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Abstract: On the quest of discovering novel local strains of microalgal species that can be effectively
cultured with industrial perspectives, two cyanobacterial strains Anabaena sp. and Cyanothece sp.
were isolated from the lagoonal and saltworks waters of the Messolonghi lagoon (W. Greece). They
were batch cultured at 20-21.5 °C in six combinations of three salinities (20, 40 and 60 ppt) and two
light intensities (2000 and 8000 lux) resulting in: (a) Anabaena grew best at 20 and 40 ppt at high
light of 8000 lux. (b) Cyanothece grew best at 40 and 60 ppt at high light. (c) Low light of 2000 lux
resulted in much reduced growth in all treatments. (d) Maximal biomass yield was 1.27 and 1.77 g
d.w./L for Anabaena and Cyanothece, respectively. Overall, both species have culture potential yielding
biomass comparable to the average (or above) relevant values reported in the literature for various
cultured cyanobacteria.
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1. Introduction

Microalgae are sources of various products (e.g., aquaculture feedstuff, biofuels,
healthy food pills, antioxidants, pharmaceuticals, etc.) for various uses in our modern
world [1,2] and the quest for novel species suitable for culture and with characteristics
that facilitate the implementation of cost-effective culture techniques is always welcomed.
Nowadays, problems of tackling increasing fossil fuel emissions, struggle for fresh water in
an expanding human population, finding cheap energy alternatives to fossil fuel sources,
creating sea farms as a relief to crop land and replacing meat with plant-like equivalent
organisms, all lead to algae and their culture.

Among microalgae, cyanobacteria occupy a prominent part of interest for mass culti-
vation and among them Spirulina (Arthrospira) species were the starting point for exploita-
tion [3]. Besides Spirulina, many other cyanobacterial species, filamentous or coccoid, have
been the target of research, expanding the spectrum of cyanobacteria with the capability to
grow fast and massively in various environmental conditions [1,4].

To be commercially exploitable a candidate species must be easily cultured. There is
practically little benefit in the quest for valuable substances (e.g., lipids, pigments, proteins)
if the species under investigation is cumbersome in mass production because of small
yield or need for difficultly attainable or costly conditions (e.g., high temperature) for
an adequate outcome. Considering temperature, it is well known that temperatures of
25-30 °C can boost the growth rate of algae [5,6] but this range is rather costly to maintain
in temperate regions during the colder months. In this respect, we experimented at around
20 °C which we consider an economically feasible indoors temperature during the cold
months. We also left pH uncontrolled because its fine tuning is difficult and practically of
no decisive importance, the culture will create its own pH.

Light is the most essential and critical factor because it directly affects the photosynthe-
sis from which biosynthesis of biomass ensues [2]. Low illumination has a limiting effect

Hydrobiology 2022, 1, 278-287. https:/ /doi.org/10.3390/hydrobiology1030020

https://www.mdpi.com/journal /hydrobiology


https://doi.org/10.3390/hydrobiology1030020
https://doi.org/10.3390/hydrobiology1030020
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/hydrobiology
https://www.mdpi.com
https://orcid.org/0000-0003-4894-2286
https://doi.org/10.3390/hydrobiology1030020
https://www.mdpi.com/journal/hydrobiology
https://www.mdpi.com/article/10.3390/hydrobiology1030020?type=check_update&version=1

Hydrobiology 2022, 1

279

on the growth of microalgae, so, increasing the light intensity in mass cultivation of algae is
a common practice to enhance growth but care should be taken as too much of it can cause
photoinhibition [7,8].

Salinity affects the growth of microalgae acting directly on the osmoregulatory mech-
anism of the cell. Cyanobacteria can endure several ranges of salinity but the existing
information in the literature is rather complicated on conclusions about both the range
of tolerance and the optimum value. There are studies suggesting that the elevated salin-
ities negatively affect the growth of microalgae acting directly on their photosynthetic
apparatus [9-11].

