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Abstract

BACKGROUND : The cyanobacterium Arthrospira contains proteins and the blue
pigment phycocyanin that can be used as a natural colorant in the food industry. The
aim of this study was to investigate a strategy to increase the yield of phycocyanin and
protein from Arthrospira cultures by shading the cultures with neutral density and red
light filters. Experiments were conducted under three different irradiance conditions, (i)
lab tests under relatively low light (LL) intensities (100 pmol m™? s™), (ii) lab tests under
relatively high light (HL) intensities (516 pmol m?s™), and (iii) scaled-up tests under

natural (NL) conditions by cultivating Arthrospira in raceway-ponds in a greenhouse.

RESULTS : In all cases, shading of cultures with red filters resulted in biomass with
increased phycocyanin content achieving a maximum of 134, 71 and 121 mg g™* under
low light, high light intensity and natural conditions, respectively. Under high light
intensity and natural conditions, shaded cultures displayed phycocyanin of higher purity

and increased protein content, which reached up to 43 and 65%, respectively.

CONCLUSIONS : Shading of Arthrospira cultures by low-cost polyester red light
filters may be an effective way to enhance phycocyanin production and improve its

purity in outdoor ‘spirulina farms’.

Keywords : Arthrospira platensis ; Spirulina ; phycobiliproteins ; colouring foodstuffs

; C-phycocyanin
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NOTATION

HL High light intensity

LL Low light intensity

NL Natural conditions

PAR Photosynthetically active radiation

INTRODUCTION

Microalgae (including cyanobacteria) are an attractive biomass feedstock for the
production of high-value bio products *. One of the most important high-value products
derived from microalgae on the market today is the natural blue dye phycocyanin 2.
Phycocyanin is a phycobiliprotein pigment with a bright blue colour that is used as a
natural colourant in various sweets and drinks *. Demand for phycocyanin has increased
in recent years because synthetic colourants are increasingly being replaced by natural
colourants in the food industry, mostly due to real or perceived negative health effects
of synthetic colourants *. Phycocyanin may even have positive health effects because it
possesses antioxidant, anticancer, neuroprotective and anti-inflammatory properties °.
The main commercial source of phycocyanin today is the cyanobacterium
Arthrospira (commonly known as Spirulina)®. Phycocyanin is extracted from dried
Arthrospira biomass using water-based solvents and further purified and concentrated
from these extracts using various methods such as ammonium sulphate precipitation,
polyethylene glycol separation, ultrafiltration and/or chromatography . Extraction and

purification of phycocyanin is a complex process that involves several drying and
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separation steps ’. As a result, the cost of phycocyanin is determined to a larger extent
by the cost of processing than by the cost of the Arthrospira biomass feedstock ®.
Because the energy and chemical demand required for processing is inversely related to
the concentration of the product in the biomass feedstock °, the cost of phycocyanin
could be reduced by using Arthrospira biomass that is enriched in phycocyanin.
Moreover, due to the increasing trend of world demand of food and feed protein,
microalgae have been suggested as an important alternative source for proteins °. In
particular, the biomass of Arthrospira is rich in proteins (up to 60-70 %), carbohydrates,
minerals and vitamins ®*. The protein content in the biomass can be altered due to

changes in the light intensity and light regimes 2

. More specifically, low light
intensities are known to stimulate the protein production in Arthrospira biomass *%.
Although the impact of light intensity or spectral composition of the light on the protein
content in Arthrospira biomass has been investigated, the results reported in literature
are conflicting. On the one hand, some studies suggest that the protein content in

Arthrospira is increased when the light intensities are low

, While others reported
that higher light intensities stimulate protein production *°. Changes in the spectral
composition of the light are also known to affect the protein content *°.

