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Abstract The cost of nutrient media is the major challenge
for biomass production of Spirulina. Although much effort
has been made to use enriched seawater for the cultivation of
this microalga, little attention has been given to the potential
of water of soda lakes. In this study, growth (y, day ') and
biomass production (B) of Arthrospira fusiformis cultivated
using waters of the soda lakes Chitu and Shala with or without
supplementation were evaluated. Comparable ; and B
values were achieved in both Lake Chitu water-based
media (CBM) and Lake Shala water-based media (SBM),
with slightly higher values in the latter. Both CBM and
SBM supplemented with the standard Spirulina medium
(SM) by 25 % and 50 % supported considerably higher ; and
B. The pH and salinity of the cultures showed significant
variations (P<0.05) among the media and had considerable
effect on 1o and B. The observed higher 1« and B were probably
associated with the reduction in pH and salinity of the supple-
mented media due to addition of bicarbonate—carbonates and
dilution, and provision of the limiting nutrient nitrogen. The
higher 1 and B in SBM may have resulted from some of their
aggregate chemical parameters, which were closer to those in
the SM, and abundant PO,-P. This seems to suggest that Lake
Shala water is more conducive to Arthrospira. We contend
that 25 % and 50 % supplemented Lake Shala water can be
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preferably used to produce Arthrospira biomass, thereby re-
ducing the cost of nutrients by 75 % and 50 %, respectively.

Keywords Arthrospira production - Culture medium -
Ethiopian soda lakes - Lake Shala - Spirulina

Introduction

Mass production of Arthrospira (commercially known as
Spirulina), an edible photosynthetic cyanobacterium, has gained
worldwide attention due to its invaluable nutritional and
health benefits. It has received worldwide acceptance as a
natural food and source of several pharmaceuticals (Belay
and Ota 1993; Belay et al. 1996; Chen et al. 1996).
Arthrospira is used as a source of protein (50-70 % protein
by dry weight, surpassing all known standard plant proteins),
rare fatty acids (gamma-linolenic acid), vitamins (e.g., f3-
carotene and Bj,), minerals (e.g., iron) and essential amino
acids. It has also therapeutic effects on various health prob-
lems including hyperlipidemia, nephrotoxicity, diabetes, obe-
sity, hypertension, cancer and even HIV (Belay and Ota 1993;
Belay et al. 1996; Belay 2002). Arthrospira is one of the
microalgae that reproduce fast and has high productivity
(Kilic et al. 20006). It can be produced in small or large scale
using different types of production systems and growth media.
Large commercial scale production of Arthrospira is currently
used by several big companies around the world including
Earthrise Nutritionals and Cyanotech in the USA and Hainan
DIC Microalgae in China (Ayala et al. 1988; Jourdan 1993;
Belay 1997). Arthrospira is also produced in small scale pond
cultures for local consumption to fight malnutrition in various
countries including India.

Growth and biomass production of Arthrospira depends on
many environmental factors, especially carbonate—bicarbon-
ate alkalinity, pH, nutrient availability, temperature and light
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(Vonshak 1997; Habib et al. 2008). High biomass of the alga
can be obtained when these environmental factors are opti-
mized. It preferably dominates in tropical and sub-tropical
water bodies characterized by high carbonate—bicarbonate
alkalinity and pH (Ciferri 1983; Cogne et al. 2001).
However, optimization of growth conditions is the major
challenge to biomass production of Arthrospira in cultivation
systems and incurs high production cost. Out of the total
production cost of Arthrospira biomass, 15-25 % is
accounted for by nutrients, which form the second major cost
item (Belay 1997; Vonshak 1997; Habib et al. 2008). As a
result, production of Arthrospira biomass using standard car-
bonate medium is unaffordable.

Much effort has been made to investigate alternative
methods of cultivation through biotechnological research
and innovation in order to cut down the cost of production
without compromising biomass productivity (Vonshak 1997).
Promising results have been found in experiments using sea-
water enriched with phosphate and urea. In such experi-
ments, Materassi et al. (1984) and Tredici et al. (1986), in
laboratory and outdoor mass cultivations, respectively,
obtained biomass yields which are slightly less than those
obtained with the standard medium. Studies in Brazil by
Costa et al. (2003) have also shown that comparable
Arthrospira biomass could be obtained using lagoon water
supplemented with bicarbonate and urea. Use of different
organic sources of carbon, nitrogen and phosphorus has
also resulted in increased biomass yield of Arthrospira
(Neilson and Larsson 1980; Baldia et al. 1991; Habib
et al. 2008). However, the potential of water of soda lakes
for biomass production of Arthrospira under laboratory or
outdoor conditions has received little attention to date
though these lakes are conducive for Arthrospira, with
some of them supporting its abundant populations.