In the present work, the filamentous diazotroph Anabaena sp. and the coccoid dia-
zotroph Cyanothece sp., two local strains isolated from lagoonal and hypersaline waters,
respectively, were cultured on the assumption that these species that originated from la-
goons (and of course hypersaline ponds) with the harshest water environments might
tolerate intense seasonal fluctuations in salinity, light, temperature, and nutrient input.
Therefore, it is logical to assume that species encountered there are sturdy because of their
adaptability to such constantly changing water bodies. Furthermore, these local strains
can enrich the collections of algae preserved worldwide in order to create an expanding
deposit of strains of sibling or novel species. In this respect, the objective of this study is to
examine the response of these local strains of cyanobacteria to salinity and light intensity to
gain an initial basic understanding of the effect of these two key parameters on their pace
of culture growth and maximization of biomass yield.

2. Materials and Methods

The two N-fixing cyanobacterial strains Anabaena sp. and Cyanothece sp. (Figure 1A,B,
respectively) originated from a screening survey of the adjacent saline waters of Messo-
longhi lagoon (38°20'05.16"" N, 21°25'28.51"" E) and the hypersaline ponds of Messolonghi
saltworks (38°23'37.61"" N, 21°24/29.68" E), respectively, in W. Greece. Water samples from
these areas were continuously cultured and renovated in the laboratory and finally through
continuous serial dilutions the monospecific cultures of both species were stabilized and
kept at a salinity of 40 ppt.

Both cyanobacteria were batch-cultured using 2 L glass conical Erlenmeyer flasks in
2 replicates for each combination of salinity and light intensity (Figure 1C). Water of three
salinities, 20, 40 and 60 ppt, and two light intensities of 2000 and 8000 lux from 20 watt
1600 Im LED lamps, measured at the middle of the outer surface of the vessel (Lux meter
BIOBLOCK LX-101), were combined to create 6 treatments (3 salinities x 2 light intensities).
Temperature was maintained at 20-21.5 °C by a 18,000 BTU air conditioner. A 16 hL:8 hD
light duration was maintained by an electric timer controller. The water used to prepare
the various salinities originated from the nearby seacoast. It was first autoclaved at 121 °C
for 20 min in order to eliminate all organisms and then adjusted to 20 ppt by sterilized
distilled water or to 60 ppt by the dilution of the proper quantity of sterilized artificial
salt (Instant Ocean®, Blacksburg, Virginia, USA). After the filling of the culture vessels
with the proper amount of sterilized water (1900 mL), 100 mL of stock mature culture (in
exponential phase) of the respective species were added. Then, 1 mL/L of each of Walne’s
final nutrient solutions of metals, micronutrients, and vitamins were finally added. In
Figure 2, the whole procedure is depicted schematized as a flow chart.
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Figure 1. Photos of the treated material. (A) Filaments of Anabaena sp. (B) Cells of Cyanothece sp.
Scale bars in both photos are 20 um. (C) Culture vessels of Anabaena on the 4th day. (D) Dried GF/C
filters with dry material of Cyanothece masses during dry weight measurements.
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Figure 2. Flow chart of the experimental procedure. ANAB: Anabaena; CYAN: Cyanothece; L: light
2000 lux; XL: light 8000 lux.

In all the vessels, the suspension of the cells and the supply of CO, were accomplished
using coarse air bubbling through 2 mL glass pipettes (one in every vessel with a supply of
half culture volume/min) connected through sterilized plastic hoses to the 0.45 pm filtered
central air supply system fed by a blower. The density of Anabaena’s culture vessel in g dry
biomass/L was monitored daily by the recording of its optical density at 750 nm in a visible—
UV spectrophotometer (Shimadzu UVmini-1240 UV-visible). To accomplish that, the values
of optical density were transformed to g d.w./L using a calibration curve’s equation of
optical density (OD) vs. g/L or cells/mL at 750 nm [12] that was constructed in advance
using a dense culture of each cyanobacterium and subsequent serial dilutions before
the start of experimentation (Figure 3A). The density of Cyanothece was daily calculated
as cells/mL using a Fuchs-Rosenthal hematocytometer and a relevant calibration curve
(Figure 3B). All measurements were conducted in triplicate. The specific growth rate (SGR
as doublings day ~!) was estimated during the early exponential (log) phase of the culture’s
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growth curve using the equation: SGR = (InC; — InCy)/(tp — t;) where C; and C; stand for
g d.w./L or cells/mL at days t; and tp, (tp > t;), respectively. Next, the generation time Tg
(in days) of the culture was calculated as days required for duplication using the formula:
Tg = 0.6931/SGR. The calculation of the dry weight (in triplicate for each treatment) was
made by filtering a known amount of culture through 0.45 um GF/C filters (Figure 1D) in a
vacuum pump (Heto-SUE-3Q), washing the filter with ammonium carbonate, and drying
the filter in an oven at 100 °C for 2 h. Then, the filter was weighed to the fourth decimal
and the dry weight was calculated as g/L after subtraction of the pre-weighted filter’s
tare weight. The pH was measured daily using a digital pH-meter (HACH-HQ30d-flexi).
Statistical treatment of the different variables was completed with ANOVA and pair-wise