In current extensive cultivation systems for Arthrospira biomass production,
culture conditions are not optimized to maximize the phycocyanin or protein content
and the concentration of phycocyanin in the biomass is relatively low, from only 27 to
maximum 96 mg g™ in commercial biomass samples **. It is well-known that
cyanobacteria adjust their phycobiliprotein pigment concentration in response to

changes in the light intensity and light quality ”. In general, the changes in the

phycobiliproteins are reflected in the number and size of these pigments **°. In a study
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by Nomsawai (1999), it was reported that the amount of phycobiliproteins was
increased when Arthrospira cultures were transferred from high to low light
intensities'®. This increase was caused by the change in the rate of biosynthesis of the
phycobiliproteins *°. In Arthrospira, the concentration of phycocyanin in the biomass is
generally increased when light levels are low in order to increase light harvesting
efficiency **?°. In fact, under low light levels, the total pigment concentration is
increased for the cells to absorb more light, whilst under high light levels the excess
light cannot be utilized by the cells, and therefore is lost as heat or fluorescence %.
Cyanobacteria also adjust the phycocyanin concentration to changes in the spectral
composition of the light, a phenomenon that is known as chromatic adaptation .
Because phycocyanin absorbs light in the red part of the spectrum with a maximum
absorbance at 620 nm 2, the concentration of phycocyanin should increase under red
light conditions. Several studies have reported changes in the phycocyanin
concentration in Arthrospira biomass under different light wavelengths generated by
LED lights. These experiments, however, have yielded contrasting results: while some
studies found the highest phycocyanin concentration under blue light illumination
162324 others found a higher phycocyanin concentration under red light illumination 2°.
In these studies, phycocyanin concentrations of up to 175 mg g™ have been reported
16’26.

While previous studies have shown that coloured LED lights can be used to produce
Arthrospira biomass that is enriched in phycocyanin, this method cannot be
implemented in existing extensive outdoor production facilities due to the high cost of
energy required for illumination with artificial lighting %’. Moreover, since under natural

conditions the stronger illuminated outer cell layers have a high (80%) dissipation of
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light energy as unused thermal energy by activating photoprotective mechanisms (like
non-photochemical quenching), resulting in overall low photosynthetic efficiencies .
Therefore, in some cases it could be beneficial to shade the cultures in order to reduce
photoinhibition processes. To these ends, the aim of this study was to test whether
similarly high concentrations of phycocyanin can be achieved by shading cultures with
light filters, which might be a significantly less expensive way than artificial lighting.
Light filters are a low-cost solution that might be easily implemented in existing open

pond production facilities.

MATERIALS AND METHODS

Arthrospira strain and culture conditions

The strain Arthrospira platensis SAG 21.99 (further referred to as Arthrospira) was
used in all experiments. The strain was cultured in 1 L bottles in autoclaved Zarrouk’s
medium as modified by Cogne et al %°. Nitrogen concentration in this medium is very
high (about 400 mg NOs; —N L™). As a result, nitrogen stress and the accompanying

decline in phycocyanin concentration in the biomass are avoided °.

Experimental set - up

Low light intensity experiment

In the low light intensity experiment (LL), Arthrospira was cultured in 1 L bottles that
were covered with red and neutral density (grey) light filters ; the non — covered bottles
were used as a control. The treatments were inoculated at an initial OD+s, of 0.06,

corresponding to a biomass concentration of 0.055 g L™. Cultures were stirred using a
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magnetic stirrer (200 rpm) and bubbled with 0.2 um filtered air. The photoperiod was
set at 16:8 h light: dark. Cultures were maintained in a temperature-controlled room at a
constant temperature of 22 °C. Light was provided by daylight fluorescent tubes that
emit light across the PAR range of the light spectrum (Lumilux HE 840, OSRAM,
Germany). The light intensity in the control cultures was 100 pmol photons m?s™ at the

surface of the bottles.