Ethiopia has alkaline soda lakes such as lakes Chitu and
Shala, which have several interesting features. Lake Chitu is a
small shallow lake best known for its natural monoculture of
Arthrospira (Talling et al. 1973; Kebede 1996). Harvesting
Arthrospira biomass from the natural ecosystem of the small
lakes like Chitu will not be sustainable ecologically and
economically. Lake Shala is a large and deep soda lake whose
gross water chemistry is very similar to that of the adjacent
Lake Chitu and which is suitable for Arthrospira production
(Wood and Talling 1988; Kebede 1996). The lakes are situated
in areas with high temperature and irradiance and nearly
constant photoperiod, which seem to be ideal tropical climatic
conditions favoring the high productivity of Arthrospira
(Richmond and Grobbelaar 1986; Vonshak 1997; Talling
and Lemoalle 1998). These conditions presumably indicate
potential of the large Lake Shala water for Arthrospira pro-
duction. However, natural populations of Arthrospira have not
been reported for Lake Shala for reasons not known to date.
This calls for an in-depth experimental testing of the
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suitability of the lake water for Arthrospira production under
laboratory and outdoor conditions. The purpose of this work
was, therefore, to evaluate growth and biomass production of
Arthrospira in waters of the soda lakes Chitu and Shala with or
without supplementation with standard Spirulina medium
(SM) at a constant light and temperature condition in the
laboratory. The results that emanate from such investigations
are crucial to efforts being made to develop suitable low-cost
media for Arthrospira cultivation.

Materials and methods
Description of the soda lakes

Lakes Chitu and Shalla are tropical crater lakes located in the
Ethiopian rift some 285 km south of Addis Ababa. These
lakes are typical examples of African soda lakes characterized
by highly saline—alkaline waters in which the concentrations
of the major cations are in the order Na>K>Ca>Mg in contrast
to that of most temperate lakes in which ionic dominance is in
the order Ca>Mg>Na>K (Tudorancea et al. 1999). The lakes
are closed and evaporative concentration is the prime factor
for their saline—alkaline nature (Wood and Talling 1988;
Zinabu 2002). The abundance of alkali elements in the lakes
is attributed to their large concentration in the trachytic and
rhyolitic rocks of the Ethiopian rift (Klemper and Cash 2007).
The lakes’ region has semi-arid to sub-humid type of climate
with mean annual precipitation and temperature of 600 mm
and 25 °C, respectively (Legesse et al. 2002). The region has
higher rate of evaporation than precipitation, which causes
rainfall deficit.

Lake Chitu is a small closed and highly productive soda
lake with ideal environmental conditions for the formation
of monoalgal population of A. fusiformis (Kebede et al.
1994; Kebede 1996). The lake is characterized by high
salinity, pH and HCO;  + CO;*  alkalinity. The water
surface temperature of the lake ranges from 21 to 24 °C.
Lake Shala, the deepest (maximum depth 266 m) soda lake
of the Ethiopian rift lakes, is also characterized by high
salinity and alkalinity, which are less than those of Lake
Chitu. The water surface temperature of this lake ranges
from 22 to 26 °C. The lake is unproductive and devoid of
Arthrospira although some features of its gross water chem-
istry are supposed to be conducive for this alga. These
highly saline—alkaline conditions of the lakes could be suit-
able for the production of Arthrospira.

Measurement of some physicochemical parameters
of the soda lakes

Before using for experimental culture, some chemical param-
eters of the lake waters were determined in situ or in the



