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Abstract

Cyanobacteria-based pigments, such as carotenoids and phycobiliproteins, have emerged in the last few years as
products with great economical interest. However, only the production of a few strains has been optimized for large-
scale productions. As photosynthetic components, pigments have their synthesis modulated by abiotic factors, such
as pH, temperature and salinity, which can lead to a huge impact on cyanobacteria production. This work aimed the
optimization of biomass and pigments production by Cyanobium sp. LEGE 06113, using a factorial Box-Behnken
design for three abiotic factors—temperature (20-30 °C), pH (6.0-9.0) and salinity (NaCl, 10-30 g L '). Biomass,
photosynthetic activity, carotenoid and phycobiliprotein productivity and antioxidant capacity of acetonic and aque-
ous extracts were measured over time and plotted into quadratic models. Results revealed that temperature and pH
had a more significant impact than salinity on Cyanobium sp. metabolism and it was possible to determine a
significant quadratic model for all evaluated parameters. According to the factorial modelling, the optimal condition
for biomass, carotenoids and phycobiliprotein productivity was obtained at 20 °C, pH 9.0 and 10 g L™ of NaCl, as
subsequently confirmed in experimental trials, with an observed productivity of 127.12 £ 1.30 mgpw Leutture | day
for biomass; 2.04 = 0.51 mggaro Leulture dayfl for total carotenoids; and 4.14 £ 0.71 mgphyco Leutture | dayfl for
total phycobiliproteins.
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Introduction

Cyanobacteria are a great potential source of pigments when
compared with high plants as they reach a much higher con-
centration of biomass in a short period of time, need smaller
areas for cultivation and do not compete for arable soil.
Moreover, the diversity of compounds produced by these or-
ganisms contributes to their market applicability (Olaizola
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2003). In an industrial scenario, pigments from cyanobacteria
and microalgae represent the main source of revenues when
compared with other components, such as lipids, proteins and
carbohydrates; mainly due to their high added value in the
food, cosmetics and healthcare industries (Ruiz et al. 2016).
The cyanobacteria-based natural product market is growing,
yet limited by the bioprocess constrains, since the cost of
production is still too high when compared with other sources
such as plants (Guedes et al. 2011a). On this matter, a few
solutions have been presented for reduction of production
costs, including the prospection for new strains with better
pigment content and the optimization of culture conditions,
increasing pigment productivity (Rizwan et al. 2018).

In cyanobacterial cells, pigments are responsible for
light harvesting and photosynthesis through energy
transfer to the reaction centres. Chlorophylls (Chl), ca-
rotenoids and phycobiliproteins are the main groups of
pigments and form the so-called antennae, pigment
complexes located in the thylakoid membranes
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(Masojdek et al. 2007). Also, carotenoids and
phycobiliproteins act as non-enzymatic antioxidants, be-
ing one of the first cell defences against oxidative dam-
age (Miiller and Mu 2001).

The synthesis of pigments is influenced by both biotic and
abiotic factors. Changes in the pH, light, temperature, salinity,
nutrient availability and other processing factors modulate the
productivity and the composition of biomass (Juneja et al.
2013). Cyanobacteria quickly respond to changes in the envi-
ronment, adjusting their metabolism and consequently chang-
ing their chemical composition (Guedes et al. 2011b). For that
reason, the optimization of the growth conditions of specific
strains has been studied in order to increase biomass and bio-
active compound production.

The most important factor for all living organisms is tem-
perature; it influences the metabolic processes and cell com-
position (Hemlata and Fatma 2009), and for cyanobacteria, it
may affect the growth rate, cell size and nutrient requirements
(Juneja et al. 2013). The optimal growth temperature and tem-
perature tolerance range vary from strain to strain (Hemlata
and Fatma 2009).

pH is also a key parameter in cyanobacteria production; it
defines the solubility and availability of CO, and other essen-
tial nutrients. Cyanobacteria, in general, grow in neutral to
alkaline pH (7.0-9.0); however, although changes in pH can
affect their metabolism and inhibit growth, cyanobacteria are
able to adapt and thus grow in other pH ranges (Juneja et al.
2013).

Another important factor to consider in marine
cyanobacteria production is salinity, and in the case of artifi-
cial media, NaCl is usually used to adjust the salinity.
Similarly, to the former parameters, salinity affects the growth
rate and biochemical composition of the cells (Juneja et al.
2013). Cyanobacteria acclimate better to salinity than higher
plants, which have a more restricted salt tolerance range
(Sudhir and Murthy 2004).

Taking this into account, the main goal of this work
was to optimize biomass and pigment production of
Cyanobium sp. LEGE 06113, a poorly studied cyano-
bacterium that has already shown to have potential bio-
technological interest, as producer of antitumoral
hierridin B and antimalarial hierridin C (Ledo et al.
2013; 2018). Cyanobium sp. is a unicellular marine cy-
anobacterium, and it has a few advantages for a possi-
ble industrial application, - it does not form agglomer-
ates nor biofilm and is able to produce a variety of
bioactive pigments (Pagels et al. 2020).