High light intensity experiment

The experimental set-up of the high light intensity experiment (HL) was similar to the
one of the low light intensity experiment. In this experiment, light was supplied by a
white cool LED lamp 100 W (Led Flood Light, Brennenstuhl, Germany) that generates
white light across the light spectrum. Light intensity at the surface of the control

cultures was 516 pmol photons m?s™,

Scaled-up tests under natural conditions (NL)

The scaled —up experiment was carried out in a greenhouse at Provinciaal Proefcentrum
voor de Groenteteelt (Kruishoutem) in Belgium. The experiment was performed in July,
when the average daytime temperatures were above 25 °C, whilst during the night
temperatures ranged from 13 to 18 °C. Arthrospira was cultured in 32 L raceway pond
reactors containing 20 L of culture medium. The length/width ratio of the raceway pond
reactors was 1.3 and the water column depth was 20 cm. The treatments were inoculated
at an average initial OD7so of 0.15 corresponding to a biomass concentration of 0.14 g
L. Two of the ponds were covered with red and neutral density (grey) light filters and

the non — covered pond was used as the control (Fig.1). The cultures were agitated using
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paddle wheels, whose speed was adjusted to 30 Hz. The light intensity was measured
daily using a quantum sensor (Full spectrum quantum sensor SQ 500, Apogee
Instruments, USA). The daytime average light intensity in the surface of the ponds

varied from 437 to 1406 pmol photons m?s™,

Light filters

To evaluate the influence of light filters on optical density, quantum yield, phycocyanin
purity and productivity, as well as biomass productivity and composition, control
cultures receiving the full light intensity were compared between cultures covered with
red and neutral density light filters. Experiments (LL and HL) were carried out in
duplicates in 1 L glass bottles that were wrapped with polyester light filters; non-
covered bottles were used as a control.

Light filters made from polyester were purchased from Lee (UK). The neutral
density filter (LEE 209) is a grey filter that modifies the light intensity equally across
the light spectrum. The red light filter (LEE 287) partially blocks the transmittance of
blue light. The spectra of the light transmitted by the filters were measured using a
spectrophotometer (Genesys 10S UV-Vis, Thermo-Scientific, USA) (Supplementary
data ; Fig.S2). The average blue (400 to 450 nm) and red (550 to 650 nm) light
transmitted by the red filter was 3 and 53, respectively, while by the grey filter this was
39 and 42, respectively. The total PAR irradiance (400 to 700 nm), the average blue and
red irradiance in the control treatments and treatments with red and neutral density
filters were measured using a spectroradiometer for the LL, HL and NL experiments
(STS radiometer, OceanOptics, USA) (Table 1, Supplementary data ; Fig.S3). The total

PAR in the control treatments was higher for the NL than for the HL experiment, and
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PAR in the HL experiment was in turn higher than the LL experiment. Because the light
spectrum of the two artificial light sources used in the experiments deviates from the
solar irradiance spectrum, the ratio of blue over red light intensity was higher in NL
conditions than in artificial light conditions (HL and LL). The red light filter resulted in
a decrease in the blue to red light ratio in all experiments, but this decrease was stronger
in the LL and NL experiment than in the HL experiment. The blue to red light ratio
transmitted by the grey filter was slightly higher than in control conditions in
experiments with artificial light (LL and HL) and slightly lower than control conditions

in the natural light experiment (NL).

Biomass analyses
In all experiments, biomass in the cultures was monitored spectrophotometrically as
optical density at 750 nm (ODvsg) (Genesys 10S UV-Vis, Thermo-Scientific, USA) *.
Spectrophotometric biomass estimates were calibrated using gravimetric dry weight
analysis (g L™ DW = 0.918 x ODvso, r? = 0.99, n = 10). The maximum quantum yield
(Fv/Fm) was measured using a Pulse Amplitude Modulated fluorometer (AquaPen
AP100, Photon Systems Instruments, Czech Republic). The maximum quantum yield of
photosystem Il is a parameter that shows the stress in photosynthetic organisms . Fm
indicates the maximal fluorescence, Fo the minimum fluorescence and Fv (Fm-Fo) the
variable. Before the measurements, the cells were dark — adapted for 30 min ..