J Appl Phycol (2014) 26:2273-2282

2275

laboratory to see their variation under the two conditions. pH
and conductivity were measured in situ and in laboratory
using digital pH meter (model HI 9024, Hanna Instruments)
and conductivity meter (model CC-505, Elmetrron). Salinity
(g L") was calculated from conductivity measurements ac-
cording to UNESCO (1983). Surface water samples, collected
with 10-L plastic containers, were used for the analysis of
chemical features in laboratory. Alkalinity of unaltered water
sample was determined by titration with 1 N HCI to pH 4.5
using a mixed indicator (Bromocresol green-methyl red).
Carbonate—bicarbonate alkalinities as CaCO; and their ions
were calculated from total alkalinity and pH according to
APHA et al. (1999). NO;~, NH3, PO4-P and SO4>~ were
determined, using samples filtered through Whatman GF/F,
by sodium salicylate (APHA 1995), phenate, ascorbic acid
and turbidimetric methods, respectively (APHA et al. 1999).
Samples acidified to a pH of 2 with HNOj3, were used for the
analysis of major ions and some micronutrients according to
the standard analytical methods outlined in APHA et al.
(1999): Na" and K* by flame photometric method, Ca*" by
direct nitrous oxide-acetylene flame method, Cl™ by
argentometric method, Mg*", Fe, Zn, Mn, Cu, and Co by
direct air-acetylene flame method. Boron (B) was determined
by azomethine H-colorimetric method (FAO 2008).

Isolation of Arthospira and scaling-up of its seed cultures

Trichomes of 4. fusiformis (Fig. 1) were isolated from Lake
Chitu by the serial dilution technique (Andersen and Kawachi
2005). An aliquot from a sample of the lake water was diluted
with liquid SM, Zarrouk medium as modified by Aiba and
Ogawa (1977), in a small test tube from which drops were
transferred to multi-well plate using Pasteur micropipette and
concentration of trichomes was checked under an inverted
microscope. After a series of similar dilutions and observa-
tions, some trichomes were picked up with the micropipette
and introduced into two small test tubes of 15 mL capacity
containing about 4 mL of SM. The trichomes in the test tubes
were allowed to grow at a photon flux density of about
20 umol photons m > s~' (produced by two fluorescent lamps,
36 W each) and temperatures of 22-24 °C. Dense cultures of
the microalga were diluted by the addition of the SM and
scaled up to a large volume (125 mL). All these cultures,
which served as sources of inocula, were mixed manually
four to five times a day.

Preparation of growth media for experimental cultures

Soda lake water was first filtered through a plankton net
(64 pm pore size) to remove large microorganisms and par-
ticulate materials, within a few hours of its collection. The
filtered water was then sterilized by a chemical sterilization
technique (bleaching) and neutralized with sodium thiosulfate

solution following the procedure outlined in Kawachi and
Noel (2005). To evaluate growth responses of Arthrospira,
with the aim to reduce the cost of growth media by substitut-
ing standard medium with soda lake waters (by 50 %, 75 % or
100 %), nine different types of media were prepared as indi-
cated in Table 1. These media include SM, Lake Chitu water-
based media (CBM) and Lake Shala water-based media
(SBM). CBM and SBM consist of unsupplemented lake wa-
ters and lake waters supplemented in different proportions
with SM and SM™ (SM lacking carbonate-bicarbonate com-
ponents — Na,CO;, NaHCO; and NaCl). The idea of using
SM™ was to determine if these chemicals (Na,COs3, NaHCO;
and NaCl), which are required in large quantities in the stan-
dard SM, are replaceable by the carbonate- and bicarbonate-
rich lake waters.

Experimental design and growth conditions

The experiment was designed to test growth and biomass
production of Arthrospira in a laboratory using media pro-
duced from soda lake waters. The independent variable to be
optimized was the growth medium, keeping such growth
conditions as temperature, light and mixing constant. The
response variables analyzed were specific growth rate (u),
biomass production (B) and doubling time (d).

The experiment was carried out in 3000 mL Erlenmeyer
flasks holding 150 mL culture medium without replication.
The culture flasks were inoculated with 15-mL aliquots, con-
stituting 10 % of the final culture volume, removed from
exponentially growing cultures. The cultures were exposed
to an artificial light source from fluorescent lamps (three,
36 W each), providing a photon flux density of about
50 umol photons m * s~ ' on the surface of the culture. The
experimental cultures were grown in a temperature-regulated
water bath (model DKZ series) at 35 °C in a light—dark cycle
of 10:14 for 18 days. These light and temperature conditions
were reported in several research articles as the optimal levels
for Arthrospira growth in the laboratory (Vonshak 1997;
Oliveira et al. 1999; Andersen and Kawachi 2005). Mixing
of'the cultures was achieved manually by gentle shaking of the
culture flasks four times a day.

Analytical methods

Measurement of pH and conductivity and estimation
of chlorophyll-a and growth parameters

Before inoculation, initial value of the biomass index —
chlorophyll-a (chl-a) of the inocula and the initial pH and
conductivity of all culture media were measured. During the
experimental period, similar measurements were made every
2 days except for the first set of measurements, which were
taken after 24 h to check the occurrence of a lag phase. The

@ Springer



2276

J Appl Phycol (2014) 26:2273-2282

Fig. 1 Isolates of Arthrospira r
fusiformis from Lake Chitu used

for experimental culture. Scale

bar, 20 pm

measurement and analyses were not replicated for the
variables.

