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Utilization of algae includes both macroalgae for human consumption dating back to thousands of years, as well as
the application of microalgae in health promoting dietary supplements. The autotrophic growth of microalgae is
slow, but can be accelerated by optimizing their cultivation conditions. Efficiency optimizations for time and
economy should be performed in many parallel experiments. A new high-throughput microalgae cultivation method
is presented here, applying 24-low-well microplate with varying illumination, in which the cell growth is followed
via evaluation of scanned images. A strain of the genus Nannochloropsis and two Chlorella vulgaris species have
been chosen as well described and frequently applied model organisms in order to test the recently developed
cultivation system. In these scaled down experiments, the custom design lighting panel was tested by studying the
effect of the colour of illumination on cell growth kinetics. RGB LEDs (i.e. light emitting diodes, red: 622 nm,
green: 528 nm, and blue: 467 nm) were used individually or together providing red, green, blue, and white colours.
While the effect of light’s colour on algae growth was evaluated, also the new system was proven to be suitable for
comparing maximal growth rates for different microalgae strains. While the tested two Chlorella isolates reached
1.2-1.4 g I'! concentrations, the Nannochloropsis strain reached 1.4 g I”! final cell dry weight, and specific growth
rates were observed between 0.58-0.62 day ™.
Keywords: Chlorella, Nannochloropsis, growth rate, LED, microscale, microplate, light conditions

As other photosynthesizing organisms, microalgae are capable of CO, fixation and the
production of organic matter. Their advantage over plants is that they can photosynthesize
much faster and with greater reproductive capacity due to their higher photoconversion
efficiency. In addition to these properties, their intracellular content can be used industrially
from the feed/food industry through cosmetic industry to biofuel production. Therefore,
examining the conditions affecting their intracellular content is very important in today’s
technological development (MonsENPOUR & WILLOUGHBY, 2013; FozER et al., 2017).

The materials produced by algae have a great variety. Among their major ingredients
with industrial interest are chlorophyll, fatty acids, tocopherols, sterols, proteins,
carbohydrates, vitamins, minerals, antioxidants, and pigments (CHACON-LEE & GONZALEZ-
MariNo, 2010; BENNAMOUN et al., 2015; ARIEDE et al., 2017; Fozer et al., 2017; SipiQui &
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Prasap, 2017). Many ingredients, like vitamin A, B1, and B2 or fatty acids are used as
supplementation of essential nutrients (SippiQui & PrasaD, 2017). Other components, such as
phycobilin or phytosterol, are utilized as functional foods (CHAacON-LEE & GONZALEZ-MARINO,
2010). Microalgae have some other high-value compounds like -carotene (CHACON-LEE &
GonNzALEZ-MARINO, 2010) and phycocyanin (BExnamoun et al., 2015) utilized for their
antioxidant effect.

However, algae are often growing relatively slowly in comparison to other micro-
organism. In order to improve their cultivation technology, the application of scale down is
strongly recommended. While one of the smallest and most inexpensive means for
investigation of microbial growth, a 96-well-microtiter plate (MTP), is suitable for algae
cultivation, too, in an incubator shaker, its adjustable illumination is not yet solved. Therefore,
we had started developing an illuminating system for MTPs with the application of LED
chips as light source, since their size makes it possible to individually illuminate every well
on an MTP. Furthermore, the electrical energy conversion of LEDs to light is one of the best
among light sources, and thus LEDs have good potential in the development of economically
feasible processes of algae production. Additionally, the emitted spectra of LED should fulfil
the requirements of the cultivated algae, while not wasting light by emitting unnecessary
wavelengths (LEE & PaLssoN, 1995; CarvaLHO et al., 2011). By combination and dimming of
different LED chips, LED panels can be adjusted easily to meet lighting requirements.

Like in case of all photoautotrophic cultures (including strains of Nannochloropsis and
Chlorella), intensity, wavelength, and periodicity are the main factors of lighting influencing
both biomass productivity and intracellular content (Fu et al., 2013), which also determine
the final application potential in the industry (GoLpman, 1979). For growing algae cultures,
light is the source of energy essential for photoautotrophic growth, so the successful
cultivation of microalgae highly depends on the effective utilization of the light’s energy
(SANDNES et al., 2005) and thus on the parameters of light.