By evaluating the effects of the interaction of temperature,
pH and salinity, on growth, pigment production, photosyn-
thetic activity and antioxidant capacity of Cyanobium sp., it
is expected to define the optimal conditions for the production
of this cyanobacterium, thus increasing its biotechnological
potential.
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Material and methods
Cyanobacterium source

Cyanobium sp. LEGE 06113 was obtained from LEGE
Culture Collection (LEGE-CC) and kept at 25 °C, using a
culture medium and a modified marine BG11 medium with
addition of NaCl (20 g Lfl), with pH set at 7.5 (Allen 1968;
Pagels et al. 2020). Light was provided by fluorescent lamps
(BIOLUX, OSRAM) with an intensity of 200 pmolphotons m >
s ! and a light/dark cycle of 16:8 h. Constant air flow was also

assured at 0.75 L L™ min ",

Experimental design and growth conditions

Aiming an optimization on growth and pigment production of
Cyanobium sp., a factorial Box-Behnken design was per-
formed with three abiotic factors: temperature (T; 20-30
°C), pH (6.0-9.0) and NaCl concentration (NaCl; 10-30 g
L "). The three factors and their minimum and maximal
values were defined by preliminary tests and bibliographic
data. The design and model were created and analysed in the
Design-Expert 9.0 software (Stat-Ease, Inc., USA)
(Montgomery 2017). In total, 13 design points were per-
formed in triplicate (Table 1), and a quadratic model was
determined for each measured parameter: biomass, caroten-
oids, phycobiliproteins, antioxidant compound productivity
and photosynthetic efficiency.

A pre-inoculum was grown for 7 days in the central point
condition (T, 25 °C; pH, 7.5; NaCl, 20 g Lfl) in order to
standardize culture adaptation. Each design condition was
tested in batch triplicate cultures for 18 days in glass flat-
bottom round flasks with 1800 mL of medium and initial
optical density of 0.1 (OD = Aggonm—A750nm)- Light intensity
of 200 umoly,petons m?2s!, light/dark cycle of 16:8 h and

Table 1 Box-Behnken

matrix for the three Run T (°C) pH NaCl (gL

variables (T, pH and

NaCl) and respective 1 20 6.0 20

levels for Cyanobium sp. 2 20 75 10

batch experiments 3 20 75 30
4 20 9.0 20
5 25 6.0 10
6 25 6.0 30
7 25 7.5 20
8 25 9.0 10
9 25 9.0 30
10 30 6.0 20
11 30 7.5 10
12 30 7.5 30
13 30 9.0 20
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continuous air flow with a rate of 0.75 L L' min™" were set
constant in all conditions. The pH was kept stable by the
addition of buffers—MES (15 mM, PanReac AppliChem)
for pH 6.0, HEPES (20 mM, PanReac AppliChem) for pH
7.5 and CHES (10 mM, PanReac AppliChem) for pH 9.0.
Nine sampling days were set (0, 1, 4, 6, 8, 11, 13, 15 and
18) for culture monitoring along time and all the referred pa-
rameters were evaluated in each one.

Biomass quantification

Biomass was assessed by dry weight (DW), determined (in
duplicate) by filtering a known volume of culture through
preconditioned GF/C glass fibre filters (Whatman, UK) and
further dried at 100 °C for 24 h. In the conditions grown at
10g L' NaCl, 3 mL of culture were filtered and in the con-
ditions grown at 20 and 30 g L™' NaCl, to dismiss the NaCl
interference, 3 mL of culture were previously diluted in dis-
tilled water to 10 g L' NaCl and the total volume was filtered.
The biomass productivity (Px) was determined using the DW
experimental data. Py (mgpw L' day ') was calculated ac-
cording to Px(t) = (X; — X)/t, where ¢ is the sampling time and
X the initial biomass concentration at the beginning of the
experimental period (Guedes et al. 2011b).

In vivo chlorophyll a fluorescence monitoring

Photosynthetic activity was evaluated by in vivo chlorophyll
a fluorescence monitoring with pulse-amplitude modulation
(PAM) using a Junior-PAM/White fluorometer (Walz,
Germany). For that, 2 mL of the culture were centrifuged
and the medium removed to allow biomass concentration.
Then, the biomass was incubated in darkness for 15 min.
Before the measurement, the sample was exposed to a pulse
of far-red light (0.8 s). For the maximal quantum yield
(F\/F.), the culture was exposed to a basal measurement
to estimate the minimum fluorescence (F,), followed by a
saturating pulse of 0.8 s (> 4000 umolyhotons m?2s Y to
obtain maximal fluorescence from PSII (F,,) and the F,/F,,
(Figueroa et al. 2013).

Pigment characterization and quantification
Sample preparation

For pigment characterization and quantification, acetonic and
successive aqueous extractions were performed, for caroten-
oids and phycobiliproteins, respectively. For that, 15 mL of
each batch culture were sampled and centrifuged at 2000 x g
for 15 min. The supernatant was discarded and the pellet re-
suspended in 5 mL of 100% acetone. For control of the ace-
tonic extraction process and quantification of carotenoids, 100
uL of B-carotenol internal standard (170 mg L™"; Sigma) were

added. Extraction was performed in a bead beater (6 series of
8000 rpm for 30 s with 45 s pause). After, the extract was
centrifuged at 2000 xg for 15 min and the supernatant was
stored at — 20 °C for further carotenoid characterization and
quantification.

For phycobiliprotein extraction, a successive aqueous ex-
traction was then performed by resuspending the remaining
pellet with 5 mL of distilled water and using the bead beater
set as referred before. Then the extract was centrifuged at 2000
xg for 15 min and the supernatant was used for
phycobiliprotein quantification.

Carotenoids

The carotenoids’ profile was established following a method
described by Guedes et al. (2011b), by high-performance lig-
uid chromatography (HPLC) with photodiode array (PDA)
detection, in a Waters Alliance 2695 (USA) equipment. A
column heater (Waters, USA) was used during the analyses
in order to maintain a constant temperature of 25 °C. The
extracts were resuspended in 200 pL of acetone/acetonitrile
(9:1) before analysis.

