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ARTICLE INFO ABSTRACT

Keywords: Microalgae are a promising platform to produce natural pigments and lipids when compared to traditional
Golenkinia sources, since they present faster growth and biomass productivity and there is a wide diversity that has not been
T'\/v'C)-stage culture studied yet. The green microalgae belonging to the genus Golenkinia presents few reports of its biomass pro-
Lipid . duction and applications. In this work, the productivity of lipids and carotenoids was studied in the strain
Ezg;ﬁf‘:ﬂy Golenkinia aff. brevispicula FAUBA-3 using a two-stage cultivation system: a first step for biomass production

under semicontinuous cultures, and a second step for the accumulation of lipids and carotenoids under batch
salinity stress (35 g L™ '). The highest biomass productivity (0.92 g L.~' day ') was obtained under a dilution
rate of 0.4 day ~'. The growth rate (u) was a hyperbolic function of average irradiance inside the culture (E,).
The optimum E,, was 88.4 umol photons m ~% s~ ! and the maximum specific growth rate (ya,) was 0.85 day ~*.
Photoinhibition was observed above 570 umol photons m~2 s ! of E,,. The best photosynthetic performance
was obtained at 0.2 day ™' dilution rate but with lower biomass productivity due to nutrients and light lim-
itation. High content of protein (30% DW) and polyunsaturated fatty acids (50% of total PUFAs) and low content
of carbohydrates (19% DW) were observed at high dilution rate, and the opposite response at low dilution rate.
In the second culture stage, an increase of salinity induced lipid and carotenoid accumulation which improved
the productivity to 89 mg L™! day ! and 1.3 mg L ™! day " of total lipids and carotenoids respectively com-
pared to one-stage culture. Lutein, -carotene and astaxanthin were the main carotenoid identified in a de-
creasing order. Those results confirm that two-stage culture is an adequate strategy to optimize the carotenoid
and lipid productivity in the promising strain Golenkinia FAUBA-3.

1. Introduction

The role of polyunsaturated fatty acids (PUFAs) and carotenoids in
human health and animal feed has acquired relevance in recent years,
mainly for their nutraceutical, cosmetic and pharmaceutical properties
with emphasis in compounds obtained from natural sources [1-3]. This
demand has promoted large-scale cultivation of microalgae for the
production of high-value compounds like carotenoid and PUFAs [4].
The well-accepted effect of carotenoids, especially astaxanthin and f3-
carotene [5], to prevent and treat degenerative diseases has indeed

opened new avenues. Another important carotenoid is lutein, which has
gained increasing attention as the result of recent studies. It has been
demonstrated that an adequate intake might help to prevent, or ame-
liorate, the effects of degenerative eye diseases such as age-related
macular degeneration [6,7] through attenuation apoptosis and autop-
hagy in glial cell [8]; and in skin health [9]. Currently, lutein is ob-
tained from marigold petals. However, it presents several drawbacks as
a lutein source given the low lutein content in the petals [10].
Advances in knowledge of physiology, molecular pathways, and
biochemistry have helped to understand the mechanism of carotenoids
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and lipids accumulation in microalgae, which would allow to control
and manipulate culture conditions in order to enhance the productivity
of compounds of interest. Several studies showed that under abiotic
stress (e.g. light intensity, UV radiation, salinity, temperature, and nu-
trient limitation) microalgae undergo strong metabolic changes in their
physiology and biochemistry producing significant amounts of sec-
ondary metabolites (i.e. carotenoids and lipids reserves) as a protection
mechanism [11-16]. However, under these limiting conditions the
growth is strongly affected, and the biomass productivity is reduced.
According to Griffiths and Harrison [17], the biomass productivity is
the most relevant factor that determine the lipid productivity in any
microalgal species. To overcome the challenges of biomass productivity
and stress induction, two-stage cultivation systems is recommended,
since in a first step microalgae are grown under optimal conditions to
maximize biomass production, and in a second step the cultivation
conditions are modified to trigger the accumulation of carotenoids and
lipids [12,16].

