.125 day−1. The photobioreactor was also contin-
uously illuminated using a three-wavelength fluorescent lamp
with peaks at 436, 546, and 611 nm (Cool daylight, Dulux L,
36 W, OSRAM, Germany) of 240 μmol photons m−2 s−l and
the temperature maintained at 23 ± 1 °C using a water bath
(JSRC-13C, JS Research Inc., Korea). Chlorella vulgaris
(KCTCAG10006), a domestic isolate, was also obtained from
the KCTC.

Cultivation of Ettlia sp. in continuous mode
under various LEDs

The Ettlia sp. was cultivated in continuous culture mode
(Supplementary Fig. 1) to minimize the influence of other
factors such as nutrient deficiency, except light. Twelve con-
tinuous culture systems were established. The volume of each
PBR was 1 L and the working volume was set at 700 mL. The
dilution rate of each PBR was set at 0.25 day−1. BG-11 medi-
um was continuously supplied to each reactor through a 16-
channel peristaltic pump (200 series multi-channel cassette
pump, Watson-Marlow, UK). The agitation speed was main-
tained at 300 rpm using magnetic stirrers (Color Squid, IKA,
Japan). Air was sparged into each PBR through a sterilized air
filter. The aeration rate was controlled at 0.1 vvm using an air
pump (DK 9000, Dae-Kwang Inc., Korea) and flow meter
(Series RM, Dwyer Instruments, USA). The cultivation tem-
perature was maintained at 23 ± 1 °C in the constant temper-
ature room.

Panels of LEDs (Photron, Korea) including white, blue,
green, red, and white + green were used as the light sources
and installed in parallel on the right side of the PBRs. The
peak wavelength of each LED panel was 457 (558 as a minor
peak), 457, 516, and 634 nm for the white, blue, green, and red
light, respectively (Fig. 1a). Phosphor-converted white LEDs
were used resulting in a single, compact, white light source
having a broad spectral power distribution. External cooling-
fans (NMB-fan motor, Minebea Co., Japan) were installed on
the opposite side of the LED panels to circulate the air and
thereby minimizing the temperature gradient established by
the LED panels. The light intensity was measured at a distance
of 30 and 50 cm in front of each LED panel using an optical
spectrum analyzer (70417, KRISS, Korea) at the Korea
Research Institute of Standards and Science (KRISS). As all
the light intensities asymptotically approached zero at a dis-
tance of 80 cm in front of each LED panel, the PBRs were
located at distances of 20, 40, and 60 cm from each LED panel
to establish various light intensity conditions. The light inten-
sities of each LED panel at distances of 20, 40, and 60 cm are
shown in Supplementary Fig. 2. The light-dark (L/D) cycle
was set at 16:8 h. Also, 1 mL of the Ettlia sp. culture was used
to measure the absorption spectrum using a UV/Vis
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spectrophotometer (wavelength range of 400–700 nm; UV-
2450, Shimadzu, Japan; Fig. 1b).

Measurement of biomass, chlorophyll-a, and total
carotenoid

The biomass and total carotenoid contents of each PBR were
measured every 2 days for 20 days, once all the PBR cultures
had entered a steady state. Five milliliters of the culture was
sampled at 9 a.m. (an end-time of dark cycle) from each PBR
using a syringe and filtered using a GF/C glass-fiber filter
(1.2-μm pore size, 25-mm diameter, Whatman, USA). Each
filter was dried overnight at 105 °C to measure the dry cell
weight (DCW). The DCW of each sample was measured in
triplicate.

One milliliter of the sample from each PBR was then used
for the chlorophyll-a and total carotenoid measurement. The
samples were filtered using GF/C glass-fiber filters, each filter
transferred to a 15-mL conical tube, and then 10 mL of meth-
anol immediately added to the conical tube. Thereafter, the
solution with methanol and the filter was sonicated for 30 s

at 750 W using an ultra-sonicator (Vibra cell, Sonic &
Materials Inc., USA) for 2 min to extract the chlorophyll-a
and total carotenoids. Each sonicated sample was centrifuged
for 5 min at 2700 rcf, and the supernatant then was filtrated
using a 0.45-μm syringe filter (Whatman, USA). The absor-
bance of the supernatant was measured at 650 and 665 nm for
chlorophyll-a measurement and 470, 653, and 666 nm for
total carotenoid measurement using a UV/Vis spectrophotom-
eter (UV-2450, Shimadzu, Japan) in triplicate. Finally, the
chlorophyll-a and total carotenoid concentration of each sam-
ple were calculated using the following equations (Hipkins
and Baker 1986; Wellburn 1994):

Chlorophyll−a mg L−1� � ¼ 16:5A665ð Þ− 8:3A650ð Þ
Total carotenoid mg L−1� �

¼ 1000A470−2:86� 15:65A666−7:34A653ð Þ−129:20� 27:05A653−11:21A666ð Þf g=221

where Ai indicates the absorbance of the sample at the wave-
length of i nm.

