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Abstract

TArRKO T., Dunpa-CHODAK A., KoBUSs M. (2012): Influence of growth medium composition on synthesis
of bioactive compounds and antioxidant properties of selected strains of Arthrospira cyanobacteria.
Czech J. Food Sci., 30: 258—-267.

We studied how the selection of the growth medium influences the antioxidant properties and synthesis of bioactive
compounds (B-carotene, C-phycocyanin, allophycocyanin, and phycoerythrin) in six selected species of cyanobac-
teria of Arthrospira genus. For this purpose, cyanobacteria cultures were cultivated on a typical Zarrouk medium
and on a cheaper substitute — RM6 medium. Significant differences were observed in the efficiency of synthesis of
the studied compounds depending on the strain of cyanobacteria. The quantitative and qualitative composition of
Zarrouk medium was more beneficial for B-carotene synthesis in the cells of all strains of cyanobacteria studied. This
medium also allowed for the antioxidant potential of the studied strains to be increased. On the other hand, the RM6
medium, deprived of some mineral ingredients, enabled more efficient synthesis of phycobiliproteins in all studied
strains except A. platensis SAG 85.79.
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Abbreviations

A562 — absorbance measured at 562 nm; A62 52
ABTS — diammonium salt of the 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic) acid; APC — allophycocyanin; BHA
— butylated hydroxyanisole; BHT — butylated hydroxytoluene; C-PC — C-phycocyanin; DM — dry matter; DW — dry

weight; HLC - light-harvesting complexes; OCP — orange carotenoid proteins; PBS — phosphate buffer saline; PE —

0~ absorbance measured at 620 nm; A .. — absorbance measured at 652 nm;

phycoerythrin; RCP - red carotenoid proteins; Trolox — (+)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid

The biomass of Arthrospira cyanobacteria, known
in trade as spirulina, contains approximately
60-70% protein. This is a high-quality protein
containing as many as 9 essential amino acids:
histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, tryptophan, threonine, and valine
(BELAY 2008). Carbohydrates and lipids make up
respectively 8—16% and 4-9% of the dry matter
(DM) of spirulina (BECKER 2007). Cyanobacteria
belonging to Arthrospira genus are also a rich
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source of numerous microelements such as Ca,
Fe, P, I, Mg, Zn, Se, Cu, Mn, Cr, K, and Na. It was
also demonstrated that Arthrospira platensis is a
very rich source of B-group vitamins, in particular
Bu' and vitamins D, A, E (PINERO ESTRADA et al.
2001). Additionally, cyanobacteria contain signifi-
cant amounts of unsaturated fatty acids, including
(particularly beneficial to human health) ©-3 and
-6 (BELAY 2008). Very important ingredients of
cyanobacterial biomass are pigments (phycocya-
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nins, chlorophylls, carotenoids, mainly B-carotene)
of strong antioxidant properties (DESMORIEUX &
DECAEN 2005).

Carotenoid molecules in the photosynthetic
antennas take part in transferring the excitation
energy to the reaction centre. The auxiliary pig-
ments are in the light-harvesting complexes (LHC),
also called auxiliary antennas. The auxiliary an-
tennas are pigment-protein complexes surround-
ing the reaction centre, to which they transfer
the excitation energy of pigments occurring in
them. Another extremely significant function of
carotenoids is their protection of photosynthetic

(a) (b)

systems against photo-oxidation of unsaturated
fatty acids in chlorophyll (KERFELD 2004). The
basic carotenoids present in biomass of Arthrospira
are PB-carotene (Figure 1d), B-cryptoxanthin, ze-
axanthin, echinenone, oscillaxanthin, and myxox-
anthophyll (MENDIOLA et al. 2007). In the cells of
cyanobacteria are present also carotenoids bound
by specific proteins. They occur in the biomass of
cyanobacteria growing in natural environments as
well as of those cultivated in laboratories. These
complexes are soluble in water and bind neither
chlorophyll nor other pigments. The groupings of
proteins and carotenoids are called orange carot-

HooCc COOH

HOOC COOH

Figure 1. The chemical structure of bioactive compounds present in Arthrospira cells (L1U et al. 1999; FERRUZZI &
BLAKESLEE 2007; SYMONDS et al. 2009): (a) allophycocyanin (APC) with apparent molecule of incorporated chromo-

phore, (b) phycocyanobilin — the chromophore of phycocyanin (PC) and allophycocyanin, (c) phycoerythrobilin — the

chromophore group of phycoerythrin, (d) p-carotene, (e) chlorophyll a
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enoid proteins (OCP). The probable functions of
OCP are: quenching of singlet oxygen and excited
chlorophyll (Figure le), and inhibiting carotenoid
transport within the photosynthetic system (Ker-
FELD 2004). It was found that the non-active form
of OCP, in specific environmental conditions,
transforms into an active form of red carotenoid
proteins (RCP) (BOULAY et al. 2008).