Currently, the global market of carotenoids from algae is mainly
comprised of astaxanthin from Haematococcus pluvialis and [(3-carotene
from Dunaliella salina produced by various companies around the world
[4]. Both species presents the advantage of accumulating high car-
otenoid content but under low biomass productivity. Therefore, it is
necessary to explore new robust species with high biomass productivity
to produce carotenoids including others than astaxanthin and [(3-car-
otene. Scarce studies focused on growth and metabolite accumulation
have been conducted in the green microalgae Golenkinia. Recently,
Rearte et al. [15] described the cellular stages and the accumulation of
carotenoid and lipids in a promising strain of Golenkinia aff. brevispicula
FAUBA-3 induced by increased salinity, but with a low biomass pro-
ductivity under batch culture (0.1 g L™ ! day ~!). An alternative strategy
to obtain higher biomass productivity than under batch operation, is
semi-continuous cultures, which has the advantage of controlling light
and nutrients availability by manipulation of dilution rate. High dilu-
tion rate provides high nutrients availability, and a low biomass con-
centration which also implies less self-shading (i.e. higher light avail-
ability) than low dilution rates. It is already known that nutrients and
light availability modify the physiological and biochemical state of
microalgae [16]. Therefore, the different dilution rates could be used to
control the physiological state of cells before the stress phase, an im-
portant factor that determines the extension and rate of the accumu-
lation of secondary metabolites.

The aim of this work was to optimize the production of lipids and
carotenoids of the strain Golenkinia aff. brevispicula FAUBA-3 (further as
Golenkinia FAUBA-3) using a two-stage culture strategy. In a first cul-
ture stage, optimization of the dilution rate under semi-continuous
operation mode was performed for enhancing biomass productivity. In
a second culture stage, a batch stress was applied by increasing of
salinity to induce lipids and carotenoids accumulation. We have used
several physiological approaches including growth model, biochemical
parameters, and photosynthetic performance by in vivo chlorophyll a
fluorescence measurement to elucidate the effect of the different culture
stages on the productivity and physiology of the strain Golenkinia
FAUBA-3.

2. Material and methods
2.1. Microalgae and culture conditions

Golenkinia aff brevispicula FAUBA-3 was isolated from a freshwater
pond located in the campus of Facultad de Veterinaria (Universidad de
Buenos Aires), Buenos Aires, Argentina (34°3540.8”S; 58°28’52.6”0) at
May 2012 as described previously [15]. Cultures were grown and
maintained in liquid Jaworski's freshwater medium (JM) in 250 mL
Erlenmeyer flasks containing 80 mL of culture, at 40 pmol photons
m~ 257! PAR 12: 12 (L:D) photoperiod and 23-25 °C deposited in the
culture collection of microalgae of the Facultad de Agronomia
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Universidad de Buenos Aires, FAUBA (Argentina). Pre-inocula were
cultured in 1 L bubbled column-type reactors for 9 days with 800 mL of
Arnon media [18] at a continuous irradiance of 300 pumol photons
m~2 s ! PAR at 25 + 1 °C in a controlled chamber. Continuous
bubbling of atmospheric air filtered through 0.22 um sterile filters was
performed and CO, was injected on demand (pH > 8) in the air flow
entering the reactor.

2.2. Two-stage cultures: semi-continuous biomass production and batch
stress phase

Experiments were performed in 12 bubbled column-type photo-
bioreactors with spherical bases (3 cm inner diameter and 45 cm height
with 300 mL capacity) filled with 250 mL of media. The reactors were
continuously aerated with filtered (0.22 um) atmospheric air at a rate of
0.2 vvm and CO,, was injected into the air flow entering the cultures to
maintain pH = 8 controlled by a pH sensor (Crison Instruments®)
during the growth phase. The culture temperature was monitored and
kept at 25 * 2 °C by controlling the room temperature where the
reactors were located. The photobioreactors were irradiated by artifi-
cial illumination using eight fluorescent white-light tubes of 28 W
(Philips Daylight T5) positioned horizontally to the reactors. Incident
irradiance was applied simulating solar cycle with a photoperiod of
12:12 with increasing light intensity at midday and decreasing after
midday (8 to 9:30 h: 317 umol photons m~2 s™!; 9:30 to 11 h:
662 umol photons m~?s~'; 11 to 12:30 h: 866 pumol photons m ™25~ ;
12:30 to 15:30 h: 982 pmol photons m ™2 s~ %; 15:30 to 17 h: 866 umol
photons m~2 s~ 1; 17 to 18:30 h: 662 yumol photons m~2 s~ !; 18:30 to
20 h: 317 umol photons m~2s™1). The irradiance was measured at the
inner surface of reactors using a spherical quantum sensor SQS-100
Walz GmbH (Effeltrich, Germany). All the experiments were carried out
in triplicate. Inoculum was performed in batch mode until reach sta-
tionary phase of growth using medium Arnon.

Two-stage cultures were performed: in a first step semi-continuous
cultures were applied for the growth phase, and in a second step a
salinity stress in batch mode was applied to induce lipid and carotenoid
accumulation. Semi-continuous cultures were operated at four dilution
rates (D): 0.2, 0.4, 0.6, and 0.8 day~'. Each volume culture was re-
newed every 24 h during the first hours of the light period with fresh
medium throughout ten days to ensure two complete renewals of total
reactor volume in each dilution rate. Salinity stress was applied at day
ten by adding marine salt (Flor de Sal Cabo de Gata, Almeria, Spain) to
the culture in a concentration of 35 g L' and they were operated in
batch regime for six days.