The stationary phase was constituted by a 4 x 250-mm
Purospher Star RP-18e (5 um) column (Merck) and the mo-
bile phase by the HPLC-grade solvent ethyl acetate (solvent
A), and acetonitrile/water 9:1 (v/v) (solvent B). A flow rate of
1 mL min ' was set, and the solvent gradient was installed to
obtain 0-31 min (0-60% A); 31-36 min (60% A); 36-38 min
(60-100% A); 38—43 min (100% A); 43—50 min (100-0% A);
and 50-55 min (0% A). Spectra data from all peaks were
collected in the range from 250 to 750 nm. The compounds
were identified by comparing the retention times and the UV-
visible spectrum with those of authentic standards. The elution
times of the authentic standards were lutein 12.4 min, zeaxan-
thin 12.8 min, echinenone 24.6 min and {3-carotene 32.5 min.
Standards (HPLC grade) were purchased from Extrasynthese
(lutein, zeaxanthin and (3-carotene) and from Sigma
(echinenone). The calibration curves, correlation coefficient
(R?), limit of detection (LOD = 3 x So/b) and limit of quanti-
fication (LOQ = 10 x So/b, where So is the standard deviation
of signal-to-noise ratio and b is the calibration plot slope, for
the analysed carotenoids are shown in the Table 2. The results
were expressed in terms of productivity of total carotenoids in
mg per litre of culture per day (Mgearor Leutture dayfl).

Phycobiliprotein quantification

For phycobiliprotein quantification, the aqueous extract absor-
bance was read at 615 and 654 nm. The phycobiliprotein
quantification was calculated as described by Bennett and
Bogorad (1973) using the following formulas: phycocyanin
(PC) = (Ag15 — 0.474 x Ags,)/5.34; allophycocyanin (APC) =
(Ags> — 0.208 x Ag;5)/5.09. The results were expressed in
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Table 2 Calibration curves of

authentic standards used for Standards Calibration curve (ug mL™") R LOD (ug mL™) LOQ (ug mL™)
carotenoid profiling
Lutein v =133772885%x — 22683 0.999 0.882 2.675
Zeaxanthin y=1399289886*x — 119637 0.998 0.315 0.954
[3-carotene »=1290230023%x + 172819 0.999 1.935 5.864
Echinenone ¥ =61438587*x + 12034 0.999 0.507 1.538

LOD = limit of detection; LOQ = limit of quantification

terms of productivity of total phycobiliproteins in mg per litre
of culture per day (mgphyco Lculmr[1 dﬁl).

Antioxidant capacity assessment

For monitoring of antioxidant capacity by the ABTS™
assay, an acetonic and a successive aqueous extraction
were performed as follows: 1 mL of each batch was
centrifuged at 2000 xg for 5 min and the pellet was
resuspended and homogenized in 1 mL of 100% ace-
tone. Cells were then broken in a bead beater (8000
rpm, 6 series of 30 s with 45 s pause) and the super-
natant collected for further analysis. To extract water-
soluble compounds, the remaining pellet was resuspend-
ed in 1 mL of distilled water and the extract performed
using the same beat beater settings mentioned before.
The extract was centrifuged, and the supernatant collect-
ed for further analysis. Before performing the assay the
acetone extracts were dried in a Rotavapor and resus-
pended in the same volume of distilled water with 20%
DMSO. The antioxidant capacity assessment was evalu-
ated in triplicate through the ABTS™ assay as described
by Guedes et al. (2013). For the determination of the
antioxidant capacity of the extracts, a calibration curve
with Trolox was established and the antioxidant capac-
ity expressed as Trolox equivalents (TE) per DW of
biomass (mgrg gDWﬂ). The productivity of antioxidant
compounds was then calculated and expressed as TE
per litre of culture per day (mgrg Leutture | dayfl).

Model validation

In order to validate experimentally the quadratic model,
a batch experiment was set with the optimal conditions
of T, pH and NaCl obtained from the Box-Behnken
design. All the assays for biomass, carotenoids,
phycobiliproteins, antioxidant compound productivity
and photosynthetic efficiency were performed as de-
scribed before. The observed values were compared
with the predicted model and also to a non-optimized
condition in which the cyanobacterium was kept before
optimization (Pagels et al. 2020) set at T = 25 °C; pH =
7.5; NaCl =20 g L.
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Statistical analysis

Significance levels for each evaluated parameter were obtain-
ed by the analysis of variance (ANOVA), using the Design-
Expert 9.0 software. A lack-of-fit test was applied to compare
the residues of the model and the observed results. The model
is validated whenever the statistical significance was higher
than 0.05 in the lack-of-fit test.

Results
Factorial model

The Box-Behnken design of thirteen runs was able to provide
a significant quadratic model (p < 0.01) for all the studied
parameters (Table 3). The three factors studied influenced
the parameters in different ways and specific results will be
detailed in the following sections.

Biomass productivity

The maximum biomass productivity for each condition was
calculated and modelled on the factorial design. The obtained
equation (Table 3) was plotted and biomass productivity sur-
face response is shown in Fig. 1.