Cells of Arthrospira, like of all cyanobacteria,
contain phycobilisomes, i.e. albuminous structures
participating in the photosynthetic process, located
on the external surface of the thylakoid membrane.
Phycobilisomes are composed (80-85%) of albu-
minous subunits called phycobiliproteins, which
are natural pigments. Phycobiliproteins present in
Arthrospira biomass include phycoerythrin (PE),
containing phycoerythrobilin as a chromophore,
and phycocyanin (PC) and allophycocyanin (APC),
which have identical chromophore groups (phyco-
cyanobilin) in their structure (PINERO ESTRADA et
al. 2001) (Figure 1la—c). All phycobiliproteins are
soluble in water, very stable within the physiological
range of pH, and have the capacity for fluorescence
emission. Their content in cyanobacteria is on av-
erage 60% of soluble proteins (VisKkARI & COLYER
2003). Phycocyanin obtained from A. platensis
cyanobacterium is used for food dying and as an
additive for cosmetics in Japan (ERIKSEN 2008).
Due to its well documented antioxidant properties
it is added to nutraceuticals. Small quantities of it
are also used in biochemical immunological tests,
in microscopy and cytometry, where its fluores-
cence properties are utilised (ANTELO et al. 2008).

The antioxidant properties of Arthrospira have be-
come in recent times the subject of numerous studies
(MANoOJ etal. 1992; ZHI-GANG et al. 1997; MIRANDA
et al. 1998). The authors showed that cyanobacteria
are characterised by a high antioxidant potential.

The extracts from cyanobacteria among other
things inhibit lipid peroxidation to an extent greater
than a-tocopherol and BHA. Moreover, they very
effectively scavenge hydroxyl and alkoxy radicals.
The content of phycocyanins, and in particular
C-phycocyanin, has the greatest influence on the
antioxidant potential of cyanobacteria (RomAY
et al. 1998).

The species of Arthrospira genus are mixo-
trophs, which means that they can be nourished
autotrophically as well as heterotrophically. The
optimum temperatures for growing are 32-45°C.
They can also survive temperatures of 60-70°C,
but no growth was observed at temperatures be-
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low 18°C. Due to that, year-round cultivation of
these bacteria in basins is only possible in tropi-
cal and subtropical regions (MIKLASZEWSKA et
al. 2008). Arthrospira cyanobacteria are counted
among alkaliphiles, the optimum pH for their
growth being 8.5-10.5. Such high alkalinity of the
environment is favourable to maintain microbio-
logical purity during their commercial cultiva-
tion. Another important factor is an appropriate
chemical composition of the growth media. It was
demonstrated that sodium and carbonate ions
are essential in high concentrations (VONSHAK
& TomAseLLI 2000). Also the light intensity is
essential. Optimum growth takes place at the
intensity of 120-200 umol photons/m?s, which
is 10—15% of the total solar radiation intensity
in the wavelength range of 400-700 nm. When
using too intensive illumination in conditions of
carbon dioxide deficiency, photoinhibition was
observed, probably caused by H,O, accumulation
(MIKLASZEWSKA et al. 2008).

The media used for industrial production of spiruli-
na usually rely on Zarrouk medium (BELAY 2008). The
quantity of microelements is selected depending on
the quality of water used for cultivation (MIKLASZEW-
SKA et al. 2008). However, Zarrouk medium is quite
expensive and has a complicated composition, which
significantly influences the price of the preparations
obtained from the biomass of cyanobacteria culti-
vated on it. That is why more economical media are
constantly sought that would permit a reduction of
the production costs. Attempts have been made to
replace Zarrouk medium with media made on the
basis of fertilisers (e.g. superphosphate) or making
use of waste raw materials (e.g. molasses) (RAOOF
etal. 2006; ANDRADE & CosTA 2007). However, the
studies conducted in this field (RAOOF et al. 2006;
ANDRADE & CosTa 2007) have only concerned the
possibility of increasing biomass on non-standard
media. But there is a lack of data on how the change
in the composition of the growth medium influences
the synthesis of the compounds having a significant
influence on commercial, nutritive, and therapeutic
values of the final product.

The aim of this study was to determine the influ-
ence of the growth medium composition on the
synthesis of bioactive compounds (p-carotene,
phycobiliprotein) and antioxidant properties of
cyanobacteria. Six species of Arthrospira that
were cultivated on standard Zarrouk medium
and on the cheaper to prepare RM6 medium were
selected for the study.
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MATERIAL AND METHODS

Chemicals. Diammonium salt of the 2,2'-azi-
no-bis(3-ethylbenzothiazoline-6-sulfonic) acid
(ABTS diammonium salt); (+)-6-hydroxy-2,5,7,8-
tetramethylchromane-2- carboxylic acid (Trolox);
a phosphate buffer saline (PBS): 0.01M phosphate
buffer, 0.0027M potassium chloride, 0.137M so-
dium chloride; pH 7.4; Folin-Ciocalteu reagent,
vitamin B ,. All the chemicals listed, as well as
p-carotene standard, were purchased from the
Sigma-Aldrich Co. (Darmstadt, Germany). The
chemicals NaZCOB, K,S,0, NaHCOB, NaNOg,
K,SO,, NaCl, K,HPO,, MgSO,,-7 H,0, Na,EDTA,
CaClz, FeSO4‘7 H2O, NaZSO4, A1203, acetone,
hexane, HBBOg, MnCl2~4 HZO, ZnSO4~7 HZO,
Cu,SO,, (NH,) Mo.0O,,-4 H,O, superphosphate
[Ca(H,PO,), + CaSO,], KCl and other basic chem-
icals were obtained from the POCh Company
(Gliwice, Poland).