Chl-a was determined spectrophotometrically from 5-mL
samples filtered onto GF/F and extracted in 90 % acetone. The
absorbance of pigment extracts was measured at 665 and
750 nm with a UV-VIS Spectrophotometer (model 6405,
Jenway) and chl-a concentration was estimated using the
equation in Vonshak (1997). Biomass production (B, mg
L") was calculated as the change in biomass per volume of
sample filtered (Colla et al. 2007). Specific growth rate (1)
and doubling time (df) were calculated using the following
equations used for batch culture of microalgae in the expo-
nential growth phase (Guillard 1973; Vonshak 1997).

_InNy-hoNy 2 0.6931

L= I

where N, and N; are concentrations of the indicator of bio-
mass (chl-a, mg L") at the end and beginning of the time
intervals, #, and ¢, respectively.

Table 1 Types and composition of growth media used for the experi-
mental laboratory cultures of Arthrospira fusiformis

Types of media Designation % (v/v) media
composition
Standard: Spirulina medium SM 100 SM
CBM
Chitu medium CM 100 CM
25 % supplemented Chitu medium 25CM 25 SM:75 CM
50 % supplemented Chitu medium 50CM 50 SM:50 CM
50 % supplemented Chitu medium 50CM 50 SM :50 CM
(supplemented with SM")
SBM
Shala medium SHM 100 SHM
25 % supplemented Shala medium 25SHM 25 SM:75 SHM
50 % supplemented Shala medium 50SHM 50 SM:50 SHM
50 % supplemented Shala medium 50SHM 50 SM :50 SHM

(supplemented with SM ")

SM~ SM lacking Na,CO3, NaHCOj; and NaCl; CBM Chitu water-based
media; SBM Shala water-based media
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Statistical analysis

The differences in growth parameters and some growth con-
ditions of the various media were analyzed by one-way
ANOVA, and Tukey’s LSD post-hoc test was used for multi-
ple comparisons. The variables, which contributed to the
observed variations in growth and biomass production of
Arthrospira in various media, were determined by multiple
regression analysis. All statistical analyses were done using
SPSS statistical program (Version 20).

Results and discussion
Some chemical features of the study lakes

Certain physicochemical features of Lakes Chitu and Shala
including those chemical features, which seem to be of over-
riding importance to the growth of Arthrospira are presented
in Table 2. In laboratory and in situ measurement of some
variables such as pH, conductivity and salinity did not show
perceptible differences, and those physicochemical data mea-
sured in the laboratory were used in this study. The observed
high levels of carbonate—bicarbonate alkalinity (as mg L™
CaCO0,), pH, salinity, conductivity, Na*, CI” and PO,-P in
both lakes are characteristic of soda lakes. Most of the record-
ed chemical parameters were considerably higher in Lake
Chitu than in Lake Shala and SM, with the levels in Lake
Shala approaching those measured in the SM (Table 2). In
both lakes, these parameters did not show considerable sea-
sonal variations although the variation was slightly higher in
Lake Chitu due to its productivity and small size. Na" and
HCO5 + CO5* and CI” ions accounted for large proportions
of'the total cations and anions, respectively, in both lakes. The
main mechanisms for the formation of these ions are leaching
of rock materials rich in Na from volcanic rocks of the catch-
ment areas and evaporative concentration enhanced by the dry
and warm climate (Klemper and Cash 2007). In most saline
lakes of arid regions, these dominant ions are responsible for
the high pH, alkalinity, conductivity and salinity of their
waters (Wood and Talling 1988; Kebede et al. 1994). The
concentrations of the divalent cations, Ca®"and Mg2+, are low
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Table 2 Some chemical features of lakes Chitu and Shala waters and
SM, which were used for experimental cultures