The values for biomass productivity under tested condi-
tions ranged from 16.33 + 1.53 to 110.33 + 0.58 mgpw
Leuure | day . By the quadratic model, the optimal condition
was found at T = 20 °C, pH=9.0 and NaCl= 10 g L', with a
predicted maximum productivity of 122.66 + 1.77 mgpw
Lculture:l dayil'

Regarding the influence of the three factors individ-
ually, some trends appear on the biomass productivity
of Cyanobium sp. In terms of temperature, it can be set
that the lower the temperature, the higher is the biomass
productivity. When it comes to pH, in the range stud-
ied, an alkaline pH seems to increase the growth.
Additionally, in terms of NaCl, a less evident trend
was found in the present study which means that the
NaCl influenced the biomass productivity less effective-
ly. Nevertheless, lower salinities seem to induce a slight
increase on biomass production of Cyanobium sp., and
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Table 3 Model analyses for all measured parameters. The quadratic model is set for temperature (T), pH and salinity (NaCl)

Parameter pvalue R?

Quadratic model

—0.5471 + 0.0104 T — 0.0046 [NaCl] + 0.1302 pH + 0.00007 T*[NaCl] — 0.00093 T*pH

—0.00013 [NaCl]*pH — 0.00015 T* + 0.00008 [NaCl]* — 0.0055 pH*

—0.8564 + 0.0149 T — 0.0015 [NaCl] + 0.2026 pH + 0.00002 T*[NaCl] — 0.0010 T*pH

—0.0001 N*pH — 0.00003 T> + 0.00005 [NaClJ* — 0.0098 pH>

+4.5485 - 0.9113 T — 0.2746 [NaCl] + 2.6901 pH + 0.0069 T*[NaCl] + 0.0214 T*pH

+0.00003 [NaCI]*pH + 0.1089 T + 0.0020 [NaCI]> - 0.1922 pH>

—31.1664 + 1.2292 T — 0.3185 [NaCl] + 5.4474 pH + 0.0062 T*[NaCl] — 0.0075 T*pH

—0.0045 N*pH — 0.0287 T? + 0.0043 [NaCl]> — 0.2906 pH>

—4.6600 — 0.3428 T + 0.0293 pH — 0.0004 T*[NaCl] — 0.0196 T*pH — 0.0030 [NaCl]*pH

+0.0094 T2 + 0.0002 [NaClJ* — 0.1020 pH?

Px (mgpw Leuiure * day ') <0.01 0.79
Fu/Fim <001 096
TC (MEearot Leuture - day ™) <001 0.79
TPB (Mgphyco Leutture * day™) <0.01 0.81
AOX-A (ngrg Ly day ') < 0.01 0.85
AOX-W (mgrg Leyure * day™) < 0.01 0.81

—5.1639 + 0.0643 T — 0.030313 [NaCl] + 1.3217 pH + 0.0014 T*[NaCl] — 0.0083 T*pH

—0.0010 [NaClJ*pH — 0.0010 T? + 0.00006 [NaCl]* — 0.0636 pH>

Py = productivity of biomass; F,/F,, = maximum PSII photochemical efficiency; TC = total carotenoids; TBP = total phycobiliproteins; AOX =
antioxidant compounds (A = acetonic extract and W = aqueous extract); p value = probability value and R> = correlation coefficient

that is why the optimal condition was set as NaCl of
10 gL\

Photosynthetic activity

The measurement of the photosynthetic activity allows
to monitor the status of the culture and also to verify
the efficiency of growth and photosynthetic metabolism.
The photosynthetic activity was measured every
sampling day and the maximum rate F,/F,, was plotted
to the factorial model. The quadratic equation was sig-
nificant (Table 3) and the response surface data is
shown in Fig. 2. The F,/F, values range between
0.143 £ 0.003 and 0.303 + 0.003. From the quadratic
model, the optimal condition was found at T = 30 °C,
pH = 9.0 and NaCl = 10 g L', with a predicted
maximum F/F, of 0.299 £ 0.009. Contrary to biomass,
the highest F,/F,, was found in a higher temperature.

a b

9

8.4

20 22 24 26 28 30 10 15 20
Temperature (°C)

[NaCI] (g.L")

Pigment productivity

As photosynthetic organisms, cyanobacteria are dependent on
the light-harvesting complex to obtain energy and be able to
perform photosynthesis. Changes on growth conditions led to
different types of acclimation and consequently to changes in
the pigment composition, in order to become more photosyn-
thetically efficient.

In terms of pigments, the profile and content of carotenoids
and phycobiliproteins were measured every two sampling
days, and the maximum productivity of total carotenoids and
total phycobiliproteins were used for the factorial modelling.
The response surface plots from the quadratic model (Table 3)
are shown in Fig. 3 (carotenoids) and Fig. 4
(phycobiliproteins).

The productivity of carotenoids ranged from 0.27 + 0.02
and 2.80 £ 0.08 Mg, Leutture day_l, being the higher ca-
rotenoid productivity values found in the late exponential

Biomass productivity
(mgow-Leuture-'-d")

120

[NaCl] (g.L")

25 30 20 22 24 26 28 30
Temperature (°C)

Fig. 1 Response surface plots for maximum biomass productivity (mgpw Leutture day_l) of Cyanobium sp., showing (a) pH versus temperature (T) in
constant NaCl (10 g Lfl); (b) pH versus NaCl in constant T (20 °C); (¢) NaCl versus T in constant pH (9.0)

@ Springer



J Appl Phycol (2020) 32:3861-3872

20 22

24 26 28 30 10 15
Temperature (°C)

20
[NaCl] (g.L")

Fv/IFm
0.300

0.290]

0.270 0.280

[NaCl] (g.L"")

0.140

10
25 30 20 22 24 26 28 30
Temperature (°C)

Fig.2 Response surface plots for maximum F,/F,,, in Cyanobium sp., showing (a) pH versus temperature (T) in constant NaCl (10 g.L™"); (b) pH versus

NaCl in constant T (30 °C); (¢) NaCl versus T in constant pH (9.0)

growth phase. From the quadratic equation, the optimal con-
dition would achieve a carotenoid productivity of 2.17 + 0.69
MEearot Leuture * day ' at T=20°C,pH=9.0andNaCl=10g
L', The predicted optimal value for carotenoid productivity
was lower than the found experimentally in the tested condi-
tions; this difference may be due to the statistical fit of the
model. The three factors seem to influence the productivity
of carotenoids, although it is notable that the interaction of
temperature and NaCl had less impact.