Wavelength is probably the most important parameter, as the spectrum of light can
influence the metabolic processes of algae. This is explained by the different energy content
of different wavelengths that induce different biochemical processes in the cells. Algae
strains can have various colour bodies with different photoabsorbent compounds like
chlorophyll a, b, and ¢, which influence the light absorption spectrum of the incident light,
meaning also that these bodies have an optimum (a sharper peak) characteristic wavelength.
While Nannochloropsis species only have chlorophyll a, Chlorella species have both
chlorophyll a and b, resulting different light utilization patterns (LuBiaN et al., 2000; SHu et
al., 2012).

The 400-700 nm range of light that can be used for photosynthesis is called
photosynthetically active radiation (PAR).

The effect of wavelength on growth of algae has been examined in several studies. CHEN
and co-workers (2013) cultivated Nannochloropsis oceania in a 1 litre glass photobioreactor
on modified BG-11 medium. The photobioreactor was illuminated with different coloured
LEDs (i.e., white, blue, red, or yellow) at a light intensity of ca. 150 wmol m2 s with
wavelength set to 670 nm (red), 580 nm (blue), 475 nm (yellow), 430 to 450 nm, and 520 to
560 nm (white). They found that white light has the greatest improving effect on the final
concentration of microalgae biomass, reached on the 4th day of cultivation (2.1 g 1),
followed by yellow (2 g I'!), red (1.8 g I'!), and blue (1.6 g I'!) light. While white light
containing the whole spectrum was found to result in the highest biomass concentration
(CueN et al., 2013), blue light induced the highest eicosapentaenoic acid (EPA) production of
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the algae, which metabolite is primarily used in the treatment of cardiovascular diseases in
human medicine (Maki et al., 2014; Borow et al., 2015; ScHWANKE et al., 2015).

Das and co-workers (2011) studied the effect of light on phototrophic culture of
Nannochloropsis sp. (isolated in Singapore). They found that illumination with different
wavelengths changes the intracellular protein and carbohydrate compositions. When lit with
blue light, cells contained 15% carbohydrate and 60% protein, whereas under red light, this
ratio was 39:29. Nannochloropsis sp. achieved a specific growth rate of 0.64 and 0.66 day!
in phototrophic and mixotrophic cultures with blue lighting.

TEeo and co-workers (2014) also studied the effect of different light (blue, red, green, and
white) on algae and showed that specific growth rates of Nannochloropsis species were
similar under blue (1.64 day ') and red (1.61 day!) illumination. The higher growth rate was
explained by the induction of more Rubisco enzymes (ribulose-bisphosphatase / carboxylase
/ oxygenase and carbonic anhydrase enzyme) in the cells caused by the blue light. The higher
Rubisco enzyme activity is clearly associated with the enhanced growth rate and better
storage of triglycerides. Red light is often proved to be harmful to algae cells (Suu et al.,
2012), reducing the growth rate. However, the harmful effects of red light can be eliminated
by blue illumination for short periods, which can regenerate the damaged enzymes.

BrLaR and co-workers (2014) presented the effect of wavelengths and growth medium
composition on the growth of Chlorella vulgaris. They used light with different wavelengths
(blue, white (clear), green, and red) in order to test their effect on algal growth. While
cultivations under white (0.369 day!), blue (0.235 day '), and red (0.140 day ') lights showed
the highest growth rates on day 3, the green (0.137 day ') light provided the highest growth
rate on day 2.

In this study, we investigated the applicability of a new illumination system by comparing
the growth of three microalgae strains belonging to the genera of Chlorella and
Nannochloropsis. They were exposed to four different colours of illumination in order to
determine the effect of light quality on biomass productivity and on specific growth rate, as
well as study the operation of the new system.