Tukey’s test for comparison of the means at a 0.05 level of significance using the free
PASTS3 software.
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Figure 3. Calibration lines with the relevant equations of (A) Anabaena sp. and (B) Cyanothece sp. of
dry weight/L and cells/mL vs. optical density for Anabaena and Cyanothece, respectively.

3. Results
3.1. Anabaena sp.

The culture of Anabaena sp. lasted 24 days (Figure 4A—C) and presented the highest
value of g dry weight/L at the salinity of 20 ppt on the 22nd day (Figure 4A). At all
salinities the initial lag phase was very short and after the third day all cultures entered
a long exponential phase that lasted until the 21st day. Thereafter, in all treatments the
cultures entered the stationary phase. The daily records of g/L were accomplished by using
the relevant calibration curve (Figure 3A) which presented an excellent fit. The specific
growth rate (SGR) remained above 0.13 in all treatments, presenting its highest value (0.213)
at the salinity of 40 ppt-XL and the lowest (0.131) at 60 ppt-XL (Figure 4D, Table 1).
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Figure 4. The growth curve (g dry weight/L) of the culture of Anabaena sp. at the salinities of
(A) 20 ppt, (B) 40 ppt and (C) 60 ppt and at each light intensity (L: 2000 lux; XL: 8000 lux). Also
depicted are the pH daily values in each condition. Values are means of 3 measurements + standard
error (SE). In (D) there the values of Specific Growth Rate (SGR) + SE are depicted for the time
interval of the 4th to 9th day for each treatment.
Table 1. Data (£ SE) on specific growth rate (SGR) and generation of doubling time (Tg) of An-
abaena and Cyanothece cultures at salinities of 20, 40, and 60 ppt and at each light intensity (L:
2000 lux; XL: 8000 lux). The different superscripts indicate a statistically significant difference at the
0.05 level of confidence (statistical processing with ANOVA and then pair-wise comparison with
Tukey’s test). The second superscript indicates the statistically equal value of the condition of the
corresponding letter.
Conditions 20 ppt-L 20 ppt-XL 40 ppt-L 40 ppt-XL 60 ppt-L 60 ppt-XL
Anabaena sp.
SGR =+ SE 0.1682 £0.006  0.192° +0.003 0.185°° +0.007 02139 £0.009 0.160** +0.002  0.131f + 0.001
Day interval 4th-11th 4-11 4-11 4-11 4-11 4-11
n 18 18 18 18 18 18
Tg £ SE (days) 4212 £0.143 3.371 £ 0.031 3.416 £ 0.065 3.052 £ 0.065 3.534 + 0.071 3.316 + 0.031
n 18 18 18 18 18 18
Cyanothece sp.
SGR + SE 0.04124£0.004 0084 +£0.002 0.105°+0.004 02814 +£0.003 0119 +0.014 0.260 f + 0.005
Day interval 6th—11th 6-11 6-11 6-11 6-11 6-11
n 9 9 9 9 9 9
Tg + SE (days) 16.99 +1.395 8.29 £ 0.162 6.61 £ 0.253 2.471 £ 0.023 5.84 £+ 0.643 2.67 £+ 0.051
n 9 9 9 9 9 9
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At each salinity, there were considerably higher values each day at the high light
intensity (XL-8000 lux) compared to its counterpart at low intensity (L-2000 lux). With time
advancing, the gap between them increased and this was very prominent at the salinities
of 20 and 60 ppt. At the cultures with salinities of 20 and 40 ppt, pH started from values
slightly lower than 8.0 and then increased steadily to values exceeding 8.5 at high light
remaining always higher than its counterparts of low light which remained under 8.5. Their
gap was very prominent during the first 14 days and thereafter the gap narrowed. At the
salinity of 60 ppt both light treatments had similar pH under 8.5 during the whole period.