In terms of phycobiliproteins (Fig. 4) productivity, it ranged
from 0.14 + 0.02 to 4.26 + 0.03 Mgppyco Leurure  day ', being
the higher values of phycobiliproteins productivity found also in
the late exponential growth phase. The optimal condition was
also obtained at T = 20 °C, pH = 9.0 and NaCl = 10 g L™!
according to the quadratic model, with a maximum productivity
of 4.14 £ 0.71 mgypyco Leuture | day . All the three factors had
great influence on phycobiliproteins production. As the main
pigments on cyanobacteria, these compounds are highly regulat-
ed by changes in the environmental conditions in order to guar-
antee the best metabolic fitting in stress conditions.

In this work, the productivity of pigments and antioxidant
compounds were used instead of their content in the cell. The

a b

9 9

8.4 8.4
7.8 7.8
T T
o a
7.2 7.2
6.6 6.6
20 22 24 26 28 30 10 15 20

Temperature (°C) [NaCl] (g.L"")

reason is that in a biotechnological perspective, the amount of
the final product has a greater impact on the decision-making
than the biomass composition, e.g. in the case of carotenoids,
the optimal condition for carotenoid content has a productivity
2.0-fold lower than the referred condition for maximum carot-
enoid productivity. In the case of phycobiliproteins, the pro-
ductivity decreases 1.3-fold in the optimal phycobiliproteins
content condition. These reductions on productivity are due to
reduction on growth and biomass production, which are not
compensated with the increase on content. In fact, it is indeed
necessary to have a balance between content and biomass
production, and that is the reason why specific productivities
have more impact on decision-making.

Antioxidant capacity

Cyanobacteria are extremely flexible organisms, capable of
acclimating to different kinds of stresses. In nature, these or-
ganisms are exposed to variations on light, temperature, salin-
ity, pH, heavy metals and nutrient availability. The response
to those changes in environmental conditions is made mainly
by changing the metabolic content and functioning of the cell.

Cc
30

Total Carotenoids

Productivity

(Mearot-Louture™*.d")
25 20

=

-

o

= 20

5]

©

=

0.02

25 30 20 22 24 26 28 30
Temperature (°C)

Fig. 3 Response surface plots for maximum total carotenoids productivity (Mgearot Leutture | day_l) of Cyanobium sp., showing (a) pH versus
temperature (T) in constant NaCl (10 g Lfl); (b) pH versus NaCl in constant T (20 °C); (¢) NaCl versus T in constant pH (9.0)
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a,

8.4

7.8

pH

6.6

20 22 24 26 28 30 10 15 20
Temperature (°C)

[NaCl] (g.L")

Total Phycobiliproteins
Productivity
(MGpnyco-Lcuture™.d"")

4.0

[NaCl] (g.L")

0.2

25 30 20 22 24 26 28 30

Temperature (°C)

Fig. 4 Response surface plots for maximum total phycobiliproteins productivity (mgphyco Leuiture day_l) of Cyanobium sp., showing (a) pH versus
temperature (T) in constant NaCl (10 g LY v pH versus NaCl in constant T (20 °C); (¢) NaCl versus T in constant pH (9.0)

The first defence against abiotic stress are antioxidant compo-
nents, both enzymatic and non-enzymatic (Babele et al. 2019).
The antioxidant potential of Cyanobium sp. was evaluated in
both acetone and water extracts, in order to determine the
radical scavenging capacity of lipophilic (including caroten-
oids) and hydrophilic components (including
phycobiliproteins), respectively.

The antioxidant capacity was measured every sampling
day and the maximum antioxidant equivalent productivity
was used for the factorial modelling. The response surface
plots from the quadratic models (Table 3) are represented in
Fig. 5 (acetonic extracts) and Fig. 6 (water extracts).

In terms of acetonic extracts (Fig. 5), antioxidant produc-
tivity ranged from 0.26 + 0.01 to 1.54 + 0.15 mgrg Leutre
day !, being the higher productivity values found in the mid-
dle exponential growth phase. The optimal condition, found
with the quadratic model for this parameter, was at T = 20 °C,
pH=9.0and NaCl=10 g L™". The predicted value for optimal
antioxidant productivity is 1.55 + 0.19 mgrg Leutture day_l.
Thus, the antioxidant capacity seems to be influenced by the
three abiotic factors, but in a more effective way by tempera-
ture and pH. The antioxidant capacity of acetonic extracts is

20 22 24 26 28 30 10 15 20
Temperature (°C)

[NaCl] (g.L ")

probably due to carotenoids and other compounds (such as
fatty acids and some phenols). These compounds allow a
greater maintenance of the main metabolism in the cyanobac-
terium, helping on the growth of the culture.