At the end of each experiment, on day 10, a subsample was collected for
gravimetric analysis of the dry weight biomass concentration. Therefore, a known
volume of culture was filtered on a pre-weighed GF/C filter followed by drying at 110

°C for 24 h. The final dry weight biomass concentration was considered as the biomass
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production of the culture. The remaining suspension was harvested using a 20 um pore
size nylon mesh, washed with distilled water and immediately stored at -80°C. The
frozen Arthrospira biomass was freeze-dried and phycocyanin, proteins, carbohydrates,
chlorophyll a and carotenoids were measured in the freeze-dried biomass. Proteins were
determined by the Lowry assay ** and carbohydrates using the phenol—sulphuric acid
method according to Dubois with glucose as standard 3. Carotenoids and total

chlorophyll in the biomass were measured according to the method by Lichtenthaler *.

Analytical determination of phycocyanin concentration in the biomass

The dry biomass was diluted in 0.1 M phosphate buffer solution pH 6. Subsequently,
the solution was mixed and incubated in a warm water bath at 30°C for 16 hours. After
incubation, the solution was centrifuged (20 min, 10 °C, 3400 x g) and the supernatant
containing the phycocyanin was collected. At this point, the absorbance of the
supernatant was measured at 620, 650 and 280 nm. Phycocyanin (c-phycocyanin)
concentration was calculated as described by the method of Yoshikawa and Belay *:
phycocyanin (mg L™) = 0.162 x ODg0 — 0.098 x ODgso

where ODgyo and ODgs are the optical absorption at the wavelengths of 620 and 650
nm, respectively. The purity of phycocyanin (c-phycocyanin) was estimated from the

ratio ODszo/O Daso 36.

Statistical analysis
Differences in biomass productivity, biomass composition, phycocyanin concentration,
purity and productivity in the cultures were compared between the different treatments

using one-way ANOVA. To check for pairwise differences between the treatments, a
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Tukey's post-hoc test was used. A p-level of 0.05 was considered to be significant.

Statistical analyses were performed with the R software.

RESULTS AND DISCUSSION

Effect of light filters on biomass productivity
Fig.2 illustrates the kinetics of optical density (an indirect way to determine the biomass
concentration in the medium) and the final biomass productivity of the different
treatments. In the LL runs, shading of cultures with light filters resulted in a decline in
the optical density when compared to the control cultures. This was expected since the
total irradiance used (100 pmol m? s™) was well below the light saturation level (around
200 pumol m s for Arthrospira '), and therefore any reduction of the light intensity
would result in the decline in productivity. In the HL intensity runs, the optical density
and the final biomass productivity of the cultures did not differ significantly (p = 0.67)
between the treatments (HL, 516 pmol m™? s™). In this experiment the irradiance was
higher than the saturation level and, therefore, a reduction in light intensity through
shading with filters does not negatively affect biomass growth. This is due to the fact
that at light intensities that surpass light saturation, the excess light energy that is
absorbed from the photosynthetic machinery cannot be metabolically utilized and is
dissipated and lost either as thermal energy or as fluorescence. At much higher light
intensities photoinhibition could occur, a phenomenon that typically occurs under
natural conditions and lowers photosynthetic efficiency .

However, in the experiments conducted under natural conditions (NL runs)

shading of cultures caused a decrease in optical density and biomass productivity,
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despite the fact that light intensity was higher than in the HL experiment (437 -1406
umol m? ). Despite the fact that light intensity at the surface of the reactors was
higher, the average light intensity in the reactor as experienced by microalgae can be
much lower due to self-shading of the cultures by microalgal cells ***°. Reactors used
in laboratory experiments were of cylindrical shape with 9 cm diameter and irradiation
from one side (it was assumed that irradiation at the non-illuminated side was 25% of
that at the illuminated side), while ponds had 20 cm depth and only irradiation from the
surface. Based on the Beer—Lambert law, the geometry of the experimental vessels and
the extinction coefficient derived from the biomass concentration, we estimated the
average light intensity in each series of experiments (supplementary data ; Fig.S4).
From these estimates it is clear that the average irradiance experienced by microalgae in
the ponds is lower than for the HL experiments and is actually more similar to the LL
experiment.

