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Abstract

Light management methods are considered effective to enhance the quantum yield and photosynthetic efficiency and
promote the biomass and nutrient production; however, light saturation and inhibition restrain further improvement. This
work studies the effect of light mixing on algal light saturation/inhibition, growth kinetics, and biochemical profile. The
green alga Chlamydomonas reinhardtii was cultivated with batch culture under an LED light panel with multiple spectra
options. Different combinations of blue (B) and red-orange (RO) light intensities were tested with blue light ranging
from 45 to 65 pumol photons m > s~ and red-orange light ranging from 45 to 205 umol photons m > s~ '. Results reveal
that the mixed blue and red-orange light significantly improved the growth kinetics and relieved the light saturation
under blue light and the light inhibition under the red-orange light. The maximum specific growth rate, biomass
concentration, and productivity increased by 22, 50, and 57%, respectively, compared with the results under the red-
orange light. The lipid and protein synthesis were observed to be promoted under mixed light with relatively low red-
orange light intensities (45 and 105 pmol photons m > s~') and repressed at high red-orange light intensities (155 and

205 pmol photons m 2 s~'). The carbohydrate content did not change.
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Introduction

Microalgae have a high growth rate and multiple nutrient
components such as lipids, carbohydrates, proteins, and pig-
ments. They have been used as food, feed, nutraceuticals, and
pharmaceuticals (Wells et al. 2017) and are considered a po-
tential feedstock of biofuel (Khan et al. 2018). They even have
been considered for use as a part of the life support system for
long-range space travel, to remove carbon dioxide, produce
oxygen, and absorb the organic and inorganic nutrients to
clean water in a closed or partially closed system (Matula
and Nabity 2019). Enhancing algal biomass and nutrient pro-
duction rate while decreasing the cost of algal products can
increase its competitiveness in commercial markets and im-
prove the potential for future uses in biofuel and long space
travel (Khan et al. 2018; Matula and Nabity 2019).
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Growing algae outdoors in open ponds or bioreactors under
the natural sunlight has been widely accepted as the cheapest
growth technique. However, there are several limitations: first,
growing algae outdoors is subject to regional, diurnal, and
seasonal variations of light intensity and temperature; second,
harmful radiation, such as ultraviolet light, can cause damage
to algae cells; and third, growing algae in open ponds is vul-
nerable to contamination and predators. Excess or insufficient
light intensity or temperature delays the algal growth and re-
sults in low productivity. Light inhibition caused by high solar
intensity is of special concern, as it significantly limits the
improvement of the photosynthesis efficiency and algal pro-
ductivity in open ponds or photobioreactors.

To enhance algal photosynthetic efficiency, light manage-
ment methods such as photobioreactor design using spatial
attenuation (Tan 2018), UV-filtration (Esperanza et al.
2019), or spectral conversion (Burak et al. 2019) of sunlight
can be used, as well as genetic engineering to attenuate the
volume of light harvest units and the amount of light energy
absorption (Nwoba et al. 2019). Compared to the wild type,
mutants with small antenna size did not show better perfor-
mance (de Mooij et al. 2015, 2016). Sunlight processing with
the methods mentioned above is feasible but currently
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expensive. As an alternative, growing algae indoors with arti-
ficial light sources under stringent culturing conditions could
help to improve the algal photosynthetic efficiency and avoid
growth delay caused by light inhibition under the natural
sunlight.

For all light management methods, the optimal light spectra
should be determined. However, several questions are still
open: what are the metabolic responses of algae to different
light conditions? What light spectra and their mixing intensi-
ties give higher biomass and nutrient production?

Light provides the energy through photosynthesis and
activates photoreceptors for pathways of the regulation
(Hegemann 2008). It has been reported that blue light
enhances the function of photosystem I, and red light
enhances the function of photosystem II (Baer et al.
2016; Ramanna et al. 2017). Thus, blue and red lights
are considered the most appropriate for algal cultivation
(Zhao and Su 2014; Choi et al. 2015; Ramanna et al.
2017). It has been reported that blue light promoted bio-
mass productivity and lipid synthesis in Nannochloropsis
sp. (MUR266) (Vadiveloo et al. 2015). Monochromatic
red light prompted the production of Haematococcus
pluvialis at 20 °C, while mixed red and blue light pro-
moted astaxanthin accumulation at 30°C (Pereira and
Otero 2020). In previous studies, it was found that, for
the cultivation of Chlamydomonas reinhardtii, red-
orange light promoted the growth kinetics and lipid and
carbohydrate synthesis, while blue light promoted protein
synthesis (Li et al. 2020, 2021).