Parameters Lake Chitu Lake Shala SM

pH 10.1 9.4 8.85
Salinity (g L") 37.50 15.74 13.53
Conductivity (1S cm ) 56,330 25,800 22,460
HCO;™ + CO,*" alkalinity 36,848.5 10,990.8 -
HCO;~ 12,4287 7,606.2 9,880
COs> 15,996.6 (1.3) 2,853.7 (0.4) 2,280 (0.23)
NO; (ugL™) 20 ND 1,820,000
NH; (ug L™ 50 ND -
PO4-P (ugL™h 460 830 273,000
SO 187.5 33.4 634
Na* 20,500 8,000 6,550
K* 1,200 260 672
Cca** 0.39 ND 11
Mg** 0.06 0.03 20

cr 12,336.6 3,701 626

Fe 0.57 0.20 -

Zn 0.043 0.027 -

Mn ND ND -

Cu 0.118 0.122 -

Co ND ND -

B 16.23 115 -

Units aremg L' unless otherwise indicated; data in bracket are CO5>~ to
HCO;5™ ratio

ND not detectable

compared to those of the dominant ions. The low level of these
divalent cations is a salient feature of tropical saline—alkaline
lakes (Kebede et al. 1994; Zinabu 2002; Klemper and Cash
2007) as these cations are precipitated from solution as their
respective carbonates at high alkaline pH.

PO,4-P, whose concentration in Lake Shala was about two
times that in Lake Chitu, was quite high in both lakes consid-
ering its levels commonly recorded for freshwater lakes. In
contrast, the concentration of nitrogen compounds NO;  and
NH; which were often low or undetectable, were rather
higher in Lake Chitu than in Lake Shala. In both lakes, the
concentration of these macronutrients was considerably low
compared to that of SM.

High pH and salinity and a large reserve of inorganic
carbon sources and PO,-P are characteristic of some of the
East African soda lakes, which favor dense populations of
microalgae (Talling et al. 1973; Melack et al. 1982; Wood and
Talling 1988; Kebede et al. 1994; Jones and Grant 1999). The
pH and salinity of a medium affect different physiological
processes such as growth, photosynthesis and chemical pro-
duction of Arthrospira (Guterman et al. 1989; Vonshak et al.
1996; Kebede 1997). The high level of carbonate—bicarbonate
is important as a buffer system to maintain optimum alkaline

pH and provides carbon source for aquatic autotrophs such as
alkaliphilic cyanobacteria (Richmond 1990; Vonshak 1997).
It has been suggested that high level of CO5>™ to HCO5 ™ ratio
at pH >10 may indicate a low level of HCO5 , which is the
principal and preferred carbon source for Arthrospira (Binaghi
et al. 2003) and buffer against a pH rise. The low CO5” to
HCO; ratio (or high HCO3") in Lake Shala compared to
Lake Chitu may indicate that its water is well buffered against
a pH rise and presence of surplus carbon source for growth of
Arthrospira.

Growth and biomass production of algae are enhanced
when nitrogen and phosphate sources are sufficiently avail-
able (Melack et al. 1982; Larned 1998; Miller et al. 1999). In
some African freshwaters, inorganic sources of nitrogen and
phosphorus were often suggested to be limiting to algal pro-
duction (Talling and Talling 1965; Melack et al. 1982). Very
high concentration of PO4-P was, however, recorded in the
present study lakes. This is consistent with the results of
earlier studies, which also recorded similarly high concentra-
tion of PO4-P in Lakes Chitu, Shala and Arenguade, with
concentrations sometimes exceeding 2 mg L™ in Lake Chitu
despite the large algal standing crop it supported (224 ug L™
chl-a) (Wood and Talling 1988; Kebede et al. 1994). Thus,
PO,4-P may not be limiting algal growth in these soda lakes but
its concentration may not be adequate to support optimal
growth of Arthrospira from the production point of view.

Nitrogen sources were low or undetectable in both lakes in
the present study, corroborating the contention that nitrogen
limitation of algal production is more likely in these soda lakes
(Wood and Talling 1988; Kebede et al. 1994; Talling and
Lemoalle 1998). In productive soda lakes like Chitu, over
90 % of the total inorganic nitrogen is in the algal biomass
(Wood and Talling 1988) making nitrogen sources less avail-
able in the water body but which can be regenerated by
recycling from the anoxic layer during destratification
(Kebede et al. 1994). It is also argued that the high denitrifi-
cation activities by abundant populations of some bacteria
(e.g., Halomonas spp.) associated with tropical temperature
in productive soda lakes may contribute to low nitrogen levels
(Jones and Grant 1999).The unusually low level of nitrogen
sources in Lake Shala may be attributed to the low concentra-
tion of decomposable organic matter and reduced rate of
recycling owing to the great depth of the lake.