Maximum quantum yield of primary photochemistry, which is the ratio of
variable fluorescence to the maximum fluorescence (F\/Fr) is frequently used as an
indicator of the performance of photosystem I, a major component of the
photosynthetic machinery **. In Fig.3 the maximum quantum yield of primary
photochemistry (QY) of the various experimental treatments is illustrated. Runs of LL
and NL did not display any differences between the controls and the shaded cultures,
reflecting that in all these cases Arthrospira was not stressed due to high light levels. In
contrast, in the runs with HL, the shaded cultures had higher QY than the control,
revealing that under these conditions the unshaded Arthrospira was negatively affected
by the high light intensity while shading of cells reduced the stress associated to high

light intensities. These results are in line with the observations of biomass productivity
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where it was observed that HL runs, even illuminated with lower light intensities than in
NL runs, (ponds) cells were under higher light stress, and thus any shading of the
cultures lead to the mitigation of light stress. In open ponds operated under natural
conditions, even cells are subjected in photoinhibitory light levels, during agitation,
cells are propelled towards the dark layers of the ponds (depths more than 5 cm), where
Photosystem 11 (PSI1) activity recovers rapidly in the dark *2. Ponds have generally
longer dark periods than photobioreactors leading thus higher levels of recovery *. This
conclusion is supported as well from the results on the quantum yields of primary

photochemistry.

Effect of light filters on phycocyanin concentration and productivity

In all conditions (LL, HL and NL) shading of cultures with red light filters caused an
increase in phycocyanin concentration (Fig.4). In particular, in LL at day 10
phycocyanin reached a maximum of 134 mg g and 122 mg g™ in the red and grey light
filters, respectively, whilst the content of the control was 110 mg g™*. Under HL
conditions the differences were much larger, giving 71, 58 and 23 mg g™ at day 10 for
red, grey and control runs, respectively. Same trend of phycocyanin content was
observed as well in NL runs, where at day 10, red filter gave the highest phycocyanin
content (121 mg g™, followed by grey (113 mg g*) and the control (99 mg g™).
Between the different light conditions, the highest phycocyanin content was obtained
under LL, followed by NL, while HL gave significantly lower values. These results are

in agreement with previous observations that both a reduction in the light quantity 2444

24,25,45

or change on light quality (light spectrum towards red) can induce an increase in

the phycocyanin concentration in Arthrospira biomass. This observation can be

This article is protected by copyright. All rights reserved.



Accepted Article

explained by the capacity of chromatic adaptation of many cyanobacteria, including
Arthrospira, in which cyanobacteria adjust their pigment composition in response to
light alterations #*. Phycocyanin absorbs light in wavelengths where chlorophyll a
poorly absorbs, and light energy absorbed by phycocyanin is transferred to chlorophyll
a in photosystem 11 to enhance the photosynthetic capacity of Arthrospira %. The
chromatic adaptation is reflected by the increase in phycocyanin concentration when the
cultures were shaded with red light filters. Red coloured filters yielded the highest
phycocyanin concentrations in both laboratory conditions and in the greenhouse under
natural conditions. As concerns the neutral density filter treatments, the increase in
phycocyanin content can only be the result of changes in the light quantity, as the
spectral composition of the light was not modified.

Under LL and NL conditions, although in the cultures covered with light filters
the biomass productivity was significantly lower compared to the controls, the increase
of phycocyanin content led to a similar phycocyanin productivity of the cultures (p =
0.16). The use of light filters to enhance phycocyanin production is clearly a more
effective strategy when the average light intensity to which Arthrospira cells are
exposed is high, as is evident from the strong increase in phycocyanin concentration in
the shaded cultures in the HL experiment. When light intensity is high, shading the

cultures by light filters also does not result in a decrease in biomass productivity.