Total biomass yield calculated on the 22nd day was much higher (p < 0.05) at 20 and
40 ppt salinities (1.27 and 0.97 g d.w./L at XL, respectively) compared to 60 ppt (0.78 g/L,
XL). The same was observed also at low light (L) with ~0.6 g/L at 20 and 40 ppt compared
to 0.37 g/L at 60 ppt (Figure 5A).
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Figure 5. Data on biomass yield (g d.w./L) of (A) Anabaena and (B) Cyanothece cultures at salinities of
20, 40 and 60 ppt and at each light intensity (L: 2000 lux; XL: 8000 lux). The different superscripts
indicate a statistically significant difference at the 0.05 level of confidence (statistical processing with
ANOVA and then pair-wise comparison with Tukey’s test). Where there is a second superscript it
means statistically equal (p > 0.05) to the value of the condition of the corresponding letter.

3.2. Cyanothece sp.

The culture of Cyanothece sp. lasted 24 days (Figure 4) and presented the highest value
of 7.5-8.0 x 10° cells/mL at the salinities of 40 and 60 ppt on the 20th day (Figure 6B,C,
respectively). Contrary to these salinities, at the salinity of 20 ppt growth was much
lower reaching 2.0 x 10° cells/mL (Figure 6A). At all salinities, the initial lag phase lasted
4 days and thereafter all cultures entered a long exponential phase that lasted until the
20th day. The daily records of cell density were accomplished by using the calibration
curve (Figure 3B) which presented an excellent fit. The specific growth rate (SGR) was
maximal at the salinities of 40 ppt-XL and 60 ppt XL (0.281 £ 0.003 and 0.260 + 0.005,
respectively) and minimal (0.041 & 0.004—0.084 £0.002) at the salinity of 20 ppt in both
light regimes (Figure 6D, Table 1). At the higher salinities (40 and 60 ppt), there were
considerably higher values each day at the high light intensity (XL-8000 lux) compared to
their counterparts at low intensity (L-2000 lux). With time advancing, the gap between them
increased enormously and this was very prominent at the salinities of 40 and 60 ppt. In
the cultures with salinities of 20 and 40 ppt, pH started from values slightly lower than 8.0
and then increased steadily (with much fluctuation) to values between 8.0 and 8.5 at high
light remaining always higher than its counterparts of low light. At the salinity of 60 ppt,
both light treatments had similar values around 8.3 during the whole period. Total biomass
yield calculated on the 20th day reached its highest values at 40 and 60 ppt salinities (1.60
and 1.77 g d.w./L at XL, respectively) compared (p < 0.05) to 20 ppt (0.30 g/L, XL). At all
low light regimes, yield was much lower (p < 0.05) in all salinities (0.16 and 0.19 g/L at 20
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and 40 ppt, respectively) but the treatment 60 ppt-L gave a considerably higher yield of