Furthermore, the water extract antioxidant productivity
(Fig. 6) ranged from 0.11 + 0.01 to 0.82 + 0.12 mgrg
Leutture | day_l, with the higher productivity values also found
in the middle exponential growth phase. The optimal value
obtained from the factorial optimization was found at T = 20
°C, pH = 9.0 and NaCl = 10 g L', also the same optimal
condition for the acetonic extracts. The predicted value for
maximum antioxidant productivity in aqueous extracts was
0.84 + 0.11 mgrg Lewure - day . The antioxidant capacity
of aqueous extracts comes mainly from phycobiliproteins,
some phenols and possibly peptides.

Model validation

In order to validate the quadratic model and the optimal con-
ditions found in the Box-Behnken factorial, the optimal con-
dition for simultaneal maximization of biomass, carotenoids
and phycobiliprotein productivity was performed. This

30
Antioxidant Compounds
Productivity
(mgre-Leunure™d")
25 1.5

20 1140 [1.20]

[NaCl] (g.L"")

0.2

25 30 20 22 24 26 28 30
Temperature (°C)

Fig.5 Response surface plots for maximum antioxidant compound productivity (mgrg Legiure * day ™) of acetonic extract of Cyanobium sp., showing
(a) pH versus temperature (T) in constant NaCl (10 g LY (b) pH versus NaCl in constant T (20 °C); (¢) NaCl versus T in constant pH (9.0)
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Antioxidant Compounds
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(mgre-Leure™.d")

0.8
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0.1
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Fig. 6 Response surface plots for maximum antioxidant compound productivity (mgrg Leuiure * day ') of aqueous extract of Cyanobium sp., showing
(a) pH versus temperature (T) in constant NaCl (10 g LY ) pH versus NaCl in constant T (20 °C); (¢) NaCl versus T in constant pH (9.0)

resulted in a triplicate batch in the following conditions: tem-
perature = 20 °C, pH=9.0 and NaCl = 10 g L™". The predicted
and observed values are shown in Table 4.

From the obtained results in the optimal condition, it is
possible to validate the model to biomass, carotenoids and
phycobiliprotein productivity, and also to photosynthetic ac-
tivity and aqueous extract antioxidant capacity. The only pa-
rameter that had statistical differences was the antioxidant
potential of acetonic extracts. The limitation of statistical
methods for biological optimization is dependent on the high
variability in biological systems.

Table 5 shows the fold change between the optimized con-
dition and the standard condition of the culture collection,
used in previous studies with the same strain (Pagels et al.
2020). The optimization performed with the Box-Behnken
design had increased the biomass, antioxidant capacity of wa-
ter extracts and phycobiliprotein productivity by more than

1.5-fold and increased the carotenoid productivity by 2.7-fold;
on the other hand, no statistical differences (p > 0.05) were
found in the antioxidant capacity of acetonic extracts and pho-
tosynthetic activity.

Discussion

Cyanobacteria are able to grow in a great range of tempera-
tures and have acclimation mechanisms to withstand such
changes. In nature, variation in temperature happens daily
and seasonally, with different thermic amplitudes depending
on the zone of the globe. Temperature plays a crucial role in
membrane stability and lipidic composition of cyanobacterial
cell. At lower temperatures, polyunsaturated fatty acids be-
come prevalent in the fatty acid profile, while at higher tem-
peratures, the membrane fluidity is maintained by saturated

Table 4 Responses for optimal

condition (predicted and Parameter Predicted value Observed value p value
observed) for the culture of
Cyanobium sp. based on the Box-  Px (mgpw Leure ' day ") 122,67+ 17.71 12712+ 1.30 0.676
Behnken design Fy/Fin 0.257 £ 0.009 0.255 £ 0.003 0.724
AOX — A (mgrg Legiure | day ) 1.55+0.19 0.92 £0.06 0.001
AOX — W (mgrg Legrure | day ) 0.84 +0.11 0.97 +0.07 0.122
TC (MEcarot Leuture * day ") 2.04+0.51 2.09 +0.25 0.986
Lutein 0.05 +0.02 0.06 = 0.00 0.929
Zeaxanthin 0.25+0.07 0.28 = 0.01 0.789
Echinenone 0.15 +0.05 0.12+0.01 0.537
[3-carotene 0.72+0.17 1.00+0.13 0.101
TPB (M&phyeo Leutture * day ") 4.14+0.71 3.98+0.07 0.708
Phycocyanin 294 +0.50 2.79+0.03 0.841
Allophycocyanin 1.20+0.22 1.18 £0.05 0.978

Predicted and observed values were compared in an ANOVA analysis and the statistical validation is present in
form of p value (identical when p > 0.05)

Px = productivity of biomass; F,/F,,, = maximum PS II photochemical efficiency; AOX = antioxidant compounds
(A = acetonic extract and W = aqueous extract); TC = total carotenoids and TBP = total phycobiliproteins
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Table 5 Comparison between

optimized (T = 20 °C; pH = 9.0; Parameter

Non-optimized condition Optimized condition Fold increase

NaCl =10 g L") and non-
optimized (T =25 °C; pH =17.5;
NaCl =20 g L") condition for the
production of Cyanobium sp.