Furthermore, photoreceptors in plants and algae such as
phytochromes, cryptochromes, and phototropins interact with
each other, i.e., the action of one pigment can be affected by
the reaction of others (Casal 2000). Green algae and terrestrial
plants have similar plastids, especially in regards to structure,
metabolism, and biochemical composition. Therefore, the ef-
fect of the ratio of red to blue light in the growth spectra is
expected to be similar to that in the terrestrial plants (Schulze
etal. 2014). It has been reported that irradiation of blue light or
far-red light enhanced the response of gherkin to red light
(Meijer and Engelsma 1965), and red light enhanced the pho-
totropic response to blue light (Casal 2000). Wavelengths of
around 430 nm and 660 nm have an impact on algal biochem-
istry and growth, and a combination of both is recommended
to improve biomass and nutrient production (Schulze et al.
2016). However, both positive and negative effects of the
mixed blue-red light have been reported on the growth kinet-
ics of crops (Ki-Ho and Myung-Min 2013; Kaiser et al. 2019)
and algae (Kim et al. 2013; Yan and Zheng 2014; Sirisuk et al.
2018). The effect of mixed blue-red light on the algal bio-
chemical profile is seldom studied.

In a previous study, we have measured the light saturation/
inhibition of C. reinhardtii under blue and red-orange light (Li
etal. 2020). It is interesting to see the effect of mixed blue and
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red-orange light on light saturation and inhibition, i.e., wheth-
er the combination of different light qualities will aggravate or
relieve the light saturation and inhibition. In this study, differ-
ent combinations of light intensities between blue and red-
orange lights were tested to study the light saturation and
inhibition, and the subsequent effects on the growth kinetics
and the biochemical profile.

Materials and methods

Batch cultures were carried out in a constant-temperature incubator
shaker. Culture samples were checked for the growth kinetics daily
and the biochemical profile once during the growth cycle.

The light saturation and inhibition point (based on the max-
imum specific growth rate) of C. reinhardtii under the blue
light we used was around 65 pmol photons m * s ' and
205 pmol photons m 2 s '; the light saturation/inhibition
point under the red-orange light was around 155 pmol pho-
tonsm >s ' (Li et al. 2020). For microalgae growth, a blue to
red light ratio of 1:1 to 1:3 has been reported to promote the
biomass growth rate, pigment production, or biogas upgrading
(Fu et al. 2013; Yan and Zheng 2014; Zhao et al. 2015; Yan
et al. 2016; Lima et al. 2018). Thus, the blue light cannot be
too high. To study the effect of mixed light on algal light
saturation and inhibition, the blue light was set to 45 and
65 pmol photons m 2 s ', which was lower or equal to the
light saturation point, and the red-orange light intensity was
set to 45, 65, 155, and 205 pumol photons m 2 sfl, which
ranged from lower to higher than the light saturation/
inhibition point. The combination of light intensities between
blue and red-orange lights is shown in Table 1.

Algae strain and culturing method

The model organism Chlamydomonas reinhardtii WT CC-
125 was from the Chlamydomonas Resource Center of the
University of Minnesota, USA. Algae cultivation in TAP
(Tris-acetate-phosphate) medium was carried out in batch cul-
tures. The TAP medium consisted of Tris base, 20 mM; acetic
acid, 17 mM; NH4CI (Fisher A 649-500), 7.5 mM;
CaCl,*2H,0O (Sigma C-3881), 0.35 mM; MgSQO4°*7H,0
(Sigma 230391), 0.4 mM; Na,HPO, (Sigma S5136), 0.69
mM; KH,PO, (Sigma P 0662), 0.45 mM; Na,EDTA+2H,0

Table 1 Light intensity combinations of blue light (B) and red-orange

light (RO)

Light Intensity combination (pumol photons m ™2 s™")

B:RO 45:45 45:105 45:155 45:205
65:45 65:105 65:155 65:205
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(Sigma ED255), 0.134 mM; ZnSO4*7H,0O (Sigma Z 0251),
0.077 mM; H3BO; (Baker 0084), 0.184 mM; MnCl,*4H,0
(Baker 2540), 0.026 mM; FeSO4*7H,0, 0.018 mM;
CoCl,*6H,0 (Sigma C-3169), 0.007 mM; CuSO4*5H,0
(MCIB3M1 1), 0.005 mM, and (NH4)6MO7024°4H20
(Mallinckrodt 3420), 0.0008 mM.