Cyanobacteria. The strains of cyanobacteria
used in the study were bought from the collection
of cultures Sammlung von Algenkulturen Uni-
versitiat Gottingen (SAG): Arthrospira laxissima
strain SAG 256.80, Arthrospira maxima (strains
SAG 49.88 and SAG 84.79), Arthrospira platensis
(strains SAG 85.79, SAG 86.79, and SAG 257.80).
The strains of the same species were of various
origin (Lake Chad in Africa, Italy, Peru).

Table 1. The Zarrouk medium composition (BELAY 2008)

Component Concentration (g/1)
NaHCO, 18.000
NaNO, 2.500
K,SO, 1.000
NaCl 1.000
K,HPO, 0.500
MgS0, -7 H,0 0.200
Na EDTA 0.080
CaCl, 0.040
FeSO,7 H,0 0.010
Buffer TE (microelement solution) 1000 ml
- H,BO, 2.860
- MnCl,4 H,0 1.800
- ZnSO, 7 H,0 0.220
- Cu,80, 0.080
- (NH,);Mo,0,,4H,0 0.020
- Vitamin B, 5x 10°°

Table 2. The RM6 medium composition (RAOOF et al.
2006)

Component Concentration (g/1)
NaHCO, 8.000
NaNO, 2.500
Superphosphate [Ca(H,PO,), + CaSO,] 1.250
KCl 0.898
NacCl 0.500
MgS0, 7 H,0 0.150
CaCl,2H,0 0.040

The cyanobacteria cultivation was conducted
on 2 synthetic media, different in composition, of
pH 8.2. Zarrouk medium (composition presented
in Table 1) is used as standard in industrial pro-
duction. RM6 medium (Table 2) was selected as
a cheaper equivalent ensuring relatively efficient
proliferation of biomass (RA0OOF et al. 2006). The
cultivations on both media were conducted in
identical conditions: a thermostated box (20 + 1°C),
in illumination (2000-3000 Ix) and in cycles 12 h
light/12 h dark. Cyanobacteria cells were gathered
after 12 days of cultivation, when the amounts of
biomass obtained from the examined media were
similar (Figure 2).

Before each analysis, approximately 600 ml of
the cell suspension was sampled and centrifuged
(1055x g, 20 min, MPW-350R, MPW Med. instru-
ments, Warsaw, Poland). Then the supernatant
was decanted and the residue was rinsed with
purified water in order to remove the remains of
the medium. The whole was centrifuged again, the
supernatant was decanted, and the cell biomass was
suspended in a small amount of purified water. In
the working suspension of cyanobacteria prepared

0.6
0.5

¢ Zarrouk medium
® RM6 medium

0.3
0.2
0.1

Dry weight
(mg/100 ml of medium)

0 2 4 6 8 10 12 14
Time of incubation (days)

Figure 2. The changes in Arthrospira platensis biomass
during 14-days cultivation on different media Zarrouk
and RM6
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in this way, the dry matter content was determined
each time using a drying method (105°C, 2 h).

Determination of antioxidant activity by ABTS
assay. Two grams of cyanobacteria suspension
was weighed and filled up with 25 ml of 80% (vol.)
ethanol. The samples were then extracted using
a high-speed homogeniser (19 000 r/min, 2 min,
UltraTurrax T-25 basic; IKA Werke GmbH, Staufen,
Germany), and the homogenate obtained was
centrifuged (1055x g, 20 min). The obtained su-
pernatant was transferred into a measuring flask
and topped up with 80% ethanol to 25 ml. In the
extract prepared in this way, the antioxidant activity
was determined in accordance with the previously
described protocol (TARKO et al. 2009).

ABTS radical was generated by chemical reaction
between 7mM diammonium salt of 2,2'-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and
2.45mM potassium persulfate. In order to terminate
the reaction and to stabilise the ABTS cation radi-
cal, the solution was kept overnight in the dark at
ambient temperature. Prior to analysis, the radical
solution was diluted with phosphate buffer saline
(PBS) to obtain the final absorbance value of A =
0.70 + 0.02 (ABTSOV) measured at 734 nm.

One hundred-microliter aliquots of the diluted
samples or Trolox solution (concentration ranged
from 1-10 mg/100 ml) were added to 1 ml of
ABTS ., and the absorbance was measured 6 min
after mixing (spectrophotometer BECKM AN DU
650, Beckman Instrument, Inc., Fullerton, USA).
Antioxidant capacity was calculated using a stand-
ard curve obtained by measuring the absorbance
of synthetic vitamin E solutions (Trolox) and ex-
pressed in mg of Trolox/100 g of dry mass.

Determination of B-carotene contents. A pre-
cisely determined quantity of suspension (ap-
prox. 2 g) was extracted with acetone (50 ml) on
a magnetic stirrer (150 rpm, 1 h, Wigo, Pruszkéw,
Poland) and centrifuged (1055% g, 10 min; MPW-
350R). 25 ml of the extract was sampled to the
separating funnel, and 15 ml of hexane was added,
stirred 1 min, and after separating the phases
(~ 15 min), the lower fraction was transferred to
another separating funnel. Then 10 ml of hexane
was added to it, the mixture was stirred (1 min),
and after the phases separation, the lower phase
was removed and the upper phase was transferred
to the first separating funnel to which 25 ml of
distilled water was then added. After the phases
separated, the lower phase was removed, and from
the upper hexane phase 25 ml was sampled and
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evaporated in a nitrogen stream to a volume of
approximately 1-2 ml.