Salinity and pH of the experimental culture

In all media, pH increased while salinity decreased progres-
sively with time during the cultivation period (Fig. 2). The
decrease in salinity and increase in pH was gradual during
early phase of the growth period, but became abrupt towards
the end starting from days 11 to 12 in all media. These changes
in pH can result from the chemical reactions among the
carbonate systems and photosynthetic activities by dense algal
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Fig. 2 Changes in pH (a and b) 11
and salinity (¢ and d) with time
during the cultivation of
Arthrospira fusiformis. a and ¢ for
Lake Chitu water-based media, b
and d for Lake Shala water-based
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biomass. According to Talling et al. (1973), dense algal bio-
mass and vigorous photosynthesis in Lake Arenguade caused
arise in pH more than one pH unit despite the high buffering
capacity associated with the lake’s large carbonate—bicarbon-
ate alkalinity. During growth, Arthrospira preferably con-
sumes bicarbonate and releases carbonate into the medium
and this carbonate/bicarbonate imbalance causes a progressive
pH rise. The association of carbonate with proton (H") to
produce bicarbonate, which is rapidly consumed by the alga,
and dissolution of bicarbonate to CO, causes a rapid increase
in pH (Richmond and Grobbelaar 1986; Richmond 2002). pH
increased more slowly in lake waters-based media than in the
SM, which may be attributable to the high buffering capacity
of the lake waters owing to their high carbonate—bicarbonates
contents. The rapid decline of salinity observed after expo-
nential phase may have resulted from the chemical transfor-
mation of carbonate—bicarbonate species, the major salinity
components, and dilution of the culture through growth.

The mean pH values of all CBM and SBM were higher
than that of SM (9.52). Compared to CBM, SBM had rela-
tively low pH and supplementation with SM reduced it further
to values approaching the SM. Statistically significant differ-
ences in pH (F(8, 81)=2.45, P<0.05) were observed among
all media, with significantly (P<0.05) higher values in all
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CBM except SOCM. In contrast, the pH of all SBM (SHM,
25SHM, 50SHM and SO0SHM ") were not significantly differ-
ent from that of SM despite the decreased pH levels in 25SSHM
and S0SHM. Mean salinity also showed significant differ-
ences (F(8, 63)=40.61, P<0.01) among the media, with sig-
nificantly (P<0.01) higher salinity being in all CBM than
those of other media. The salinities of 25CM, 50CM and
50CM  were significantly lower (P<0.05) than that of CM
although they were still higher than that of SM. Among SBM,
those supplemented with SM showed some insignificant re-
duction in salinity (SHM > 25SHM > 50SHM), particularly
that of 25SHM and 50SHM was closely approaching the
salinity of SM (12.88 g L"), but that supplemented with
SM™ (50SHM ) was significantly reduced (P<0.05).

The pH of Lake Chitu water was close to the upper limit of
the optimal range for the growth of Arthrospira (8—10)
(Richmond 1990; De Oliveira et al. 1999). Supplementation
of the lake water with SM, however, led to significant pH
reduction, which was pronounced in S0CM. The pH of Lake
Shala water was lower than that of Lake Chitu water and
supplementation caused its further reduction, though not sig-
nificant, close to that of SM. The reduction in pH of the lake
waters shortly after supplementation with SM (pH: 8.9) may
be due to addition of carbonate—bicarbonates from SM, as the
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dissociation of bicarbonate to carbonate releases protons (H")
in the system causing a short term pH decline. The change in
pH due to supplementation was not large in Lake Shala
because it had low ratio of CO5>” to HCO5, which probably
made it more resistant to pH change. On the other hand,
supplementation with SM™ (pH: 9.87) did not cause changes
in pH (almost similar to the lake water), which may be due to
the absence of the carbonate—bicarbonates in the supplement.

Lake Chitu water had relatively high salinity but supple-
mentation with SM (salinity: 13.53 g L") and SM ™ (salinity:
5.23 g L") significantly reduced its salinity closer to that of
SM. The salinity of Lake Shala water was relatively low and
supplementation reduced it further very close to that in the
SM. The reduction in salinity following supplementation
could result from the dilution effect of the SM and SM , which
had low salinity compared to both CBM and SBM. The large
reduction in salinity of CBM and SBM when supplemented
with SM seems to have resulted from the greater dilution
effect of SM  as it was more dilute than SM due to the lack of
the major ions (Na*, CI” and CO5*~ + HCO5"). In general,
supplementation of the lake waters with SM lowered pH and
salinity to values approaching that of the standard SM while
supplementation with SM™ resulted in a large decline in salin-
ity but not pH. Supplementation of the soda lake waters, by
25 % and 50 % with SM is, therefore, necessary to adjust pH
and salinity to the optimal levels and also to provide deficient
nutrients including nitrogen and phosphorus.