Alga inoculum for each culturing condition was accli-
mated for 5 days before being transferred to a new flask.
For each flask (250-mL baffled flask, VWR Flask CLTR
Baffled 250 mL CS6) of batch culture, 50 mL TAP medium
and 1 mL acclimated algae slurry were added. Batch cul-
tures (five to six cultures for each culturing condition) were
cultivated under continuous light in a constant-temperature
incubator shaker (3525-3CC, Lab-Line Instruments, Inc.,
USA). The temperature inside the shaker was controlled at
28 £ 0.3 °C. An LED light panel with blue and red-orange
lights was installed in the shaker as a light source.

Light source and light quality

Compared with the conventional light sources examined
for crops and algae cultivation such as fluorescent light
(F1), high-pressure sodium (HPS), metal halide (MH),
and microwave, light-emitting diodes (LEDs) are safe,
solid-state, robust, and long-lived with a small mass,
volume, the lowest heat emission, and the highest con-
version efficiency of electricity with desired wavelength
(Massa et al. 2007; Nhut and Nam 2010; Mitchell et al.
2012). For growing algae, a mixing of narrow-spectrum
LED lights (colored) with different wavelength bands
was generally recommended to improve the production
of biomass or specific nutrient components
(Kommareddy and Anderson 2004; Mitchell et al.
2012; Olle and Virsile 2013; Schulze et al. 2016).

In this work, a dimmable LED light (VIPARSPECTRA
Dimmable Reflector-Series 450W LED Grow Light,
VIPARSPECTRA, China) with three dimmers and 12-band
full spectrum was selected as the light source, with which the
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light quality (blue light and red-orange light) and light inten-
sity can be controlled and adjusted. The emission spectra of
the LEDs applied, as shown in Fig. 1, were measured with a
spectrometer (FLAME-S-VIS-NIR-ES, Flame Ocean Optics
Miniature Spectrometer, USA).

The red light includes wavelength bands peaking at 735 nm
(4 IR lights), 656 nm (8 lights), and 630 nm (8 lights). The
orange light has wavelength bands peaking at 580-594 nm (8
lights) and 604 nm (9 lights). The blue light has wavelength
bands peaking at 433—447 nm (10 lights) and 458—470 nm (16
lights). The light intensity was calibrated with a quantum light
meter (Light Scout Solar/Electric Quantum Meter 3415FSE,
Spectrum Technologies, Inc., USA).

Measurement of growth kinetics

Six cultures were prepared and checked for each culturing
condition. The optical density (OD) was checked twice a day
fromthebeginningtothelateexponential phaseandthenonce
aday in the stationary phase with the UV-vis spectrophotom-
eter at 750 nm during the inoculation cycle (~144 h). The
biomass concentration x (g L™") was predicted with the OD —
biomass concentration relationship, i.e., x = OD75¢/5.5 and
used for growth kinetics analysis (Lietal. 2020, 2021).

For the growth kinetics evaluation of each culture condi-

_ In(x2)=In(x1)
- Hh—h

(dayfl, where x; and x, are the biomass concentration at time
t; and t,), the maximum biomass concentration (g LY, and
the maximum biomass productivity (g L™ day ') were
analyzed.

tion, the maximum specific growth rate f,,,

Measurement of biochemical profile

The biochemical profile of neutral lipid content, carbohydrate
content, and protein content were checked with the Nile Red
(NR) staining lipid assay (Kou et al. 2013; Velmurugan et al.
2013; Rumin et al. 2015), the Bradford protein assay
(Guerlava et al. 1998), and the phenol-sulfuric acid
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Fig. 1 Emission light spectrum of the LEDs a blue light and b red-orange light
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carbohydrate assay, respectively (Chaplin and Kennedy
1994). The protein content is generally high in the late expo-
nential growth phase and was checked on the 4th day at 68—72
h of growth. Lipid and carbohydrate contents were checked at
the end of the growth cycle in the late stationary growth phase
when both nutrient components accumulated due to nutrient
starvation.

Statistical analysis

One-way analysis of variance (ANOVA) and Tukey test as-
suming equal variance (two-tailed) were used for the statistical
analysis of the effect of different light intensity mixing be-
tween blue and red-orange lights on growth kinetics and nu-
trient composition. For studying the interaction of the B:RO
ratio and total irradiance, a two-way ANOVA using regres-
sion (unbalanced factorial ANOVA) (Zaiontz 2020) was ap-
plied. A value of P = 0.05 was used as the cutoff to evaluate
the significant difference.

Results

In this work, multiple wavelengths of blue and red-orange
light LEDs were used to study the effect of wavelengths
mixing on algal light saturation and inhibition. We also sought
to determine the optimal light quality and intensity combina-
tion to enhance the biomass and nutrient production of
C. reinhardtii.