Subsequently, separation of carotenoids was carried
out on a chromatographic column (Allihn funnel),
filled successively with anhydrous Na,SO, (approx.
0.7 cm), AL, O, (approx. 7 cm), and anhydrous Na,SO,
(approx. 0.5 cm). A condensed extract was introduced
into the column, and the elution of pigments was car-
ried out using a mixture of hexane and acetone (100:1).
The total fraction of B-carotene (orange ring) was ob-
tained and its absorbance was measured at the wave-
length of 450 nm (spectrophotometer BECKMAN
DU 650). Based on the calibration curve for
p-carotene, the contents of B-carotene in mg/100 g
DM of cyanobacteria was read.

Determination of total polyphenol contents.
The ethanol extract was prepared analogically as
in the determination of the antioxidant activity.
The assessment of the total polyphenol content
was performed based on the method described
by TARKO et al. (2009).

Determination of phycobiliprotein contents.
25 ml of phosphate buffer, pH 7, was added to
2 g of cyanobateria and the mixture was ho-
mogenised (16 000 r/min, 2 min, Ultra Turrax T-
25-basic). The homogenate was frozen at —20°C,
and then immediately defrosted at room tem-
perature without light access in order to increase
the efficiency of phycobiliprotein extraction. The
samples were centrifuged (1055x g, 20 min; MPW-
350R), the obtained supernatant was topped up
to 25 ml with phosphate buffer, and its absorb-
ance was measured at the wavelengths of 562,
620, and 652 nm (spectrophotometer BECKMAN
DU 650), with respect to phosphate buffer as a
blind experiment. The wavelengths used are the
absorption maxima respectively for phycoerythrin
(PE), C-phycocyanin (C-PC), and allophycocyanin
(APC). The concentrations of phycobiliproteins
(mg/ml) in the extracts were calculated using the
following formulae (PATEL et al. 2005):

Ay, — 0474 x A,
5.34

[C-PC] =

Ay, — 0208 x A
5.09

[APC] =

(PE] A, — 241 x [PC] - 0.849 x [APC]
- 9.62

The final results were expressed in mg of the indi-
vidual phycobiliproteins/100 g DM of cyanobacteria.
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Statistical analysis. There were a minimum of
3 replications of the whole analysis. The results
are shown as the arithmetic mean (+ standard
deviation). The Kolmogorov-Smirnov test was
applied to assess the normality of distribution
and a single-factor analysis of variance (ANOVA)
with post hoc Tukey test was applied to assess the
differences between the means (InStat, Version
3.01, GraphPad Software, Inc., San Diego, USA).

RESULTS AND DISCUSSION
Antioxidant activity

It was found that the antioxidant activity of the
extracts obtained from cyanobacteria biomass
is influenced by the composition of the growth
medium as well as the strain used for cultivation
(Table 3). The antioxidant capacity fluctuated
over a range from 586 mg of Trolox/100 g DM
(A. maxima SAG 49.88, RM6 medium) to 2716 mg
of Trolox/100 g DM (A. platensis 85.79, Zarrouk
medium). In almost all strains (except A. platensis
SAG 86.79), the antioxidant activity was signifi-
cantly higher in cultivations on Zarrouk medium,
which suggests that the cheaper RM6 medium
significantly reduced the quality of the biomass
obtained on it and its pro-health value.

The antioxidant properties of cyanobacteria ex-
tracts are strongly dependent on the concentrations
of carotenoids, phycobiliproteins, chlorophyll, and
some of their decay products, vitamins and unsatu-
rated fatty acids included in the biomass (WANG et
al. 2007). In this study, the compounds belonging
only to 2 of the above groups were determined
and no simple dependence was found between
the contents of B-carotene and phycobiliproteins
in the individual strains and the total antioxidant
capacity of the extracts obtained from them. This
shows that other compounds are present in the
biomass of these cyanobacteria that have key sig-
nificance for the antioxidant potential.

Phycocyanins and phycobilins from cyanobac-
teria have the ability to quench hydroxyl radicals,
peroxyl radicals and peroxynitrite, thereby in-
hibiting the occurrence of damage triggered by
these compounds (BHAT & MADYASTHA 2000,
2001; PINERO ESTRADA et al. 2001). WANG et al.
(2007) assessed, in their studies on the extracts
from A. platensis cyanobacterium obtained with
the help of supercritical carbon dioxide extrac-

tion, their antioxidant ability by determining the
degree of inhibition of linoleic acid peroxidation.
Their studies showed that the activity of the ana-
lysed extracts was lower compared to butylated
hydroxytoluene (BHT) or Trolox, but significantly
higher compared to a-tocopherol.

Total polyphenol contents

The contents of these compounds in the extracts
were at the detection method limit or their pres-
ence was not found.