Photosynthetic characteristics of Ettlia sp.

The photosynthetic oxygen production profiles of Ettlia sp.
were measured. One milliliter of the sample of Ettlia sp. cul-
tured in different light quality conditions was measured under
different light quality and intensity conditions for 1 min using
a Clark-type O2 electrode (Oxygraph Plus, Hansatech, UK).
Custom-made circular LED panels were used to investigate
the photosynthetic characteristics, and each LED panel had
LED of four different light qualities (white, green, blue, and
red LEDs). The light intensity of the LED panels ranged from
0 to 380 μmol photons m−2 s−1. All the measurements were
conducted in triplicate.

Competition between Ettlia sp. and C. vulgaris

Ettlia sp. and C. vulgaris were co-cultivated to assess their
relative growth capability under the irradiation of various
LEDs. Chlorella vulgaris was selected to compete with
Ettlia sp. since it is one of the prevailing and dominant strains
in Korean domestic environments and has also been reported
to show a high cell growth rate in various culture conditions
(Liang et al. 2009).

Chlorella vulgaris was cultivated under the same culture
conditions of Ettlia sp. to obtain the specific and correspond-
ing growth rates, which were then used to determine the initial
mixing ratio of Ettlia sp. and C. vulgaris. The distance of the
PBRs from the LED panels was also determined for co-culti-
vation. White, green, and white + green (1:1) LEDs were used
as the light sources with an L/D cycle of 16:8 h.

The cell number ratio of Ettlia sp. andC. vulgaris in the co-
cultivation PBRs was monitored using a microscope (Eclipse
80i, Nikon, Japan) and fluorescence-activated cell sorter

Fig. 1 Light spectrum and relative energy intensity of LEDs at same
distance (30 cm) from LED panels (a) and absorption spectra for Ettlia
sp. showing the absorption peak for carotenoid between 400 and 500 nm
and chlorophyll-a at 680 nm (b)
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(FACSAria II cytometer, Becton-Dickinson, USA). The
sorting gates were established for each microalgal strain to
minimize the overlap in the dot plot spanned by the forward
scatter (FSC) and CP-cy5 (695 nm) fluorescence. The cell
event numbers for each gate were recorded for 60 s, and the
cell counting conducted every 2 days during the 8-day exper-
imental period.

Statistical analysis

The influence of the light quality on the biomass and caroten-
oid productivity was estimated using a one-way ANOVA and
Pearson correlation analysis (Excel 2013, Microsoft, USA). A
significant difference was considered at a p value < 0.01.

Results and discussion

Cell growth of Ettlia sp. under various LEDs

Ettlia sp. showed significantly different cell densities and bio-
mass productivities under the various wavelengths and intensi-
ties of the LEDs (Fig. 2, Supplementary Fig. 3). The biomass
productivity of each PBR asymptotically increased to a steady-
state value, termed as BPasy. In Fig. 2a, the biomass productivity
at day 20, termed as BPd20, is presented as bar, while the BPasy
is denoted as black circle. At high and intermediate light inten-
sity (20 and 40 cm, respectively), white LED has the highest
BPd20 showing a statistically significant difference (p < 0.01)
compared to other wavelengths. At low light intensity (at a
distance of 60 cm), blue LED showed a higher biomass pro-
duction compared to others (p < 0.01, Fig. 2a). Moreover, sig-
nificant correlation was observed between BPd20 and BPasy
(p < 0.001, r = 0.962) by the simple correlation analysis
(SPSS ver. 12.0). Based on the BPasy, Ettlia sp. showed maxi-
mum biomass productivities of 111.6 mg L−1 day−1 at 40 cm,
66.9 mg L−1 day−1 at 40 cm, 77.6 mg L−1 day−1 at 20 cm, and
73.4 mg L−1 day−1 at 20 cmwith the white, blue, green, and red
LED, respectively (Fig. 2a). The photosynthetic capability of
Ettlia sp. appeared to be inhibited at a shorter distance of 20 cm
with the white and blue LEDs, as the optimal biomass produc-
tivities were achieved at a distance of 40 cm. Thus, based on the
maximum BPasy for each LED, the suitability of LED light for
the biomass production ofEttlia sp. was in the descending order
of white, green, red, and blue.