Growth kinetics
Growth curves

Under the mixing of blue and red-orange lights, growth was
higher in the exponential phase when the blue light fraction
was low (B:RO = 45:155, 45:205, 65:155, and 65:205). This
indicates that C. reinhardtii grew more rapidly with the de-
crease of blue light fraction (Fig. 2a and b). The only
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exception is that, under combination of B:RO = 65:205, the
growth decreased compared with that of B:RO = 65:155 (Fig.
2b). This indicates the red-orange light inhibition.
Additionally, the total biomass declined rapidly in the station-
ary phase (9—17% for B-45 umol photons m > s~ and 9-19%
for B-65 pmol photons m 2 s~ ') under mixed B-RO light.

Maximum specific growth rate, biomass
concentration, and productivity

The maximum specific growth rate, biomass concentration,
and biomass productivity are shown in Fig. 3. In Figs. 3, 4,
5, and 6, B refers to blue light, and RO refers to red-orange
light; BO means without blue light, i.e., blue light is 0 pmol
photons m > s~ '; B45 and B65 mean a blue light of 45 and
65 umol photons m > s~ '; and RO45 to RO205 means a red-
orange light of 45 to 205 umol photons m > s ™",

Based on a two-way ANOVA using regression, the effect
of the B:RO ratio on the maximum specific growth rate and
biomass productivity was dependent on the total radiance (P <
0.01), while independent for the biomass concentration (P =
0.3).

It has been reported that red-orange light stimulates the cell
division of C. reinhardtii and results in a smaller average cell
size, while blue light delays the cell division and results in a
larger average cell size (Oldenhof et al. 2006). Thus, mixing
the red and blue light could promote both the cell division rate
and cell size growth at the same time and therefore enhance
biomass production. In the previous study, it was shown that,
under the red-orange light, C. reinhardtii obtained higher
growth kinetics than that under the blue light (Li et al.
2020). Thus, in this study, the results under the mixed B-RO
light were mainly compared with those under the red-orange
light alone.

As can be seen in Fig. 3, the growth kinetics under the
mixed blue and red-orange light was higher than under red-
orange light alone under almost all mixed light conditions,
especially under the lower blue light intensity, B-45 pmol
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Fig.2 Growth curves of C. reinhardtii under mixed blue and red-orange light (mean + SD, 1 = 5-6). a B:RO 45:45 to 45:205 pumol photons m 2s . (b)

B:RO 65:45 to 65:205 pmol photons m ™ 5™
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Fig. 3 Growth kinetics of 3
C. reinhardtii under the mixed a
blue and red-orange light (mean + 25 1

SD, n = 5-6), a maximum
specific growth rate, b maximum
biomass concentration, and ¢
maximum biomass productivity.
B—blue light; RO—red-orange
light; BO—without blue light, i.e.,
blue light 0 umol photons m >
s~'; B45-blue light 45 pmol
photons m > s~ '; B65-blue light
65 pmol photons m? sfl; RO45-
RO205—ted-orange light 45—
205 pmol'm > s . Statistical
differences (P < 0.05) within the
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contents of B-0 umol photons 1.2
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It is interesting that light mixing between the blue and red-
orange lights relieved the light inhibition under red-orange
light alone. As we measured in the previous study, when RO
increased from 155 to 205 pmol photons m 2 s~ ', the growth
of C. reinhardtii was inhibited under the red-orange light
alone (Li et al. 2020), i.e., the specific growth rate declined.
While in this work, the maximum specific growth rate under
the combination of B:RO = 45:205 was significantly higher
than that of the red-orange light alone. This indicates that, with
the addition of 45 pmol photons m > s~ ' blue light, the inhi-
bition caused by increasing the red-orange light to 205 pumol
photons m 2 s ' did not appear.

02t b
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I L
RO105 RO155 RO205

RO intensity (umol m2s1)

Also, as measured, under blue light alone, the light satura-
tion appeared around a light intensity of 65 tmol photons m >
s !, and the highest specific growth rate reached was 1.703
day ' (Li etal. 2020). While for all the light mixing conditions
of red-orange light and B-65 umol photons m *s ', as shown
in Fig. 3a, the maximum specific growth rate was significantly
higher than that of blue light alone (P < 0.05 under B:RO =
65:45, P<0.01 for the rest). Thus, B-RO light mixing relieved
the light saturation caused by the blue light and promoted
growth kinetics relative to blue light or red-orange light alone.