1. Materials and methods

1.1. Strains and media

Experiments were carried out with three industrially relevant strains, widely studied and
described (Bralr et al., 2014; Saria et al., 2014), namely: a strain from the genus
Nannochloropsis and two isolates of Chlorella vulgaris species (CvT, CvH), all belonging to
green microalgae. They were cultivated on a modified version of BG-11 medium widely used
for blue and green algae culturing. Modified BG-11 medium (CHo et al., 2015) contained
1.5 g I NaNO,, 75 mg I'' MgSO,-7H,0, 40 mg I"' K. HPO,-7H,0, 36 mg I'' CaCl,-2H,0,
20 mg I'' Na,CO,, 6 mg I'! FeNH,SO,, 6 mg 1" citric acid, 1 mg I'' Na,MgEDTA, and 1 ml
A5 trace solution per litre. The A5 solution contained 2.86 gI'' H,BO,, 1.81 gI'' MnCl,-4H.,0,
0.391 g I'' NaMoO,2H,0, 0.222 g I'' ZnSO,, 0.079 g I'' CuSO,-5H,0, and 0.05 g I'!
CoCl,-6H,0. Deionized (Simplicity, EMD Millipore, Darmstadt, Germany) distilled water
was used for preparing the medium. Before inoculation, volumes of this medium were
sterilized by autoclaving at 121 °C for 20 min (3870ELV, Tuttnauer Europe, Breda,
Netherlands) and used both for shaken flask precultivation and MTP experiments.
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1.2. Cultivation

24-well microplate with white plastic walls and transparent bottom (Polystyrene 24 roundwell
microplates from Porvair) was used in our experiments. The useful volume of each well was
1.5 ml.

The novel RGB LED panel was attached to the transparent bottom white walls hindered
cross-lighting, thus each well could have different light conditions. We designed the panel in
a way that each well on the microplate has its own RGB type LED chips: red 622 nm, green:
528 nm, blue: 467 nm. Jumpers on the panel allow switching on/off the corresponding LEDs
and potentiometers (variable resistance) are to adjust LED intensity. While the length of lit
and dark periods can also be adjusted, during the experiments presented in this paper we
applied 8 h dark period after 16 h of light.

For isolation from the outside world but allowing efficient gas exchange, we applied
sandwich covers® that were kind gift of Enzyscreen (www. enzyscreen.com, the Netherlands),
with its cloths replaced with a perforated silicone sheet.

The microplate and the corresponding illumination module were placed in an incubator
shaker (Innova 40, New Brunswick Scientific, Enfield, CT, USA) and cultivated at 25 °C and
250 r.p.m. to obtain adequate mixing for gas exchange. Four different lights were tested:
white light (all three colours on), red, green, and blue.

1.3. Inoculation

We used for inoculum a pre-culture from a standing flask lit with natural light sources at
ambient temperature. The dry weight of the pre-culture was set to 0.15-0.2 g I"! for all three
strains with appropriate amount of deionized sterile water.

1.4. Measuring methods

In order to detect cell growth in the wells of MTP, we regularly took the whole MTP out from
the shaker, and after equalizing and re-homogenizing the culture volumes in a sterile box (i.e.
complemented up to the original volume of 1.5 ml, and shaken for a further 5 min), we put it
on a scanner (LG workstation) for capturing photos (Fig. 1) with IrfanView v.4.37. software.
PixelTools software was used to read the greenscale value of the RGB photo at five
representative points indicated with red dots in Figure 1. With the application of a white
cover, large cell concentration resulted deeper green colours (greenscale=0), and empty cells
gave light green or even white (greenscale=255) pixels. For quantification, we made a
calibration curve as follows: a cell-suspension dilution series was prepared, and the optical
density, cell dry weight, and greenscale values were determined for each step. Greenscale
values were determined as described above, optical density was measured in triplicates at 560
nm with a spectrophotometer Pharmacia LKB Ultrospec Plus, Pharmacia Co., U.S.A. using
distilled water as blank. Cell dry weight (CDW) was determined with filtration of 10 ml cell
suspension through 0.22 um pore size membrane followed by drying for 3 h at 105 °C.
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1.5. Evaluation of results: kinetic auxiliary model

A generalized logistic equation (Epwarps & WILKE, 1968) was fitted to the measured data
(CDW) with SigmaPlot (Systat Software, Inc. 14.0)(x-CDW, t-time):

x=x__/1+exp(axt™+bxt'+cxt*+dxt’) (Eq. 1)
dx/dt= —xx(1-=x/x_ )*(b+2xcxt+3xdxt?) (Eq.2)
p=1/xxdx/dt (Eq. 3)

We determined the parameters (x_, a, b, ¢, d) of each cultivation through non-linear
regression, and first growth rates (dx/dt) were calculated (Eq. 2), then specific growth rates
were assessed (Eq. 3) to find their maximum values. The effects of different illuminations on
maximal specific growth rate were evaluated.

Statistical evaluations were done with MINITAB Release 14.