B-carotene contents

Statistically significant differences in the contents
of B-carotene depending on the studied strain of
cyanobacteria were observed. The applied growth
medium also had a significant influence (Table 3).
In cyanobacteria cultivated on Zarrouk medium
the highest concentration of B-carotene was found
in A. laxissima SAG 256.80 biomass (226 mg/100 g
DM). However, the same strain cultivated on RM6
medium contained 15 times less 3-carotene. Also
in the other strains the use of the cheaper me-
dium caused even a several dozen-fold decrease in
p-carotene synthesis. The exception is the strain
A. platensis SAG 86.79, with which B-carotene
concentration is comparable in both cases and
very low (7.4 and 5.5 mg/100 g DM respectively
for Zarrouk medium and RM6 medium).

The studies carried out by KOBAYASHI et al.
(1992) showed that the addition of iron salt to the
growth medium causes an increase in astaxanthin
production by Haematococcus pluvialis. This fact
was explained by TjaHJONO et al. (1994), who dis-
covered that the presence of iron ions favours the
generation of hydroxyl radicals (H,0, + Fe** — Fe**
+ HO™ + HO'), which stimulate carotenoid synthesis
in a cell. Other studies (BHOSALE 2004) prove that
the addition of copper salts and zinc salts to the
growth medium significantly increases the produc-
tion of carotenoids by Rhodotorula yeast. This is
probably caused by the generation of free radicals
that stimulate the cells to increase the production
of compounds as anti-radical protection. The
media used for cyanobacteria cultivation in this
study differ significantly in chemical composition
and in particular in the presence and quantity of
metal ions. Zarrouk medium contains iron ions and
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Table 3. Influence of medium type on antioxidant activity of extract and on -carotene concentration in dry weight

obtained from different strain of cyanobacteria (mg of Trolox/100 g of DW)

Antioxidant activity

[-carotene concentration

Strains of cyanobacteria

Zarrouk medium RM6 medium Zarrouk medium RM6 medium
A. platensis (SAG 85.79) 2716 + 54° 1605 + 13¢ 104.2 + 0.9° 14.0 £ 0.1°
A. platensis (SAG 86.79) 1037 + 154¢ 1392 + 414 7.4+ 0.4° 55+ 0.1
A. platensis (SAG 257.80) 2126 + 69° 985 + 1P 141.8 + 1.0 17.4 + 0.0
A. maxima (SAG 49.88) 1836 + 99° 586 + 7° 193.3 + 2.5¢ 16.6  0.1°
A. maxima (SAG 84.79) 1568 + 554 1263 + 13 458 +1.14 1.3 + 0.04
A. laxissima (SAG 256.80) 2071 + 58° 1255 + 172 226.0 + 1.4! 14.7 + 0.2

3~°the same letters within a column mean no statistically significant differences between strains of cyanobacteria cultivation

on the same medium (P < 0.05)

trace elements (manganese, boron, molybdenum,
zinc, copper) which are absent in RM6 medium.
Probably the shortage of these microelements is
the cause of such a significant difference in the
quantity of f-carotene synthesised by the same
strain, depending on the growth medium applied.

Significant differences between the contents of
p-carotene were also observed with the strains
belonging to one species. In the case of cyano-
bacteria cultivated on Zarrouk medium, the strain
A. maxima SAG 84.79, isolated from Lake Chad
in 1963, contained approximately four times high-
er content of it than the strain SAG 49.88 from
Italy, belonging to the same species. Similarly, of
the species A. platensis, the strain SAG 257.80
(from Lake Laguna Huacachina in Peru) created
20 times more P-carotene than the strain SAG
86.79 isolated from Lake Chad in 1982. Thus, it
is clear that, in industrial production, the selec-
tion of an appropriate strain of cyanobacteria is
most important. In further order the selection of
appropriate cultivation conditions should be con-
sidered, especially the adequate growth medium,
illumination rate, pH, or temperature. Having at
disposal a weak microbial producer, even the best
optimisation of the process conditions will not be
able to compensate for a low production efficiency.
Conversely, an efficient microbial producer may
allow for achieving a high profit even on a cheap
growth medium.

The contents of carotenoids in microalgae may
fluctuate in a very broad range: from 10 mg/100 g
to over 400 mg/100 g DM (MIKI et al. 1986), the
contents of p-carotene being very variable. Studies
carried out on cyanobacteria cells of Synechococcus
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sp. strain PCC7942 showed that p-carotene con-
stituted 52% of the total quantity of carotenoids
(PRASANNA et al. 2010). Rao et al. (2010) studied
the characteristics of carotenoids of three micro-
organisms, Arthrospira platensis, Haematococcus
pluvialis, and Botryococcus braunii, showing that
B-carotene made up respectively 69.5, 1.7, and 1.5%
of the total carotenoids content. In the powder
made from cyanobacteria A. platensis, the content
of B-carotene was 211 mg/100 g (BELAY 2008).

Phycobiliprotein contents

The analysis of the biomass of Arthrospira and
extracts made from it led to the conclusion that
the phycocyanin, and in particular C-phycocyanin
(C-PC), content has the greatest influence on the
antioxidant potential (ROMAY ef al. 1998). Among
phycobiliproteins especially C-PC has found the
broadest use in industry, among other things in
food and cosmetic dying (ERIKSEN 2008), and due
to the favourable antioxidant properties is it also
used as an additive to nutraceuticals (ANTELO et
al. 2008).