When comparing the two blue light intensities under
mixing condition we can see for fi.x and P, at RO-45
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Fig. 4 Lipid content of C. reinhardtii under the mixed blue and red-
orange light (mean + SD, n = 5-6), a lipid mass fraction, b lipid
concentration (mean + SD, n = 5-6). B—blue light; RO—red-orange
light; BO—without blue light, i.e., blue light 0 pmol photons m 2 s ;
B45—blue light 45 umol photons m > s~ '; B65—blue light 65 pmol
photons m 2 s™'; RO45-R0205—red-orange light 45-205 pmol
photons m 2 s, Statistical differences (P < 0.05) within the contents of
RO-0 pmol photons m > s~ (blank bar), B-45 pumol photons m 2 s |
(upward diagonal bar), and B-65 pmol photons m 2 s! (dark blue bar)
are indicated by different letters

umol photons m 2 s and Cpee from RO-45 to 205 pmol
photons m  s~', when mixed with B-65 pmol photons m >
s”!, that they were close to or higher than that mixed with B-
45 pmol photons m 2 s'. With an increase of RO light inten-
sity to 105 pumol photons m?2s!or higher, fimax and Ppax
were lower at B-65 pmol photons m 2 s~ than that at B-45
umol photons m 2 s '. This indicates an effect of light inhi-
bition with the increase of blue light intensity.

Under B-RO mixing, the growth kinetics increased with
the red-orange light intensity from 45 to 155 pmol photons
m 2 s ' and became saturated or inhibited at 205 wmol pho-
tons m s '. From RO-45 to 205 pmol photons m 2 s ', the
maximum specific growth rate increased from 1.726 to 2.059
day ! at B-45 pmol photons m % s~ ' and from 1.794 to 1.917
day ! at B-65 umol photons m * s '; the biomass concentra-
tion increased from 0.693 to 0.784 g L™ at B-45 umol pho-
tons m 2 s ' and from 0.730 to 0.812 g L' at RO-155 pumol
photons m 2 s~ and then declined to 0.788 g L' at RO-205
pumol photons m 2 s~! when mixed with B-65 pmol photons
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m 25 '; and the biomass productivity increased from 0.241 to

0.363 g L' day ' at B-45 pmol photons m > s ' and from
0.246 t0 0.340 g L' day ' (RO-155 pmol photons m > s ')
and then declined to 0.310 g L™' day ' (RO-205 pmol pho-
tonsm s ') at B-65 umol photons m > s~

Lipid content

It has been reported that nutrient starvation, especially nitrogen
limitation, can induce lipid accumulation in algae cells (Chen
et al. 2011; Wang et al. 2019). Therefore, the lipid content was
checked in the late stationary phase, as shown in Fig. 4.

According to the analysis results of two-way ANOVA using
regression, the effect of B:RO ratio on the lipid mass fraction and
concentration was dependent on the total radiance (P<0.01).

We can see from Fig. 4 that, when B-45 pmol photons m >
s~ was mixed with RO-45 pmol photons m > s~' and RO-105
umol photons m > s, lipid content was close to that under
the red-orange light only. When B-65 pmol photons m 2 s '
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Fig. 5 Carbohydrate content of C. reinhardtii under the mixed blue and
red-orange light (mean + SD, n = 5-6), a carbohydrate mass fraction, b
carbohydrate concentration. B—blue light; RO—red-orange light; BO—
without blue light, i.c., blue light 0 umol photons m2 s~'; B45—blue
light pmol photons m 2 s '; B65—blue light pmol photons m > s ';
RO45-R0O205—red-orange light 45-205 pmol photons m 2 s~ '
Statistical differences (P < 0.05) within the contents of RO-0 pwmol
photons m 2 s™! (blank bar), B-45 wmol photons m 2 s~' (diagonal
bar), and B-65 pmol photons m 2 s~ (blue bar) are indicated by
different letters
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Fig. 6 Protein content of C. reinhardtii under the mixed blue and red-
orange light (mean + SD, n = 5-6), a protein mass fraction, b protein
concentration. B—blue light; RO—red-orange light; BO—without blue
light, i.e., blue light 0 umol photons m > s™'; B45—blue light 45 pmol
photons m 2 s~'; B65—blue light 65 pmol photons m > s~ '; RO45—
RO205—red-orange light 45-205 umol photons m 2 s '. Statistical
differences (P < 0.05) within the contents of RO-0 pmol photons m >
s ! (blank bar), B-45 pmol photons m?2s! (diagonal bar), and B-65
pmol photons m > s~ (blue bar) are indicated by different letters

was mixed with RO-45 pumol photons m 2 s ! and RO-105
umol photons m 2 s, the lipid mass fraction and concentra-
tion were significantly higher. As RO light increased to 155
and 205 pmol photons m 2 s ', mixed with both B-45 and
65 umol photons m 2 s, lipid content under the mixed light
was significantly lower than that under the red-orange light
only.