Growth and biomass production

Figure 3 shows growth curves of Arthrospira cultured in
different complex media in comparison with that in SM. The
growth curves show the typical pattern of exponential growth
of microlagae without distinct lag phase. High growth of
Arthrospira was observed in the SM, 25CM and 50CM of
CBM and 25SHM and 50SHM of SBM although better

growth was exhibited by the cultures in the SBM. Low growth
was observed in the CM, SHM, 50CM " and 50SHM .

Responses of Arthrospira reflected in such growth param-
eters as specific growth rate (1), biomass production (B) and
doubling time (df) determined from chl-a measurements are
given in Table 3. Higher p and B and the shortest dz were
achieved in SM, 25CM and 50CM of CBM and 25SHM and
50SHM of SBM, with higher values comparable to that of SM
in the SBM. The least values of 1z and B and the largest df were
observed in CM and 50CM . The s and B in both 50CM  and
S0SHM  showed a slight increase compared to SHM and CM.
Analysis of variance (ANOVA) of the growth parameters 1
and B did not, however, show significant differences among
the various media, implying that comparable growth rate and
biomass production can be achieved using the soda lake
waters with or without supplementation.

The results of multiple regression analysis of the causal
relationship between the response variable (B) and the chem-
ical factors — pH and salinity indicated the statistically sig-
nificant (£(2,69)=21.52, P<0.01) effect the two factors had
on the biomass production of Arthrospira. pH was the main
factor accounting for more than 52 % of the variations in
biomass. The relationships of x and B with mean pH and
salinity in different media of the cultures (Fig. 4) show that the
increased ;1 and B in SM, 25CM and 50CM of CBM and
25SHM and 50SHM of SBM coincided with decreased mean
pH and salinity while the lowest values of 1« and B in CM and
50CM corresponded to the highest pH.

Saline-alkaline conditions and availability of nutrients in
the soda lakes are ideal conditions for the growth and produc-
tion of Arthrospira. Better growth and biomass production,
comparable to those observed in the SM, occurred in both
CBM and SBM supplemented with SM by 25 % and 50 %,
which had relatively low pH and salinity. This seems to have
resulted from the reduction in pH and salinity by supplemen-
tation to levels, which were closer to those in the standard SM,

Fig. 3 Growth curves of 10
Arthrospira fusiformis cultivated
in various media at 35 °C and
photon flux density of

50 umol m 2 s~ during the
cultivation period. a for Lake
Chitu water-based media, b for
Lake Shala water-based media,
the control (SM) in both a and b
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Table 3 The growth parameters of Arthrospira fusiformis cultured in
various media for 18 days

Types of culture media Growth parameters

Binax Mean B I dt
SM 9.65 4.8242.3 0.20 3.47
CM 420 2.26+0.8 0.13 522
25CM 7.03 3.57+1.3 0.18 3.85
50CM 8.54 4.15+1.9 0.19 3.62
50CM™ 5.48 2.74+1.1 0.16 424
SHM 5.50 3.01£1.0 0.17 3.99
25SHM 8.67 4.64+2.1 0.20 3.48
50SHM 9.12 472423 0.21 3.28
50SHM™ 6.06 3.31+1.1 0.18 3.81

Maximum (Bya) and mean of index of biomass (mg chl-a L', n=10), 1
(/day) and dr (days).The parameters ;v and df are calculated from the
exponential growth phase (12 days)

due to dilution and addition of bicarbonate—carbonates. In
contrast, the relatively low growth rates and biomass produc-
tion observed in the CM and 50CM ™ may be attributable to the
high pH of the media. The pH determines the formation of
carbonate—bicarbonate species and the solubility of minerals
in the lake waters thereby influencing the metabolism of algae
(Guterman et al. 1989). Supplementation with SM adds more
carbonate—bicarbonates that maintain alkaline pH and pre-
vents carbon depletion, which is an important condition for
the optimal growth of Arthrospira (Richmond 1990; Vonshak
1997). In an experiment carried out using lagoon water sup-
plemented with sodium bicarbonate and urea, Costa et al.
(2003) also obtained the highest biomass production with
the addition of 2.88 g L' sodium bicarbonate. Salinity of a
medium affects different physiological processes such as
growth, photosynthesis and chemical production of
Arthrospira (Vonshak et al. 1996; Kebede 1997). Several
studies made on the growth and production of A. fusiformis
in media with different salinity levels have demonstrated the
association of higher growth rate and production of the alga
with media of relatively low salinity (Kebede 1997; Vonshak
1997; Mussagy 2006). Exposure of Arthrospira culture to
high salinity was found to result in the reduction and eventual
cessation of growth (Vonshak 1997; Mussagy 2006), which
was associated with substantial decrease in photosystem II
activities due to osmotic shock (Zeng and Vonshak 1998). In
addition, availability of limiting nutrients such as nitrogen and
phosphorus enhances growth and biomass production of algae
(Larned 1998; Miller et al. 1999). Supplementation may have
provided these nutrients, particularly nitrogen, which is limit-
ing in these soda lakes. The results of experiments carried out
using seawater enriched with phosphate and urea, in both
laboratory and outdoor mass cultivation of Arthrospira,
showed high biomass yield, which was slightly less than that
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Fig. 4 Growth rate () and index of biomass (B) of Arthrospira
fusiformis in relation to pH and salinity of the various media used for
laboratory cultures