The biomass productivity of Ettlia sp. under the various
LEDs was also evaluated on the basis of the energy flux or
quantum yield, which is a function of the light intensity irradi-
ated from the LEDs. As such, a much higher energy was irra-
diated from the blue and red LEDs when compared with that
from the white and green LEDs. For example, the energy fluxes
from the blue and red LEDs at a distance of 30 cm from the
panels were 0.09 and 0.10 J s−1 cm−2, respectively, while that

from the white and green LEDs was only 0.03 J s−1 cm−2. As
shown in Fig. 2b, the normalized biomass productivities ac-
cording to the energy flux did not show a statistically signifi-
cant correlation to the biomass productivities based on DCW
(p = 0.424, r = 0.255). Based on the normalized values, the
maximum biomass productivity of Ettlia sp. according to the
energy flux was in the descending order of white, green, blue,

Fig. 2 Biomass productivities of Ettlia sp. under various light irradiation
conditions. Bars represent biomass productivity on day 20 (BPd20) of
continuous cultivation, while black dots denote maximum biomass
productivities (BPasy) estimated using curve fitting of DCW data. BW,^
BB,^ BG,^ and BR^ denote white (white-bars), blue (diagonal line-bars),
green (gray-bars), and red (dot-bars) LED, respectively. BH,^ BM,^ and
BL^ denote high, middle, and low light intensities, representing distance
of 20, 40, and 60 cm from LED panels, respectively. a Actual biomass
productivity in DCW. b, c Normalized biomass productivities according
to light energy and intensity based on quantum meter, respectively
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and red (Fig. 2b) and this pattern was similar to that of chloro-
phyll-a content (Supplementary Fig. 4). However, when the bio-
mass productivities were normalized according to the light inten-
sity measured using a quantum meter, the normalized biomass
productivities showed a low and slightly negative correlationwith
the values based on DCW (Fig. 2c, p= 0.418, r=− 0.258). The
discrepancies in the biomass productivity patterns between the
DCW based ones and the light-intensity normalized ones may
have arisen from the characteristics of the quantum meter and
LEDs used in this study. A quantum meter is specifically de-
signed to measure the light in the photosynthetically active radi-
ation (PAR) region, corresponding to 400–700 nm. However, the
spectra of the blue and red LEDs used in this study were some-
what overlapping with the PAR, according to the manufacturer
(data not shown). Therefore, this overlap may have caused an
underestimation of the light intensity for the blue and red spec-
trum. Thus, when evaluating the biomass productivity of Ettlia
sp. from the PBR cultures, the biomass productivity patterns
normalized according to the light energy were considered more
realistic than those normalized according to the light intensity.
Consequently, the biomass productivity and its normalization ac-
cording to the light energy indicated that the green light was
effectively used by Ettlia sp. for its biomass growth compared
to blue and red LED.

Most photosynthetic organisms, including microalgae and
even plants, have evolved a sensitivity to use the blue and red
spectrum of the PAR (Chen et al. 2011). For example,
microalgae such as Chlamydomonas reinhardtii and
C. vulgaris show a higher cell growth under a red or blue
LED (Atta et al. 2013; Szwaja et al. 2016). At the molecular
level, the efficiency of the photosystem I and II of microalgae
can be enhanced using a red and blue wavelength (You and
Barnett 2004; Ravelonandro et al. 2008). Green light has pre-
viously been reported to be ineffective for microalgae growth.
In a study by Yan et al. (2013), a green LED produced very
low growth when compared with other LED colors, such as
white, purple, blue, yellow, and red. In another study,
Vadiveloo et al. (2015) reported no net growth of
Nannochloropsis sp., when grown under green light. In con-
trast, some studies have reported that several green algae or
plants with large amount of chlorophyll can utilize green light
for photosynthesis. Mohsenpour and Willoughby (2013) ob-
tained high biomass concentration of C. vulgaris under green
light condition compared to other light qualities. Sun et al.
(1998) reported that thick leaves with a higher concentration
of chlorophyll can absorb green light. Moreover, high inten-
sity (300 μmol photons m−2 s−1) and short-wavelength
(510 nm) of green LED light promoted growth in Lactuca
sativa (Johkan et al. 2012). These results indicated that utili-
zation of light wavelengths is species-specific or chlorophyll
concentration and/or light intensity-dependent. Thus, the rel-
atively higher growth of Ettlia sp. under green light is an
intriguing characteristic that requires further investigation.