When mixed with B-45 umol photons m 2 s, increasing the
RO light from 45 to 205 umol photons m 2 s, the lipid mass
fraction and concentration increased gradually from 4.6 to 6.4%
wiw and from 27.6 to 42.3 mg L, respectively. When mixed
with B-65 pmol photons m 2 s ™!, from RO-45 to 105 pmol
photons m 2 s, lipid mass fraction and concentration increased
5.3 to 6.1% w/w and from 34.8 to 42.5 mg L' then became
almost stable with a further increase of RO light intensity.

Carbohydrate content

Similar to the lipid content, the carbohydrate content was
checked in the late stationary phase for carbohydrate

accumulation induced by nutrient starvation (Cheng et al.
2017). The results are shown in Fig. 5.

According to the analysis results of two-way ANOVA
using regression, the effect of B:RO ratio on the carbohydrate
mass fraction and concentration was dependent on the total
radiance (P<0.01).

As shown in Fig. 5, the carbohydrate content variation
pattern was different under the mixed light of B-45 and
65 pmol photons m * s '. Under B-45 umol photons m >
s”!, the carbohydrate mass fraction and concentration reached
the highest to 16.4% w/w and 97.8 mg L ™" at the low RO light
intensity of 45 wmol photons m 2 s~ and decreased to about
13.0% w/w and 84.4 mg L' at RO-105 pmol photons m > s~
then increased gradually to 14.0% w/w and 92.2 mg L' at
RO-205 umol photons m 2 s '. Under B-65 umol photons
m > sfl, carbohydrate mass fraction and concentration in-
creased with the RO intensity from 15.0% w/w and 99.1 mg
L' at RO-45 umol photons m 2 s™' to 20.3% w/w and
127.3 mg L™ at RO-205 pmol photons m 2 s '. Moreover,
we can see under B-RO light mixing, except at RO-45 pumol
photons m % s™!, when the blue light intensity increased from
45 to 65 umol photons m > s', the carbohydrate content
increased significantly.

Carbohydrate mass fraction and concentration under B:RO
= 45:45 mixing was similar to that under the red-orange light
only. Under B-65 pmol photons m 2 s !, the carbohydrate
mass fraction was significantly lower, while the carbohydrate
concentration was significantly higher because of the higher
total biomass concentration. As the RO light increased to
105 wumol photons m 2 s~' or higher, under both B-45 and
65 umol photons m s~ ', the carbohydrate mass fraction and
concentration became significantly lower. It indicates that,
when the red-orange light was mixed with the blue light, the
carbohydrate accumulation was not improved by the combi-
nation of blue and red-orange lights.

Protein content

Unlike the lipid content and carbohydrate content which were
checked in the late stationary phase, the protein content was
checked at 68—72 h when the nutrient in the medium is enough
that protein synthesis will not be inhibited (Gameiro and
Struhl 2018). The results are shown in Fig. 6.

According to the analysis results of two-way ANOVA
using regression, the effect of B:RO ratio on the protein con-
centration was dependent on the total radiance (P<0.05),
while was independent on protein mass fraction (P = 0.07).

Under B-RO mixing, instead of increasing with the light
intensity as under red-orange light alone, the protein mass
fraction decreased with the red-orange light intensity. It de-
creased from 45.7 to 36.0% w/w under B-45 pmol photons
m 2 s ' and from 43.0 to 38.4% w/w under B-pumol photons
m 2 s . The protein mass concentration also decreased with
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the RO light at B-45 pumol photons m 2 s™' (from 319.4 to
286.3 mg L"), while at B-65 umol photons m > s, the
protein concentration increased from 304.3 mg L™' at RO-45
umol photons m % s~ ' to 321.6 mg L' at RO-105 pmol
photons m 2 s~' then declined to 302.5 mg L' at RO-205
umol photons m 2 s~

Compared with red-orange light alone, the protein mass
fraction and concentration were higher under the mixed light
from RO-45 to 105 pmol photons m % s ' under both B-45
and 65 pumol photons m 2 sfl, i.e., the protein synthesis is
promoted at relatively low RO light intensity. As the red-
orange light was increased to 155 umol photons m 2 s™', the
protein mass fraction became lower than that under the red-
orange light, while the protein concentration was still higher.
When the red-orange light was increased to 205 pmol photons
m 2 sﬁl, both the protein mass fraction and concentration were
significantly lower than that under the red-orange light alone.
Hence, the mixed light at relatively low RO intensity (45—
105 pmol photons m 2 s~ ') can improve the protein content.

Thus, mixed B-RO light did not improve the protein con-
tent significantly in C. reinhardtii relative to the red-orange
light except under low RO light intensity.