0.56 g/L (Figure 5B).
9,000,000 Cyanothece sp., =SE : ig g:'; 9.00 9,000,000 Cyanothece sp., £SE : 42 pm-;L - 9.00
8,500,000 = y e 2 f ; 2 @4 40 ppt - [
8500000 3 20 ppt 2000 lux (L) - 8000 lux (XL) a--+ pH 20ppt-L r :xg 40 ppt - 2000 lux (L) - 8000 lux (XL) L ek
s <@ pH 20ppt - XL [ 000 . <o pH a0ppt- XL M. g
7,000,000 t 7,000,000 a
6,500,000 A [ o 6,500,000 B . == -, .- | 8s0
- 6,000,000 = | 6,000,000 E N
o, - - 5,000, . P r
E 5,500,000 = g, T *e., | & Essoo0m0 pesm—— P Bigom o
&' 5,000,000 ¥ T Y o ; 25000000 § 9 Ay, @
8 4,500,000 { T P 5 = b, * 8.00 84.500.000 s % Akt . A :aoc
g e & A > 4,000,000 ]
5,200,000 3,500,000 !"
3,000,000
I 3,000,000 "
2,500,000 [ 3
2,000,000 I 7.50 2,500,000 R s
2,000, et 2 1 Y 2,000,000 A [
1500000 f———————————————————————————————————————ee® # o009
1,000,000 - - I 1,500,000 w o0 Py
500, LT B SR S § @ 1,000,000 a i
500000 1 . gy - Wereoo - TIPS B 9990 000, 'l 0.9 0O
ot 700 500,000 &.,.-l’s"".
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 o T ™ 7.00
Days 1 2 34 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
9,000,000 9.00 Days
8,500,000 Cyanothece sp., £SE R - —_—
8,000,000 360 ppt - 2000 lux (L) - 8000 lux (XL) ol 60 ppt- XL . ¢ =
S M., 4§ e
7 %0000 vt acaloadl 4 ] Cyanothece sp. SGR = SE —
7,000,000 C ®. pH 60ppt-XL . Fosen 0.250
6,500,000 e D
— 6,000,000 $-. LI * T
b - .. Gl - y
£ 5500000 §7g., gt gy ey &g O 0.200
& 5,000,000 L 2 B - A -
3 4500000 8,00 Go.1s0
O 4,000,000 R ] (%]
3,500,000 o f ‘Il
3,000,000 . I 0.100 5
2,500,000
e i 9.
2,000,000 ' 0 0....,‘750 -
1,500,000 u‘.- e : . =
1,000,000 ¥ 5 Y f
%,,..v.A. [
500000 1 o, _."_:::'!' 0.000
o e ' i i

$ 2 8

20ppt-L 20ppt-XL 40ppt-L 40ppt-XL 60ppt-L 60ppt-XL

11 Bay}g 14 15 16 17 18 19 20 21 22 23 24
Figure 6. The growth curve (cells/mL) of the culture of Cyanothece sp. at the salinities of (A) 20 ppt,
(B) 40 ppt and (C) 60 ppt and at each light intensity (L: 2000 lux; XL: 8000 lux). Also depicted are the
pH daily values in each condition. Values are means of 3 measurements + standard error (SE). In (D)
the values of Specific Growth Rate (SGR) =+ SE are depicted for the time interval of the 4th to 11th
day for each treatment.

4. Discussion

The success of any microalgal culture lays primarily on its fast growth which, as
expressed by its growth rate, depends on various factors such as photoperiod, light intensity,
nutrient composition, salinity, temperature, pH, etc. [13,14]. As the light intensity is
a primary and critical factor for growth and nutrient metabolism [15-18], in order to
determine its effect on growth of the local strains Anabaena sp. and Cyanothece sp. we
used low (2000 lux) and high (8000 lux) intensities of illumination, continuing a similar
previous exploration conducted on another local cyanobacterial strain, that of Phormidium
sp. [19]. We also combined the above-mentioned illuminations with several salinities
because on the one hand, these are marine species and on the other, future mass cultivation
of cyanobacteria for various products is desirable to be conducted in seawater due to the
preservation of limited freshwater resources which are destined for drinking and crop
irrigation [20,21].