Photosynthetic characteristics of Ettlia sp.

The relatively active growth of Ettlia sp. using green light
suggests that the photosynthetic characteristics of Ettlia
sp. are unique. Thus, to understand the photosynthetic
characteristics of Ettlia sp. further, its photosynthetic ox-
ygen production rates were investigated under various
LEDs. Ettlia sp. samples were taken from the PBRs with
the maximum biomass productivity under specific LEDs.
The O2 evolution profiles of Ettlia sp. under the LEDs
sharply decreased after a peak, suggesting strong photo-
inhibition by the LEDs at a higher intensity after the peak
value (data not shown). Thus, the parameters related to
the oxygenic photosynthetic activities were obtained by
fitting each photosynthesis-irradiance curve (P-Icurve)
using the following equation (Jasby and Platt 1976).

P ¼ Pmax � 1−e−αI=Pmax

� �
� e−βI=Pmax

where P is the photosynthetic rate, Pmax is the maximum
potential photosynthetic rate, α is the initial linear slope at
a low irradiance, and β is the negative slope at a high
irradiance.

The photosynthetic parameters are summarized in Table 1.
When the Ettlia sp. was cultivated and adapted under mixed
light, i.e., white LED, it actively produced oxygen using the
irradiation of the various LEDs. Plus, the relatively higher
values of α and β suggest that the Ettlia sp. sharply increased
its photosynthetic rate with a low light intensity, whereas the
rate was sharply inhibited with a higher light intensity.
However, when the Ettlia sp. was cultivated and adapted un-
der the LEDs with narrow wavelengths, it only showed a high
oxygen production under the white LED, and little oxygen
was produced under the other LEDs. This pattern was most
distinctive when the Ettlia sp. was adapted to the green light
(Table 1), as the green-light-adapted Ettlia sp. showed the
lowest Pmax and α with blue, red, and even green light irradi-
ation. Thus, the low oxygen production with the narrowwave-
length LEDs, especially the green LED, suggests that Ettlia
sp. might be utilizing the green light spectrummore efficiently
at higher cell densities due to its deeper penetration to increase
the biomass. Previously, it has been reported that under strong
white light, any additional green light absorbed by the lower
chloroplasts would increase leaf photosynthesis to a greater
extent than would additional red or blue light (Terashima et al.
2009). It was argued that for green light, loss in the efficiency
of absorbance by the sieve effect is small, while gain in absor-
bance by the détour effect is large. Consequently, green leaves
absorb much green light (Terashima et al. 2009). Action spec-
t ra of oxygen product ion and chlorophyl l -a for
Nannochloropsis revealed the wavelength dependence of pho-
tosynthesis (Tamburic et al. 2014). Here, blue light was shown
to be absorbed and directed to photosystem II more effectively
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than red light. In the current study, oxygen evolution (Table 1)
and biomass productivity (Fig. 2), however, could be used as
the indicator of the photosynthetic activity of the Ettlia sp.
under irradiation of various LEDs. In addition, the spectra of
the blue (400–525 nm) and green light (510–600 nm) show
some overlapping, which might affect the growth of Ettlia sp.
A relatively lower Pmax value measured by oxygen production
was observed under red light compared to that of other light
qualities (Table 1), while the biomass productivities were not
significantly lower except when compared with that of white
light (p > 0.01, Fig. 2a). In this study, red light LED (634 nm)
can be more specifically defined as an orange-red, and the
orange-red LED is known to have poor photosynthetic effi-
ciency than deep-red (670/680 nm) LED (de Mooij et al.
2016). Although C. reinhardtii cultured under deep-red light

(661 nm) had higher Fv/Fm value, the biomass productivity
was lower which could be attributed to the oversaturation of
the photosystems (de Mooij et al. 2016).