Effect of light filters on phycocyanin purity
Fig. 5 displays the phycocyanin purity of the different treatments during the
experimental time course. In the LL runs, the purity of phycocyanin did not differ

significantly between the light filter treatments and the control. Under HL conditions,
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phycocyanin purity declined from days 1-3 in all cultures and then from days 3-8
increased for the light filter treatments, whilst it decreased for the control treatment.
Similarly, in the NL runs phycocyanin purity of the control culture was lower than in
the cultures covered with light filters throughout the time course of the experiment. In
general, similarly to phycocyanin concentration, phycocyanin purity is higher in the LL
runs, followed by NL, and then by HL runs that showed the lowest phycocyanin purity
in all treatments. Additionally, under HL and NL runs, the phycocyanin extract from the
control biomass displayed lower purity than the extracts of the red and grey light filter
biomass. As a result, the quality of the phycocyanin extract is higher when light filters
are used as opposed to the control that might lead to lower cost of processing

(compound extraction) and higher price.

Effect of light filters on the biomass composition

The effect of shading of the cultures of Arthrospira with coloured filters on the biomass
composition is shown in Table 2. Regarding proteins, shading of cultures under HL
condition led to an increase in protein content giving 42%, 43% for the red and grey
filters, respectively against 31% of the control. Similarly, in the NL runs, the protein
content increased from 53% in the control culture to 58% in the red and 65 % in the
grey light filters’ cultures. So far, there are several studies suggesting that the protein
content is subject to changes in the light intensity and/or spectral composition of the
light 2447 In the study by Dejsungkranont et al., *® the proteins in Arthrospira
biomass were decreased from 23 % to 15 % with increasing light intensities (from 101
to 203 pmol m? s ). These results are in agreement with the present study. In contrast,

Ogbonda et al., found that proteins in Arthrospira increased with increase in light
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intensity *°. However, in this study, the light intensities used were much lower than the
ones used in the present study, comparing artificial light ranging from 7.5 to 15 umol m’
25 to sunlight.

Regarding carbohydrates, under LL conditions, carbohydrate content was not affected
by shading the cultures. By contrast, under HL conditions, shading the cultures with
light filters led to a significant reduction in carbohydrates content compared to the
control culture (Table 2). This is in general in line with previous studies, which
demonstrate that higher light intensities result in higher carbohydrate content *3“°. In a
study by Lee et al., the maximum carbohydrate content (11%) was obtained under high
light intensities (192 pmol m?s™) *°. Similarly, De Philipps et al., observed an
increase in the carbohydrate content from 7-10 % to 34% in Arthrospira maxima when
light levels were increased **. In the HL runs, the chlorophyll content was significantly
higher in the cultures shaded with light filters, giving 1.2 % for the red and grey filters
and only 0.6 % for the control, which corresponds to a 50% increase in chlorophyll
content. These results come in line with previous studies *%, where it was shown that a
reduction in chlorophyll content of several micro algal species was observed upon
increase in the light intensity ** or by changing the light wavelengths >*. Carotenoids did
not show any significant differences in none of the experiments, indicating that they are

not influenced by differences in light intensity.

CONCLUSIONS
The present study demonstrates that shading of Arthrospira cultures with light filters,
although it might decrease biomass productivity, causes an increase in protein and

phycocyanin content. Regarding phycocyanin, shaded cultures displayed an enhanced
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phycocyanin purity and productivity under high light intensity and natural conditions.
Especially red coloured filters gave the best results when light intensities were the
highest investigated in laboratory conditions or when Arthrospira was cultivated in a
greenhouse under natural conditions. Hence, shading Arthrospira cultures with red light
filters could be a feasible strategy for improving protein and phycocyanin content and

purity of the produced biomass.
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Tables captions

Table 1. Overview of the light intensity and light spectrum in the control, red and grey
filter treatments in the experiments with low light (LL), high light (HL) and natural light
(NL). The light spectrum was measured with a spectroradiometer. The PAR irradiance
transmitted by the filters and received at the surface of the bottles/ponds, as well as the
average blue (400 to 450 nm) and red (550 to 650 nm) light received compared to the
control cultures (as measured with a spectroradiometer) are given for each treatment and
each experiment. The PAR irradiance in the ponds is the average irradiance received in
the surface of the ponds during daylight hours over the course of the experiment, while

the spectrum was measured during clear sky conditions.