Table 4 presents the concentrations of the indi-
vidual phycobiliproteins in the individual strains
of cyanobacteria studied depending on the ap-
plied growth medium. Except for the content of
C-phycocyanin in strain SAG 85.79, the contents
of other phycobiliproteins were always higher in
the biomass of cyanobacteria cultivated on RM6
medium than on Zarrouk medium, in some even
5-fold higher. On a typical Zarrouk medium, the
best cyanobacterial producer of C-phycocyanin
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Table 4. Influence of medium type on phycobiliprotein [C-phycocyanin (C-PC), allophycocyanin (APC) and phyco-

erythrin (PE)] concentration in dry weight of different strains of cyanobacteria (mg/100 g DM)

Zarrouk medium RM6 medium
Strains of cyanobacteria
C-PC APC PE C-PC APC PE

A. platensis (SAG 85.79)  461.4 + 16.1° 393.2+18.4° 221.2+162¢ 3826+ 12.6° 402.4 + 14.7° 277.6 + 8.8
A. platensis (SAG 86.79)  152.9 + 14.0° 1527 +53.7¢  117.6 + 8.2 224.2 +22.3* 238.7 £ 14.4° 164.1 + 16.6°
A. platensis (SAG 257.80)  180.0 + 11.9* 177.1+15.0° 1155 + 4.3 209.7 +10.9* 226.4 + 16.1° 155.4 + 11.1
A. maxima (SAG 49.88) 85.8+27.4> 551+121° 429 +24C 262.0+7.7° 302.1+9.7¢  208.0 +3.2°
A. maxima (SAG 84.79) 1434 + 6.1*° 1243 +2.42 75.4 + 8.4P 410.6 + 6.0° 458.1 +9.8° 263.3 + 25.8"
A. laxissima (SAG 256.80) 933 +3.2° 959+ 31.6° 67.1+9.2>¢ 1574 +75% 1933 +28.6% 110.4 +3.34

a—d,

on the same medium (p<0.05)

(C-PC), allophycocyanin (APC), and phycoerythrin
(PE) was found to be strain SAG 85.79, allowing
to obtain in every 100 g DM respectively 461,
393, and 221 mg of these compounds. The other
strains synthesised several times lower amounts
of phycobiliproteins. However, the selection of
another species, A. maxima SAG 84.79, allows to
obtain comparable, and even higher concentra-
tions (respectively 411, 458, and 263) using the
cheaper RM6 medium.

One of the main factors influencing the produc-
tion of pigments by cyanobacteria is the accessibil-
ity of nutritive components containing elements
such as sulphur, nitrogen, phosphorus, carbon,
and iron. SENDERSKY et al. (2005) identified in
the studies on Synechococcus PCC 7942 a pro-
tein factor (NbIC) that initiates the degradation
of phycobilisomes if there is a lack of nitrogen
compounds, sulfur compounds, or phosphorus
compounds in the environment. In the studies
presented in this paper, both growth media were
a source of these compounds. However, it was
observed that on Zarrouk medium the biomass
grew more rapidly than on RM6 medium (within
the first 9 days even ~2 times higher content of dry
matter in the same period). An intense increase in
cells might have led to the complete utilisation of
some nutritive components causing, as the final
result, the disintegration of phycobilisomes and
smaller contents of phycobiliproteins per unit of
dry matter.

The contents of the individual phycobiliproteins
in the strains cultivated on Zarrouk medium de-
creased in the order C-PC, APC, PE. The cyano-
bacteria cultivated on RM6 medium contained

same letters within a column mean no statistically significant differences between strains of cyanobacteria cultivation

allophycocyanin in the greatest quantity, then
C-phycocyanin, and phycoerythrin in the smallest
quantity. The studies conducted on three species
of cyanobacteria (Spirulina sp., Phormidium sp.,
Lyngbya sp.) cultivated in open systems on standard
growth medium showed that the contents of these
3 phycobiliproteins decrease in each of these spe-
cies in the order C-phycocyanin, allophycocyanin,
phycoerythrin (PATEL et al. 2005). The change of
this regularity in the case of using RM6 medium
may show that their contents are favourable for
increasing the production of allophycocyanin or
reducing the production of C-phycocyanin, or that
both these phenomena take place simultaneously.

Among the three phycobiliproteins analysed in
this work, C-phycocyanin has the broadest use in
the food and pharmaceutical industries (ERIKSEN
2008). APT et al. (1995) state that the content of
C-phycocyanin in the biomass of A. platensis,
under optimum growth conditions, may reach as
much as 14.8% of cells the dry matter. GRAVERHOLT
and ERIKSEN (2007) found in studies on different
strains of red algae of Galdieria sulphuraria that the
contents of C-phycocyanin may fluctuate between
200-2600 mg/100 g DM. Among the cyanobacteria
strains analysed in this work, A. platensis SAG
85.79 (461 mg/100 g DM) cultivated on Zarrouk
medium and A. maxima SAG 84.79 (411 mg/100 g
DM) cultivated on RM6 medium provided the
greatest amounts of C-phycocyanin. These values
are significantly lower than the reference values.
Thus, the conclusion could be made that regardless
of the type of the medium applied, the cultivation
conditions were not optimal for the production
of this pigment. Further studies on the kinetics of
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the bioactive compounds production depending
on the strain, cultivation medium, and conditions
should be carried out.