In the present study, the two species exhibited totally different response to the various
salinities they were exposed to. Anabaena clearly grew more efficiently at the lower salinity
of 20 ppt while Cyanothece at the higher of 40 and 60 ppt. These results reflect obviously the
origin of the two species as Anabaena was isolated from the seawater salinity of the lagoon
while Cyanothece from the hypersaline ponds of the saltworks [22]. It is true that cyanobac-
teria can adapt to the variations in salinities [23,24] and many marine species can tolerate
lower salinities and optimum growth occurs at a specific range of salinity [25], but not all
of them are halotolerant [26,27]. The filaments of Anabaena over the whole range of salinity
used remained healthy and normal with no irregular aggregates as reported for the marine
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filamentous cyanobacterium Trichodesmium which grew best at 33-37 ppt but stopped grow-
ing and deformed at 18 ppt [28]. As pH in all treatments of both cyanobacterial cultures
remained during the culture period between the acceptable (if not optimum) range of
8.0-8.5 [29,30], the different response of each species to the various salinities can probably
be attributed to their inherent physiological capabilities to withstand increased Na* on
regulating respiration, ion flux, PS II electron flow, or nitrogenase activity as mentioned in
several studies on cyanobacteria [31-34] and eukaryotic algae [9-11,35-40]. However, apart
from the salinity alone, it seems that the above-mentioned physiological responses are
also influenced by the intensity of light. In Anabaena, the influence of both light intensities
exhibited a lesser degree of difference between low and high illumination on both growth
rate (Figure 4, Table 1) and biomass yield (Figure 5A), compared to Cyanothece (Figure 6,
Table 1 and Figure 5B), where the differences were much higher at all salinities.

The influence of light is catalytic, and we are faced with the need to adjust the light
intensity to a compromising level between opposite directions. On the one hand, cyanobac-
teria grow faster in continuous high light intensities [19,41] and this was corroborated in
the present study in both Anabaena with 1.26 g dw/L at high light of 8000 lux as compared
to 0.60 g/L in low light of 2000 lux and Cyanothece with 1.75 and 0.55 g/L, respectively. On
the other hand, cyanobacteria can grow effectively in low luminosity because they have a
low energy requirement for maintenance and a unique flexible photo-capture apparatus
that maximizes the spectrum of available low light [42,43]. In reality, it is very difficult to
determine the exact optimum range of light intensity which gives the maximum of biomass
yield for a particular species at a certain combination of other environmental conditions
and exhausting experimentation is needed. What is useful (to start with) is to draw some
generalized conclusions about the influence of extreme levels of light intensity and study
the responses. In the present work, it was proven beyond any doubt that both cyanobacteria
responded more efficiently at the higher level of illumination (8000 lux) than in the lower
of 2000 lux and this was more pronounced in Cyanothece.

The existing data in the literature about culture growth and biomass yield among
cyanobacteria are highly variable, not only among species but also among the conditions
(temperature, light and vessel used primarily, and secondarily salinity and pH). Most of
them are not directly comparable to ours, on the grounds that nothing is found concerning
Cyanothece growth and additionally concerning Anabaena, the majority of papers refer to
its freshwater species (e.g., [27]) and the rest contain only fragmented limited data on the
influence of light and salinity. In this respect, historical data on growth of cyanobacteria
must be compared cautiously and only after repeated verifications should be considered of
undisputed value.

Our results of the above-mentioned yields of Anabaena and Cyanothece rank among
the highest level of those reported in the literature concerning Phormidium (1.20 g/L, [19]),
Arthrospira from 0.2 g/L [44], to 1.3 g/L [8], to 1.7 g/L [45], Spirulina 101 mg/L/d [46],
Pseudoanabaena 0.55 g/L [47], to refer to some of them. Considering that the optimum tem-
perature range for culturing microalgae in general is 20-30 °C [5,48] and for cyanobacteria
in particular 25-35 °C [49], it is logical to assume that the particular strains of Anabaena and
Cyanothece used in the present work could attain higher growth rate and yield if cultured at
temperatures of 25-30 °C higher than that of our study (20-21.5 °C) which is considered
as moderate.

5. Conclusions

These two local strains of Anabaena sp. and Cyanothece sp. have potential for mass
culture presenting a long exponential growth phase even at a moderate temperature of
~20 °C. They grow best at 8000 lux yielding from ~1.2 to 1.7 g dry weight per liter and
while they present a wide salinity tolerance, Anabaena grows best at 20 ppt and Cyanothece
at 40-60 ppt, enabling the proper use of various salinities available in particular locations.
Their culture on an industrial scale can thus be implemented using the above salinity
optima and a light intensity of at least 8000 lux.
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