Elucidation of the detailed mechanisms of Ettlia sp. in
terms of utilizing green light will need further intensive
studies. The high carotenoid content of Ettlia sp. may
provide a first clue, as the carotenoid productivities from
the PBR experiments showed a similar pattern to that of
the biomass productivities (Fig. 3) and a strong correla-
tion (Fig. 4, p < 0.001, r = 0.968). Carotenoids are known
to act as light-harvesting pigments and transfer excitation
energy to chlorophyll in photosynthesis (Young and Frank
1996). These fat-soluble pigments are shown to capture
blue and green light and pass energy on to chlorophylls in
photosynthesis (Ostroumov et al. 2013). Tamburic et al.
(2014) reported the more efficient absorption and use of
blue light by Nannochloropsis under the photosaturation
irradiance that resulted in higher photosynthetic rate com-
pared to the red light. Some green algae such as Codium
fragile and Ulva pertusa, inhabiting the deepest part of
the green algae zonation, have been reported to contain
a keto-carotenoid, siphonaxanthin, which absorbs green
light and transfers energy to chlorophylls (Kageyama
et al. 1977; Akimoto et al. 2007). It was suggested that
carotenoid siphonaxanthin absorbs green light when the
peak of available photosynthetically active photon flux
density shifts toward blue with depth of sea-water. Thus,
the high correlation between the carotenoids and the bio-
mass productivity under the various LEDs suggest that
carotenoid production may at least contribute to enhanc-
ing the biomass productivity of Ettlia sp. Moreover, the
absorption spectrum of Ettlia sp. was measured to identify

Table 1 Oxygen production parameters of Ettlia sp. sampled from
continuous culture systems under irradiation of various LEDs. Distance
between PBRs and LED panels was 40 cm

Culture condition1 Pmax
3 α4 β5 Ik

6

Oxygen production2

White

White 722.27 6.69 1.81 108

Blue 451.58 6.27 1.39 72

Green 249.07 1.47 0.90 170

Red 233.19 2.45 1.12 95

Blue

White 233.16 3.89 0.50 60

Blue 54.91 0.62 0.13 88

Green 40.17 0.45 0.23 89

Red 29.82 0.34 0.08 88

Green

White 343.50 6.03 1.07 57

Blue 19.79 0.06 0.05 325

Green 9.54 0.09 0.06 102

Red 19.88 0.08 0.09 262

Red

White 237.88 3.90 0.43 61

Blue 84.16 1.12 0.22 75

Green 60.00 0.77 0.29 78

Red 64.57 0.73 0.20 89

1 Color name in bold represents LED color under which Ettlia sp. was
cultivated
2 Color name represents LED color used for evaluation of oxygen pro-
duction by Ettlia sp. samples
3Maximum potential photosynthetic rate (μmol O2 (1 × 106 )−1 cells h−1 )
4 Initial linear slope at low irradiance (μmol O2 (1 × 106 )−1

cells h−1 )(μmol photons m−2 s−1 )−1

5 Negative slope at high irradiance (μmol O2 (1 × 106 )−1 cells h−1 )(μmol
photons m−2 s−1 )−1

6 Light saturation parameter (μmol photons m−2 s−1 )

Fig. 3 Total carotenoid productivities of Ettlia sp. under various LED
irradiances. Carotenoid productivities are normalized according to
incident light energy from LEDs. White-bar, diagonal line-bars, gray-
bars, and dot-bars denote white, blue, green, and red LED, respectively.
BH,^ BM,^ and BL^ denote high, middle, and low light intensities,
representing distance of 20, 40, and 60 cm from LED panels, respectively
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the mechanisms of green light harvesting (Fig. 1b). Better
penetration capacity of green as compared to the blue and
red light at higher cell densities could contribute in bio-
mass productivity. Earlier, we have shown the variations
in the absorption spectra of Ettlia sp. with different cell
concentrations (Sarrafzadeh et al. 2015). As the cell con-
centration increased, the spectra especially in the green
wavelength region became less variant indicating the dif-
ference in the absorption of green wavelength with vary-
ing cell concentrations. Earlier also, Mattos et al. (2015)
reported that as Scenedesmus bijuga cell density in-
creased, weakly absorbed green light was able to pene-
trate deeper into high-density samples and became photo-
synthetically more effective than strongly absorbed red
and blue lights. High-density culture (2.19 g L−1) of
S. bijuga cultivated under green light showed higher bio-
mass production rate with 8.43% biomass growth in a 6-
day period compared to the same quantum flux of red
light that induced 4.35% biomass growth in the same
period.

Application of photosynthetic features of Ettlia sp.

The relatively higher biomass and carotenoid productivity of
Ettlia sp. under green light was hypothesized to be beneficial
for the prevention of invasion by other microalgae strains,
especially in mass cultivation. Thus, to test this hypothesis, a
competition experiment was conducted using Ettlia sp. and
C. vulgaris as the model competitor.