The studies conducted by RANjITHA and KAu-
SHIK (2005) showed that a high light intensity
(13-28 klx) during the cultivation of Nostoc mus-
corum stimulates the production of carotenoids,
while the application of a low light intensity (1 klx)
favours an increase in the production and accu-
mulation of phycobiliproteins. The light intensity
applied during the cultivation of cyanobacteria in
this study was 2-3 klx, which is optimal for the
growth of their biomass. This fact may explain the
relatively low C-phycocyanin content (PRASANNA
et al. 2010).

CONCLUSIONS

This study investigated how a change in the
composition of the growth medium influences
the synthesis of -carotene and phycobiliproteins,
bioactive compounds of the potential use in the
food and pharmaceutical industries. Six species
of Arthrospira that were cultivated on standard
Zarrouk medium and on the cheaper-to-prepare
RM6 medium were used in this study. It was found
that, depending on the final product desired, first
of all the selection of an appropriate strain of
cyanobacteria is essential, and then the selection
of the medium. Nevertheless, Zarrouk medium is
very favourable for such cultivations whose aim is
to obtain high concentrations of B-carotene, while
RM6 medium is favourable for phycobiliprotein
synthesis. Certainly, the studies aimed at obtaining
new growth media stimulating the production of
bioactive compounds should be continued. Ap-
propriately prepared cyanobacterial biomass is
also a potential source of compounds possessing
antioxidant activity, which further justifies the
search for economical and effective growth media
that may be used on the industrial scale.

References

ANDRADE M., CosTA J.A.V. (2007): Mixotrophic cultivation
of microalga Spirulina platensis using molasses as organic
substrate. Aquaculture, 264: 130—134.

ANTELO ES., CosTA J.A.V,, KaLIL S.]J. (2008): Thermal
degradation kinetics of the phycocyanin from Spirulina

platensis. Biochemical Engineering Journal, 41: 43—47.

266

AprT K.E., COLLIER ].L., GROSSMAN A.R. (1995): Evolution
of the phycobiliproteins. Journal of Molecular Biology,
248: 79-96.

BEcCKER E.W. (2007): Micro-algae as a source of protein.
Biotechnology Advances, 25: 207-210.

BELAY A. (2008): Spirulina (Arthrospira): Production and
quality assurance. In: GERSHWIN M., BELAY A. (eds): Spi-
rulina in Human Nutrition and Health. Taylor & Francis
Group, London: 1-26.

BHAT V.B., MADYASTHA K.M. (2000): C-Phycocyanin: A
potent peroxyl radical scavenger in vivo and in vitro,
Biochemical and Biophysical Research Communications,
275: 20-25.

BHAT V.B., MADYASTHA K.M. (2001): Scavenging of per-
oxynitrite by phycocyanin and phycocyanobilin from
Spirulina platensis: protection against oxidative damage
to DNA. Biochemical and Biophysical Research Com-
munications, 285: 262—-266.

BHOSALE P. (2004): Environmental and cultural stimulants
in the production of carotenoids from microorganisms.
Applied Microbiology and Biotechnology, 63: 351-361.

BouLay C,, ABasova L., Six Ch,, Vass I, KIRoLOVSKY D.
(2008): Occurrence and function of the orange carotenoid
protein in photoprotective mechanism in various cyano-
bacteria. Biochimica et Biophysica Acta, 1777: 1344—1354.

DesMoRIEUX H., DECAEN N. (2005): Convective drying
of Spirulina in thin layer. Journal of Food Engineering,
66: 497-503.

ErRIKSEN N. (2008): Production of phycocyanin — a pig-
ment with applications in biology, biotechnology, foods
and medicine. Applied Microbiology and Biotechnology,
80: 1-14.

FERRUZZI M.G., BLAKESLEE J. (2007): Digestion, absorption,
and cancer preventative activity of dietary chlorophyll
derivatives. Nutrition Research, 27: 1-12.

GRAVERHOLT O.S., ERIKSEN N.T. (2007): Heterotrophic
high-cell-density fed-batch and continuous-flow cultures
Galdieria sulphuraria and production of phycocyanin.
Applied Microbiology and Biotechnology, 77: 69-75.

KeRrRreLD CH.A. (2004): Water-soluble carotenoid protein
of cyanobacteria. Archives of Biochemistry and Biophys-
ics, 430: 2-9.

KoBayasHi M.K,, TosHIHIDE N.M., NAGAI S. (1992): Effects
of light intensity, light quality, and illumination cycle on asta-
xanthin formation in a green alga, Haematococcus pluvilis.
Journal of Fermentation and Bioengineering, 74: 61-63.

Liu J.Y,, J1ANG T., ZHANG ].P.,, L1aANG D.C. (1999): Crystal
structure of allophycocyanin from red algae Porphyra
yezoensis at 2.2-A resolution. Journal of Biological Chem-
istry, 274: 16945-16952.

MANOJ G., VENKATARAMAN L.V,, SRINIVAS L. (1992): An-
tioxidant properties of Spirulina (Spirulina platensis). In:



Czech J. Food Sci.