Discussion

Mixed red and blue light has been shown to promote the
biomass production of crops and microalgae compared with
other light sources (Elmoraghy and Farag 2012; Fu et al.
2013; Yan and Zheng 2014; Choi et al. 2015; Schulze et al.
2016; Raetal. 2018). It has been reported that using the mixed
red-blue light improved the algal biomass production and nu-
trient removal rate for wastewater treatment (Kim et al. 2013).
Mixed red-blue light improved the specific growth rate and
biomass concentration of algae Phaeodactylum tricornutum
and Isochrysis galbana and for Nannochloropsis salina both
parameters under the mixed light were higher than that under
the fluorescent light but lower than that under red light
(Sirisuk et al. 2018). Blue- and red-mixed light (5:5) has been
reported to provide the highest growth of microalgae
P. tricornutum, 1. galbana, N. salina, and Nannochloropsis
oceanica among the red, blue, and fluorescent lights (Ra et al.
2018). Blue- and red-mixed light was also reported to induce
higher biomass growth kinetics for Nannochloropsis oculata
and Tetraselmis chui than non-optimal lamps such as LED
CW or LED WW (Schulze et al. 2016). The combination of
blue and red light has been reported to give the highest bio-
mass of Chlorella sp. in terms of cell density (Severes et al.
2017).

There are also some studies showing no significant impact
or even a lower growth induced by mixed red-blue light than
by fluorescent light, or red and blue light alone (Lin et al.
2013; Leonardi et al. 2018; Pereira and Otero 2019).
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Different optimal blue-red light ratios have been reported
for the growth of crops and different algae species. A blue-red
light ratio of 10-30% has been reported to result in the highest
biomass production of crops (Nhut and Nam 2010), and a ratio
of 1:1 has been reported to significantly promote the anthocy-
anin and proanthocyanidin content in strawberry fruits (Zhang
et al. 2018). For microalgae, a blue to red light ratio of 1:3 has
been reported to promote the biomass growth rate of
Dunaliella salina (Fu et al. 2013), and a ratio of 3:7 has been
reported optimal for biomass and pigment production of
Arthrospira platensis (Lima et al. 2018). A blue-red light ratio
of 5:5 has been reported for the growth of Chlorella sp.,
Scenedesmus obliquus, and Neochloris oleoabundans, and a
ratio of 5:5 and 3:7 for biogas upgrading, and biogas fluid
nutrient removal (Yan and Zheng 2014; Zhao et al. 2015;
Yan et al. 2016). Changing the ratio between red and blue
lights can affect the rate of Scenedesmus sp. biomass produc-
tion and nutrient removal from the medium (Kim et al. 2013).
However, it has also been reported that changing the red to
blue light ratios resulted in no significant differences in the
growth and morphology of tomato seedlings (Hernandez and
Kubota 2012). In this study, we can see from Fig. 3 that, with
the decrease of blue to red-orange light ratio, the growth ki-
netics, including the maximum specific growth rate, biomass
concentration, and productivity, increased. The best observed
ratio is 45:155 (29%) and 45:205 (22%) (Fig. 3).

According to the results in this study, light mixing between
blue and red-orange lights did work to relieve the light inhibition
under red-orange light and also the adverse effect of light satura-
tion under blue light. For the growth kinetics, as measured in our
previous study, under the same red-orange light, C. reinhardtii
showed light saturation and inhibition at 155 pmol photons m
s ! (Li etal. 2020). The maximum specific growth rate decreased
rapidly (light inhibition) with a further increase of red-orange
light intensity. In this study, when red-orange light was mixed
with blue light (45 and 65 pmol photons m 2 s '), the maximum
specific growth rate did not decrease with the light intensity from
155 to 205 umol photons m 2 s ' and still had a significant
increase under the combination of B:RO =45:205. This indicates
that the effect of light inhibition under the red-orange light was
relieved with the addition of blue light. Also, when red-orange
light was mixed with blue light with an intensity of 65 pmol
photons m 2 s, the maximum specific growth rate was signif-
icantly higher than the highest specific growth rate (appeared at
the light saturation point B-65 umol photons m 2 s~ ') under blue
light alone, i.e., the addition of red-orange light relieved the ad-
verse effect of light saturation under the blue light. A similar
result has been reported in the literature. With the addition of
42 umol photons m 2 s™' blue light to 128 wmol photons m >
s red light, the growth of D. salina was less inhibited than with
a 170 umol photons m 2 s red light (Fu et al. 2013).