Px (mgpw Lculrur;l dayil)

F./Fn,

AOX — A (mgrg: Logiare * day ™)
AOX - W (mgrg; Loyiure * day )
TC (M&Carot Leutware * day ™)

TPB (Mgphyco Leuture + day ™)

69.01+1.73 127.12 + 1.30 1.84
0.257 £ 0.002 0.255 + 0.003 ns.
0.86 +0.05 0.92 + 0.06 n.s
0.53 +0.01 0.97 £0.07 1.83
0.77 +0.04 2.09 +£0.25 2.71
2.50+0.07 3.98 +£0.07 1.59

Px = productivity of biomass; F,/Fy, = maximum PSII photochemical efficiency; AOX = antioxidant compounds
(A = acetonic extract and W = aqueous extract); TC = total carotenoids and TBP = total phycobiliproteins; n.s., no

statistical differences (p > 0.05)

fatty acids (Paliwal et al. 2017). Furthermore, pH plays a fun-
damental role in cyanobacteria metabolism and physiology.
pH influences nutrient uptake, carbon availability and photo-
synthetic activity rate (Shruthi and Rajashekhar 2014).
Likewise, salinity—in the case of artificial media, NaCl
concentration—is fundamental for ion regulation, osmotic
balance and metabolic activity (Kannaujiya et al. 2017). Salt
stress combines ionic and osmotic stresses, leading also to an
oxidative stress—however, many of the salt tolerance mech-
anisms are yet not clarified (Cepoi 2019).

Growth and photosynthetic activity

Cyanobium sp. growth was not inhibited in any of the
tested conditions. In terms of temperature, the range in
which the organism is able to survive is called thermal
niche. In this study, Cyanobium sp. was able to grow
from 20 to 30 °C, with the optimal temperature 20 °C.
By reaching the upper critical temperature, the organism
becomes exposed to heat stress, inducing inhibition on
the photosynthetic apparatus and thereafter inducing cell
death (Nalley et al. 2018). The thermal niche and opti-
mal temperature are species dependent, although, in
general, cyanobacteria are able to grow in a wide range
of temperatures, as in the case of Leptolyngbya sp. HS-
16 and HS-36, isolated from a hot spring (c.a. 40 °C)
that could grow in a range from 20 to 50 °C (Prihantini
et al. 2019). The versatility of a strain to adapt to a
wider range of temperatures allows its cultivation in
different areas or climatic conditions.

On the other hand, the photosynthetic activity in
Cyanobium sp. was higher at a higher temperature (30
°C). A heat stimulation of photosystem I has already
been described in Arthrospira sp., where temperatures
between 30 and 40 °C increased the photosynthetic ca-
pacity, upregulating PSI (Zhang and Liu 2016) and in
Synechococcus sp., where photosynthetic activity is
higher during summer, when compared with other sea-
sons (Kim et al. 2018). In fact, growth and photosyn-
thetic activity are not always correlated, since

cyanobacteria have other mechanisms that allow growth
in a suboptimal photosynthetic condition, e.g. non-
photochemical quenching (Miiller and Mu 2001).

When it comes to pH, in the range studied, an alka-
line pH seems to increase the growth and biomass pro-
duction in Cyanobium sp. as well as the photosynthetic
activity. In general, cyanobacteria tend to grow better in
neutral to alkaline environments, although the range also
varies between species (Yang et al. 2018). A similar
trend was found for Cyanobacterium aponinum that
could grow in a pH range from 3.0 to 8.0, achieving
higher productivity in more alkaline conditions (Meng
et al. 2018). Regarding photosynthetic activity, pH 9.0
also induced better conditions for photosynthesis; this
response is mainly due to the light-harvesting complex
composition and the production of antennae pigments.
The same positive effect of higher pH occurred in
Synechococcus obtusiusculus, with a higher photosyn-
thetic activity in neutral to alkaline environment, with
optimal pH of 8.0 (Cabello et al. 2015). Additionally,
the tolerance to high pH can be used to overcome con-
taminations, such as other microalgal species, in
cyanobacterial productions (Yang et al. 2018).

Moreover, in terms of NaCl, a less evident trend was
found in the present study, which means that the NaCl
influenced the biomass productivity in a less effective
way. Nevertheless, lower salinities seem to induce a
slight increase on biomass production and photosynthet-
ic activity of Cyanobium sp., and the optimal condition
was set as NaCl = 10 g L™'. The amount of salt needed
in the media is very species dependent, due to the var-
iability of these organisms’ habitat, distribution and
ability to adapt to extreme environments. Some studies
have found similar responses to NaCl concentration as
those found herein, as in the case of Synechocystis sp.
CCNM 2501, a cyanobacterium isolated in brackish wa-
ters, which was able to survive in a NaCl range from 0
to 60 g L', but had its productivity affected negatively
with the increase on salt concentration, with the optimal
concentration of 0 g L™ (Paliwal et al. 2015).
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Carotenoids and acetonic extract antioxidant capacity

Carotenoids are lipophilic pigments present in photosynthetic
organisms and are part of the light-harvesting complex.
Carotenoids are an important defence in stress situations for
cells; the induction of carotenogenesis comes mainly through
light conditions, but also through changes on the photosyn-
thetic apparatus, since those compounds are responsible for
light harvesting and also energy dissipation in the form of
heat.

When it comes to the antioxidant capacity of acetonic ex-
tracts, carotenoids and other lipophilic compounds (such as
fatty acids and some phenolic compounds) are the main active
components. These compounds allow a greater maintenance
of the main metabolism in the cyanobacterium, helping on the
growth of the culture. In this study, antioxidant compound
productivity was optimal at T = 20 °C, pH = 9.0 and NaCl =
10 g L™". The same condition was set optimal for carotenoid
production. Lipophilic antioxidant compounds, such as carot-
enoids and polyunsaturated fatty acids (PUFAs), have been
shown to be influenced in different ways by abiotic factors. In
most cases, low temperatures are related to an increase in
PUFAs accumulation and to the activation of superoxide dis-
mutase (SOD) (Cepoi 2019).