Table 2. The biomass composition of Arthrospira between the different treatments
under low light and high light intensities, as well as under natural conditions is

presented.
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Table 1.

Experiments Control Red filter Grey filter
LL experiment
PAR (umol m*s™) 100 40 30
Red light 55 3.3 2.0
Blue light 1.4 0.07 0.60
Ratio blue : red light 0.25 0.02 0.30
HL experiment
PAR (umol m™s™) 516 206 155
Red light 24.6 11.0 7.4
Blue light 8.0 1.1 2.8
Ratio blue : red light 0.32 0.10 0.38
NL experiment
PAR (umol m?s™) 1072 429 322
Red light 401 230 173
Blue light 222 5 59
Ratio blue : red light 0.55 0.02 0.34
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Table 2.

Experiments Proteins (%) Carbohydrates Chlorophyll (%)  Carotenoids (%)
(%)

LL exp.

Control 58.3 +3.8° 8.4+13° 2.1+03° 0.50 + 0.05°
Red 62.4 +4.0° 9.3+0.7° 2.3+0.05° 0.48+0.01°
Grey 59.4 +6.5° 10.2 + 1.7 2.2+0.09° 0.48+0.01°

HL exp.

Control 30.7+1.4° 31.8+1.1° 0.6+0.05° 0.31+0.02°
Red 41.7 +5.0° 18.7+ 4.6 1.2+0.22° 0.36+0.04"
Grey 42.7 +5.4° 19.5 + 19.5° 1.2+0.19° 0.38+0.05°"

NL exp.

Control 53.2 5.1 1.9 0.44
Red 57.7 5.6 1.7 0.38
Grey 65.2 4.8 2.1 0.44

*Means + standard deviations. Different letters in the same column indicate significant statistical

differences between the different treatments at a 95% confidence level (p = 0.05).
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Fig.1 The experimental set-up of the raceway pond reactors in the greenhouse. Arthrospira was cultivated
under natural conditions in the ponds covered with red and grey light filters and the non-covered pond was
used as a control.
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Fig. 2 Optical density (A-C) in the LL, HL and NL experiments, respectively. The light filter
treatments were compared to the control treatment for a period of 10 days (control : @ ;red : A ;
grey : ). Differences in biomass productivity (g L-! d-!) between the light filters and the control
treatment were compared at the last day of the experiment (D : LL, E: HL, F : NL). Statistically
significant differences between the treatments in graphs D and E are indicated by different letters

(p=0.05)

Fig. 2 was created using SigmaPlot 11.
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Fig. 3 Quantum yield (A-C) in the LL, HL and NL experiments, respectively, where the light

filter treatments were compared to the control treatment at the last day of the experiment.

Fig.3 was created in SigmaPlot 11.
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Fig.4 Phycocyanin concentration (mg g') (A-C) in the LL, HL and NL experiments,

(D-F) between the light filters and the control treatment (D : LL, E: HL, F : NL) were
compared at the last day of the experiment. Statistically significant differences between the

treatments in graphs D and E are indicated by different letters (p = 0.05).

Fig.4 was originally created in SigmaPlot 11.
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respectively. The light filter treatments were compared to the control treatment for a period of

10 days (control : @ ;red : A ; grey : ™). Differences in phycocyanin productivity (mg 1-' d-!)
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Fig.5 Phycocyanin purity (A-C) in the LL, HL and NL experiments, respectively. The light
filter treatments were compared to the control treatment for a period of 10 days (control : @ ;

red : A ; grey: ).

Fig.5 was created using SigmaPlot 11.
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