The selected C. vulgaris showed a comparable growth rate
to Ettlia when it was grown under the same chemostat culture
conditions (Fig. 5). The diameter ratio of C. vulgaris to Ettlia
sp. ranged from 0.6 to 0.8. Thus, when assuming the same
densities for both strains and that both microalgae are spheres,

the relative growth rate of C. vulgaris in numbers can be
obtained from their biomass productivity using the following
equation:

Biomass productivity of Chlorella
Biomass productivity of Ettlia

∝
NPc � ρc � 4

�
3
π� rc3

NPe � ρe � 4
�
3π� re3

≤
NPc
NPe

� 0:83;Then;
NPc
NPe

≅ 1:95� Biomass productivity of Chlorella
Biomass productivity of Ettlia

where NP is the cell number productivity, ρi is the density, ri is
the radius, c is the C. vulgaris, and e is the Ettlia sp.

Based on the differences in biomass productivity, the initial
mixing ratio of Ettlia sp. andC. vulgariswas selected as 1:9 on
a DCW basis. This ratio guaranteed a higher number and larger
volume of C. vulgaris over Ettlia sp., thereby favoring the
photosynthesis of C. vulgaris. After 8 days of mixed and con-
tinuous cultivation, the population ratio of the two microalgae
was then enumerated by FACS and a microscope when using
white, green, and white + green LED irradiation conditions.
Interestingly, Ettlia sp. proportion increased as compared to
C. vulgaris under all the test conditions (Fig. 6). While the
initial cell number ratio of C. vulgaris to Ettlia sp. under the
white, green, and white + green LED irradiation was 8.8, 8.9,
and 8.8, respectively, after 8 days of co-cultivation, these cell
number ratios changed to 7.0, 6.2, and 3.6, respectively. In
addition, the DCWs of the continuous culture systems under
the white, green, and white + green LEDs were 0.233, 0.160,
and 0.227 g L−1, respectively (Fig. 6). At similar cell density,
although the absorption spectra of Ettlia sp. and C. vulgaris
was similar (Supplementary Fig. 5), Ettlia sp. showed better
competitive ability. Thus, under the white + green light, the
Ettlia sp. showed a relatively stronger competitive ability with-
out losing its overall biomass productivity.

Fig. 4 Pearson correlation analysis of total carotenoid productivity and
total biomass productivity of Ettlia sp. Each productivity is normalized
according to incident light energy. Linear regression coefficient, r2, is
0.937 and p value is less than 0.001

Fig. 5 Comparison of the cell number productivity of Ettlia sp. (white)
and C. vulgaris (gray) based on their biomass productivities under the
same continuous culture conditions. C. vulgaris shows the highest bio-
mass productivity under white LED at the distance of 20 cm, and this
value is used as the reference (100%) for the relative cell number produc-
tivity calculation. The cell number productivity is calculated assuming a
size ratio of 0.8 (C. vulgaris/Ettlia sp.). The black circles denote the
relative cell number productivity ratio between C. vulgaris and Ettlia
sp. under the various continuous culture conditions
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The stronger competitive capability of Ettlia sp. especially
under white + green LEDs also suggested that Ettlia sp. might
be utilizing green spectrum in white light for driving the pho-
tosynthesis. Terashima et al. (2009) also reported that even
with low photosynthetic efficiency, green light drove higher
photosynthesis rate than red light in strong white light condi-
tions once it is absorbed by the leaves. The competition be-
tween microalgae in certain environments is a very dynamic
process affected by various parameters. However, the effec-
tive utilization of green light spectrum by Ettlia sp. could
provide a useful strategy for the control of contamination by
other microalgae in open ponds for the mass cultivation of
Ettlia sp.

Green light is an available spectral band underneath the
water surface based on direct penetration from the sun and
reflection from other photosynthetic microorganisms. The rel-
atively higher settling ability of Ettlia sp., compared to other
microalgae (La et al. 2016), is one of its physiological traits
that may have evolved in close association with its ability to
use green light. Thus, use of green light may provide several
advantages for the survival of Ettlia sp.

Conclusions

A relatively higher biomass productivity was achieved for
Ettlia sp. under green light due to its better penetration com-
pared to blue or red light. The biomass productivity of Ettlia
sp. was strongly correlated with its carotenoid productivity,
which may affect the photosynthetic characteristics of Ettlia
sp. by transferring the energy to chlorophyll. In a competition
experiment, Ettlia sp. out-competed C. vulgaris under white

and green illumination, and especially under white + green
LEDs. Consequently, irradiation with the green spectrum as
supplementary light of white light could be an effective tool
for preventing invasion by other microalgae in the mass cul-
tivation of Ettlia sp.
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