Fig. 1. The distribution of measured and averaged points in each well

2. Results and discussion

The main goal of this report is to present a simple, cheap, and reliable system for studying
autotrophic cultivation of microalgae in small scale. To demonstrate its usefulness, we carried
out experiments with three algae isolates under 4 different illumination conditions. Each
experiment was repeated three times. Observed growth curves are presented in Figure 2,
demonstrating excellent reproducibility especially for the two Chlorella isolates, since the
repeated curves overlap each other.
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Fig. 2. Parallel growth curves of Chlorella and Nannochloropsis sp.,
¥ red light, o: green light, e: blue light, A: white light

In order to further verify the usefulness of our microscale algae cultivation system,
specific growth rates of the previous growth curves (three parallels) are presented in Figure
3. While out of the presented 12 u,_values in 9 cases low errors were observed (below 10%),
the overall average of errors is 10.26%. Thus, the parallel experiments are really similar,
resulting good reproducibility.
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Fig. 3. Averages of maximal specific growth rates of the three isolates (Chlorella vulgaris strains — CvT and CvH
and Nannochloropsis sp. — N.sp.) under different colours of light
W: CvH; : CvT; W: N.sp.

In Figure 4A, the experiments were grouped by the light conditions and by the isolates
representing the average growth curves of the triplicates. Thus, one can observe the effect of
illumination both on the basis of growth curves (Fig. 4A) and final biomass concentration
(x,,, values) (Fig. 4B).
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Fig. 4. Photosynthetic growth curves of Chlorella and Nannochloropsis spp. grown under different
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Cultivation of the two Chlorella strains resulted in similar patterns of biomass production,
reaching similar values of final maximum biomass concentration (x__ , g I'") with the highest
value at white colour illumination followed by green, blue, and red. At the same time, in case
of Nannochloropsis, the effect of illumination was not so significant. However, highest x
was reached under red light, followed by green, white, and blue.

To further verify the goodness of the illuminated microplate cultivation system, we
statistically compared via one-way ANOVA analysis the different illumination setups. These
revealed, that different illuminations setups result in significantly different growth curves at
P<0.05 (Fig. 5). This confirmed that the measured differences are not random originated, but
related to the applied cultivation conditions (i.e. illumination).
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Fig. 5. A representative statistical examinations of observed cell dry weight measurements
of Chlorella vulgaris (CvT)

The obtained final x  concentrations as well as the observed maximal specific growth

rates (u, ) are comparable with results of other authors applying even larger scale cultivation
(Table 1).
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Table 1. Maximal dry weight (x ) and maximal specific growth rate (u__ ) obtained in this study compared with
results of other studies

Strain of algae X, (g ) . (day™) scale References
this study  other studies  thisstudy  other studies

Chlorella 200 ml flask;  Bram (2014),

vulgaris (CvH) 1.2+0.04 1.2-2.2 0.579+0.04 0.369 20 1PBR; MOHSENPOUR
450 mlPBR  (2013)

Chlorella 200 ml flask;  Bramr (2014),

vulgaris (CvT) 1.4+0.17 1222 0.588+0.03 0.369 20 1 PBR; MOHSENPOUR
450 mlPBR  (2013)

Nannochloropsis 200 | tubular ~ SANDNES (2005),

sp. PBR; Teo (2014

P 1.4+0.07 057 06188002 0616 o CHETS (201)3)

1 1 glass vessel

PBR: packed bed reactor

3. Conclusions

Based on the presented experiments, it can be concluded that despite the small scale (1.5 ml),
our unique lighting design made it possible to perform parallel microalgae cultivations in
24-well microplates. The goodness of the presented cultivation method (including cultivation
in MTP, scanning the MTP, and evaluation of photos by greenscale) was verified in three
ways: 1) the parallel experiments (done in triplicates) had low errors (<10%); 2) the different
setups resulted statistically significant differences in final CDW; 3) the observed maximum
biomass concentrations, as well as maximal specific growth rates were comparable to results
of other authors. Our results also showed that there is no difference among the two Chlorella
isolates: both grow better when illuminated with white (mixed) colour. In Nannochloropsis
cultures the effect of the applied illumination seemed to be less enhanced.

Authors are grateful to Enzyscreen for the microplate holder and Sandwich covers®, as well as to Jozsef Pekar for
construction of the lighting module. Nannochloropsis sp. was a kind gift from KUKK Ltd., Chlorella vulgaris were
kind gifts from Balaton Limnological Institute in 2010.
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