in the standard medium (Tredici et al. 1986; Materassi et al.
1984).

The higher growth rate and biomass production with shorter
doubling time observed in SBM seems to be associated with
some chemical features of Lake Shala. Primarily, pH, salinity,
conductivity, CO5;% + HCO; and Na' of this lake were closer
to those of the SM, indicating suitable conditions and huge
carbon source (HCO5") for the alga. Secondly, the abundant
POy4-P level in Lake Shala, which was about twice higher than
that in Lake Chitu, could favor better growth and higher biomass
production of the species under consideration. Furthermore,
Lake Shala was deficient in nitrogen sources compared to that
of Lake Chitu, and hence supplementation would provide this
nutrient thereby enhancing the production of the alga.

The large reserve of inorganic carbon sources, which pre-
vails even at high pH values, is a salient feature of soda lakes
that favor dense populations of A. fusiformis (Talling et al.
1973; Wood and Talling 1988). In the natural ecosystem, Lake
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Chitu supports superabundant populations of Arthrospira
while the exceptionally deep adjacent Lake Shala, which has
broadly similar gross chemical features, is devoid of
Arthrospira and much less productive. On the basis of the
high light extinction coefficient and optical depth, and unde-
tectable concentration of nitrogen compounds in Lake Shala,
light and nitrogen were previously identified as the major
factors associated with its low phytoplankton productivity
(Wood and Talling 1988; Kebede et al. 1994; Zinabu 2002).
As the results of the present study show, Lake Shala water
supported better growth of Arthrospira with provision of light
and nutrients, and its aggregate chemical features except ni-
trogen were in the range required for Arthrospira growth.
Light and nitrogen nutrients together with other hydrographic
and morphometric variables, therefore, probably have contrib-
uted to the low productivity and absence of Arthrospira in the
natural ecosystem of Lake Shala. Pilot-scale experimental
testing of Arthrospira production in shallow ponds using
Lake Shala water may enable one to provide further plausible
explanations for the low productivity of the lake.

Conclusion

Comparable growth and biomass production of Arthrospira
was achieved using water of the soda lakes Chitu and Shala.
Supplementation of the waters of the soda lakes with SM by
25 and 50 % further enhanced the growth and biomass pro-
duction of Arthrospira. This appears to be attributed to the
adjustment of the pH and salinity close to the optimal range by
dilution and addition of carbonate—bicarbonates and provision
of some deficient nutrients such as nitrogen by supplementa-
tion. pH and salinity differed significantly among the media
and caused considerable effect on the growth and biomass
production of Arthrospira in this study. Supplementation with
SM reduced pH and supported better growth and more pro-
duction than SM , indicating the importance of addition of
carbonate—bicarbonates even to the lake waters rich in these
compounds. Lake Shala-based media supported better growth
and higher biomass of Arthrospira than Lake Chitu-based
media, indicating that some of the chemical features of Lake
Shala are more conducive for Arthrospira production. This
was interesting and desired result as the main goal was to
show the use of the large volume of Lake Shala water for mass
production. In general, Arthrospira can be produced using 25
and 50 % supplemented soda lake waters, preferably the large
lake Shala water, thereby reducing the cost of nutrient media
by 75 % and 50 %, respectively, which is a rough estimation
based on the proportion of lakes water that could be combined
with SM to produce a culture medium. In order to make use of
soda lake water as a low cost medium for Arthrospira produc-
tion, further optimization studies and nutrients (nitrogen) en-
richment of the lake waters are deemed essential.
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