Regarding specifically the carotenoid production, temper-
ature had a huge effect on carotenoid production by
Cyanobium sp. with a great variation between the optimal
and worst conditions. On the other hand, some cyanobacteria
are not even affected by changes on temperature, as in the case
of Arthronema africanum that ranges from 15 to 50 °C, keep-
ing the content of carotenoids constant (Chaneva et al. 2007).
Concerning pH, the positive effect of a higher pH in
Cyanobium sp. carotenoid production was expected, as in
general, alkaline conditions appear to increase the productiv-
ity of carotenoids in cyanobacteria (Juneja et al. 2013).

Furthermore, in the case of salinity, Cyanobium sp. was
negatively affected by the increase of NaCl. This effect was
also observed in Synechocystis sp. CCNM2501, grown in a
range of NaCl from 0 to 60 g L™", with optimal condition for
carotenoid production at 10 g L™, reducing the amount of
zeaxanthin and echinenone by any increase in salt concentra-
tion (Paliwal et al. 2015).

Phycobiliproteins and aqueous extract antioxidant
capacity

Phycobiliproteins are the main group of pigments in
cyanobacteria, and in some cases, these compounds can rep-
resent more than half of the cell proteins (Bryant et al. 1979).
In the cell, phycobiliproteins are responsible for light energy
transfer to the photosystem and, like carotenoids, have an
important role in the antioxidant defence of the cell. In fact,
the antioxidant capacity of the aqueous extracts can come
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mainly from phycobiliproteins, but also from phenolic
compounds and peptides. Valuta et al. (2015) found a corre-
lation between the content of phycobiliproteins and ABTS™
assay values for aqueous extracts of Nostoc linckia.

The negative effect of increasing temperature on
phycobiliprotein production in Cyanobium sp. is opposed
to the general trend in cyanobacteria, which usually associ-
ates a higher production of these pigments to high tempera-
tures (> 30 °C) (Pagels et al. 2019) although the results for
Cyanobium sp. were similar to the ones found for
Synechococcus sp. PCC 7002 with optimal condition set at
22 °C (Sakamoto and Bryant 1998).

In terms of pH and salinity, Cyanobium sp. followed the
overall response for cyanobacteria, with higher
phycobiliprotein production under high pH and low NaCl
(Pagels et al. 2019). The relation between high concentrations
of NaCl and a decrease on phycobiliprotein content is due to a
detachment of phycobilisomes induced by accumulation of
intracellular sodium ions and inhibition of the energy transfer
from the phycobilisomes to the photosystem (Kannaujiya
et al. 2017; Chentir et al. 2018).

Box-Behnken as a tool for optimization of
cyanobacterial production

Overall, although the use of cyanobacteria as a source of pig-
ments for industrial applications is increasing, there are still
constraints regarding the economic aspects of the production
of these organisms. Some of the main issues contemplate the
high costs of production. To overcome some of these con-
strains, optimization of culture conditions is usually attempted
in order to increase the pigment productivity and to reduce
production costs. Therefore, in this work, the optimization of
temperature, pH and NaCl for Cyanobium sp. biomass, carot-
enoids and phycobiliprotein production was achieved by a
Box-Behnken factorial design. The interaction of the three
abiotic factors tested on Cyanobium sp. cultures was signifi-
cant for all parameters studied, although temperature and pH
seemed to take a more important role on Cyanobium sp. me-
tabolism than NaCl, at least in the studied range of parameters.
Factorial models for cyanobacterial production optimization
are still scarce and related to different factors and metabolites
than the ones herein discussed, although the use of factorial
models has been encouraged due to their accuracy and versa-
tility for different goals (e.g. Chentir et al. 2018).

The use of factorial statistic optimization allows observa-
tion of the influence of the interaction of studied factors, as
well as their individual influence. In addition, it is possible to
generate a higher-order response surfaces with a reduced num-
ber of experimental trials. The Box-Behnken model, together
with central composite design, appears as an ideal tool for a
more accessible and cost-efficient optimization of
cyanobacterial cultures. The models allow not only to obtain
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the ideal condition of cultivation but can help in the decision-
making of a large-scale production, evaluating the advantages
and disadvantages of a suboptimal condition that can occur
depending on the weather conditions. Moreover, the compar-
ison between the non-optimized and optimized conditions
(Table 5) shows an increase of more than 1.5-fold
in biomass productivity, antioxidant capacity of W extracts
and phycobiliproteins production, and 2.7-fold in
carotenoids production, without compromising the photosyn-
thetic productivity, which is very significant in the culture
maintenance.

Furthermore, in an optimal scenario, it would be possible to
use the biomass for a range of products, in a biorefinery pro-
cess. The total revenues generated by the different coproducts
in a biorefinery could increase the economic feasibility of
cyanobacteria-based applications.

In the present study, the best condition for simulta-
neous Cyanobium sp. biomass and pigment production is
T =20 °C, pH = 9.0 and NaCl = 10 g L™". The quadratic
models for all parameters, except for antioxidant capacity
of acetonic extracts, were confirmed by the model valida-
tion under the optimal condition. In the optimal set con-
ditions, biomass, carotenoid and phycobiliprotein produc-
tivity reached a maximum of 127.12 £ 1.30 mgpw
Lcultur671 day_l’ 2.09 +£0.25 MEcarot Lcultur671 day_l and
3.98 £ 0.07 mgphyco Leulture | day ™', respectively. The
results obtained are expected to give fundamental bases
for the biotechnological valorisation of Cyanobium sp.;
however, further studies are still necessary for its applica-
tion on industrial level, as scale-up methodologies and
downstream processing.
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