For lipid synthesis, the combination of blue and red light has
been reported to promote lipid content in a few studies. For
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instance, mixed red-blue light improved the lipid production of
alga P. tricornutum but showed no significant effect on the lipid
production of Nocardiopsis salina or I galbana (Sirisuk et al.
2018). Relative to the blue light alone, adding red light to blue
light has been reported to improve the lipid content of Skeletonema
marinoi (Orefice et al. 2016). Blue- and red-mixed light (5:5) has
been reported to obtain higher lipid content than fluorescent light
in microalgae P. tricornutum, I. galbana, N. salina, and
N. oceanica (Ra et al. 2018). Fluorescent light with both red and
blue peaks showed the highest lipid content for N. oculata and
T. chuii among LED 405, LED 465, LED 630, LED 660, LED
CW, and LED WW, but the authors did not compare the results of
red-blue mixed light of HRLB, HBLR, HRmix, and HBmix like
that for analysis of growth kinetics (Schulze et al. 2016).
Nevertheless, some studies showed that the red-blue light combi-
nation did not improve the lipid content compared with other light
sources such as red light (Severes et al. 2017). In this study, the
improvement of lipid content under the mixed blue (65 pmol
photons m 2 s™') and red-orange light (45105 pumol photons
m 2 s ") compared with that under the red-orange light only
(45-105 pumol photons m 2 s) could be induced either by light
mixing or by an increase of light intensity, since the mixed of blue
(45 umol photons m2 s ') and red-orange light (45105 pmol
photons m 2 s ') did not show any improvement. When the red-
orange light intensity increased to 155 and 205 pmol photons m >
s !, the lipid mass fraction and concentration were significantly
lower than that of the red-orange light only. Hence, we can con-
clude that a combination of blue and red-orange lights might not
be a good method to improve the algal lipid content, especially at
high red-orange light intensities; the stimulating effect of red-
orange light on lipid synthesis and accumulation was significantly
hindered by being mixed with blue light.

For carbohydrate synthesis, red light promotes carbohy-
drate accumulation (Wynne and Rhee 1986), and blue light
can enhance the synthesis of protein and amino acid by induc-
ing the breakdown of the carbohydrate reserves in algae
(Wynne and Rhee 1986; Kamiya and Saitoh 2002; Schulze
et al. 2014). Light with wavelengths of 400450 nm has been
reported to have a negative effect on carbohydrate to protein
ratios of algae (Schulze et al. 2016). Hence, the blue light and
red light have an opposite impact on carbohydrate synthesis,
and the addition of blue light hinders carbohydrate accumula-
tion. Some studies have reported that the mixed red-blue light
improved the carbohydrate content relative to blue light
(Orefice et al. 2016), while some reported that the mixed
blue-red light provides significantly lower soluble sugar con-
tent in lettuce leaves compared with the blue-red-white light
and fluorescent light (Lin et al. 2013). Like crops, the carbo-
hydrate accumulation and synthesis in C. reinhardtii in this
study were delayed under the combination of blue and red-
orange lights compared with that under red-orange light only.

For protein synthesis, it has been reported that mixed red-
blue light provided higher protein content in lettuce leaves

compared with the mixed blue-red-white light and fluorescent
light, but the difference was not significant (Lin et al. 2013).
For algae, the mixed red-blue light has also been reported to
improve the protein content in S. marinoi relative to blue light
only (Orefice et al. 2016).

It is difficult to explain why, under the B-RO mixing
condition, the protein mass fraction decreased with the
red-orange light intensity. One possible reason is that the
blue and red lights have opposite effects on many algal
metabolic processes, including protein synthesis. Like the
examples mentioned above, blue light delays the cell divi-
sion, and red light promotes cell division (Oldenhof et al.
2006), and blue light induces the protein and amino acid
synthesis by consuming carbohydrate reserves, and red
light promotes the carbohydrate synthesis (Wynne and
Rhee 1986; Kamiya and Saitoh 2002; Schulze et al. 2014).
Protein synthesis induced by blue light seems to be inhibited
by the red light. It has been reported that blue light provided
the highest levels of early light-inducible proteins (ELIPs)
in pea plant leaves, while the addition of low-intensity red
light (100-500 umol photons m > s~ ') significantly re-
pressed the ELIPs synthesis (Adamska et al. 1992).

Conclusions

This study examined the effect of mixed blue and red-orange
light on algal growth kinetics and biochemical profile. The
adverse effect of light saturation under blue light and light
inhibition under red-orange light on C. reinhardtii growth
was significantly relieved by combining different light quali-
ties and intensities. The growth kinetics increased significant-
ly; protein and lipid mass fraction and/or concentration had a
significant improvement with light intensity combination of
B:RO =45:45, 65:45, and 65:105 pmol photons m 2 sfl; and
carbohydrate content had no apparent improvement. With the
increase of red-orange light intensity in the mixed light, lipid,
carbohydrate, and protein synthesis were repressed.
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