Vol. 30, 2012, No. 3: 258-267

SEsHADRI C.V., BA1 N.J.: Spirulina: National Symposium
(India), MCRC, Tharamani, Madras: 48—154.

MENDIOLA J.A., JAIME L., SANTOYO S., REGLERO G., CI-
FUENTES A., IBANEZ E., SERORANS F.J. (2007): Screening
of functional compounds in supercritical fluid extracts
from Spirulina platensis. Food Chemistry, 102: 1357—
1367.

Mik1 W., YAMAGUCcHI K., KoNnosu S. (1986): Carotenoid
composition of Spirulina maxima. Bulletin of the Japa-
nese Society of Scientific Fisheries, 52: 1225-1227.

MIKLASZEWSKA M., WALERON M., WALERON K. (2008):
Charakterystyka jadalnej cyjanobakterii z rodzaju Ar-
throspira. Biotechnologia, 3: 103-118.

MIRANDA M., CINTRA R., BANOS S., MAMCINI-FILHO J.
(1998): Antioxidant activity of the microalga Spirulina
maxima. Brazilian Journal of Medical and Biological
Research, 31: 1075-1079.

PATEL A., MISHRA S., PAWAR R., GHosH P.K. (2005): Pu-
rification and characterization of C-phycocyanin from
cyanobacterial species of marine and freshwater habitat.
Protein Expression & Purification, 40: 248-255.

PINERO ESTrRADA J.E., BERMEJO BEscOs P., VILLAR DEL
FRESNO A.M. (2001): Antioxidant activity of different
fractions of Spirulina platensis protean extract. Il Far-
maco, 56: 497-500.

PrRASANNA R, SooD A., JaiswAL P, NABAK S., GurTA V.,
CHAUDHARY V,, JosHI M., NATARAJAN C. (2010): Redis-
covering cyanobacteria as valuable sources of bioactive
compounds. Applied Biochemistry and Microbiology,
46(2): 133-147.

RanNjiTHA K., KAaUsHIK B.D. (2005): Purification of phyco-
biliproteins from Nostoc muscorum. Journal of Scientific
& Industrial Research, 64: 372—-375.

Rao AR, REDDY R.L.R., BASKARAN V,, SARADA R., RAvIs-
HANKAR G.A. (2010): Characterization of microalgal ca-
rotenoids by mass spectrometry and their bioavailability
and antioxidant properties elucidated in rat model. Jour-
nal of Agricultural and Food Chemistry, 58: 8553—8559.

Rao0OF B., KAusHIK B.D., PRASANNA R. (2006): Formulation
of a low-cost medium for mass production of Spirulina.
Biomass and Bioenergy, 30: 537-542.

RomAy C., ARMESTO J., REMIREZ D., GONZALEZ R., LEDON
N., GARc{A L. (1998): Antioxidant and anti-inflammatory
properties of C-phycocyanin from blue-green alga. In-
flammation Research, 47: 36—41.

SENDERSKY E., LAHTI R., SHALTIEL J., PERELMAN A.,
ScHwARZ R. (2005): NbIC, a novel component required
for pigment degradation during starvation in: Synecho-
coccus Pcc 7942. Molecular Microbiology, 58: 659—-668.

SymonbDps R.C., KeLLy M.S., SuckrLiNnGg C.C., YOUNG A.].
(2009): Carotenoids in the gonad and gut of the edible
sea urchin Psammechinus miliaris. Aquaculture, 289:
120-125.

Tarko T., Dubpa-CHODAK A., TuszyNskI T. (2009): Simu-
lation of phenolic compounds transformations and inter-
actions in an in vitro model of the human alimentary tract.
Food Science and Technology International, 15: 235-241.

TjaHjoNoO A.E., HAvyama Y., KakizoNo T., TERADA Y.,
NisHI1O N., NAGAI S. (1994): Hyper-accumulation of
astaxanthin in a Greek alga Haematococcus pluvialis at el-
evated temperatures. Biotechnology Letters, 16: 133—138.

ViskARI P.J., CoLyErR CH.L. (2003): Rapid extraction of
phycobiliproteins from cultured cyanobacteria samples.
Analytical Biochemistry, 319: 263—-271.

VONSHAK A., ToMASELLI L. (2000): Arthrospira (spirulina):
Systematics and ecophysiology. In: WHITTON B.A., POTTS
M. (eds): The Ecology of Cyanobacteria. Their Diversity in
Time and Space. Kluwer Academic Publishers, Dordrecht.

WANG L., PAN B, SHENG J., Xu J., Hu Q. (2007): Antioxidant
activity of Spirulina platensis extracts by supercritical
carbon dioxide extraction. Food Chemistry, 105: 36—41.

ZH1-GANG Z., ZH1-L1 L., XxUE-X1AN L. (1997): Study on
the isolation, purification and antioxidation properties of
polysaccharides from Spirulina maxima. Acta Botanica
Sinica, 39: 77-81.

Received for publication January 25, 2011
Accepted after corrections May 17, 2011

Corresponding author:

Tomasz TArkoO, Ph.D., University of Agriculture in Krakow, Food Technology Institute,

Department of Fermentation Technology and Technical Microbiology, ul. Balicka 122, 30-149 Krakow, Poland

tel. + 48 12 662 47 92, e-mail: ttarko@ar.krakow.pl

267