2.3. Growth measurements and optical properties

Growth was monitored by optical density and cell dry weight (DW).
DW (g L™!) was measured by filtering 10 mL aliquot of the culture
through pre-weighed dry filters (Whatman GF/C 47 mm and 1.2 pm
glass fiber filters). The filters were washed with 10 mL of distilled
water, dried in an oven at 70 °C and reweighed until a constant weight
was achieved. Optical density was measured in a double beam Helios
Alpha spectrophotometer at 680 nm and it was correlated to cell dry
weight (DW = 0.9096 x absggonm; r? = 0.97). The biomass extinction
coefficient (Ka) was calculated from absorption value of the suspension
in the visible range (abs 400-700 nm, light source: 150 W halogen
lamp) measured by a cosine corrected PAR sensor (Licorl92SA
400-700 nm) connected to a radiometer (Li-250A) both from Licor
(USA) according to Jerez et al. [19]. The Ka (m? g DW™1) was esti-
mated based on the following equation (Eq. (1)):

DWep (€8]

Ka =

where E, is the transmitted irradiance of the fresh medium and E is the
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Table 1
Symbols and abbreviations descriptions.
Symbols Units Description
Ka m? g DW™! Biomass extinction coefficient
a* m? mg Chl™? In vivo chlorophyll a-specific absorption cross-sections of the suspension
Epar umol photons m ™2 s™* Photosynthetically active irradiance
Eav umol photons m~2 s~ ! Average irradiance inside the culture
u day ™! Specific growth rate
Hmax day ™! Maximum specific growth rate
Ex umol photons m~2 s~ ! Average irradiance affinity constant of growth rate
Chl a Chlorophyll a
Fv/Fm Maximum quantum yield of PSII
RLC Rapid light curve
ETR* pmol e~ mg Chl™!s~! Electron transport rate per Chl a unit
ETRp umol e~ g DW ' s™! Electron transport rate per biomass unit
a Initial slope of ETR vs. Epag
NPQ Non photochemical quenching
Ex psir umol photons m ™% s~! Onset of irradiance saturating photosynthesis

Eopt psit umol photons m~2 s~ !

Irradiance of the initial photoinhibition

transmitted irradiance of the culture suspension, p is the cuvette light
path (0.003 m) and DW is dry weight (g m~3). In vivo chlorophyll a-
specific absorption cross-sections of the suspension [a* (m* mg~' Chl
a)] was estimated on the following equation (Eq. (2)):

()
T T @

where [Chl a] is chlorophyll a concentration expressed in mg m 3. The
average irradiance inside the culture (E,,; umol photons m~2 s~ ') was
calculated as a function of the surface irradiance (E,; umol photons
m~2 s™1), the biomass extinction coefficient (Ka), the biomass con-
centration (g DW m~>) and the light path inside the reactor (p, m) (Eq.

(3).

— Eo (1 _ o(-Ka DWp)
KaDW p 3)

Eav

At steady-state condition (u = D) the specific growth rate (y; day ~ D)
was fitted to a hyperbolic function to describe the relationship between
the growth rate and average irradiance [20] (Eq. (4))

E! + EY (©)]

where pina.x, Ex, and n are the maximum specific growth rate (day_l),
the average irradiance affinity constant (umol photons m~2s71),and a
characteristic shape parameter respectively. The data of the last three
days under steady state condition (n = 36) were used for fitting the
model and parameter estimation.

2.4. In vivo chlorophyll a fluorescence measurement

In vivo chlorophyll a fluorescence associated to photosystem II was
determined by Pulse Amplitude Modulated (PAM) fluorimeters. F,
(basal fluorescence from fully oxidized reaction centres of PSII) and F,,
(maximal fluorescence from fully reduced PSII reaction centres), were
determined in darkness to obtain the Maximal Quantum Yield (Fv/Fm)
being Fv the difference between Fm and Fo [21]. The Fv/Fm was
measured daily (AquaPenAP 100, Photon Systems Instruments, Drasov,
Te Czech Republic) to monitor the physiological status of cells. Rapid
light curves (RLCs) by using blue light as measuring, actinic and sa-
turating pulse lights (Junior PAM, Walz GmbH, Effeltrich, Germany)
were performed according to Schreiber et al. [21]. Dark-adapted sam-
ples (15 min) were exposed to twelve increasing actinic irradiances
(25-45-66-90-125-190-285-420-625-845-1150-1500 pmol photons
m? s~ 1) for 20 s at each one in a light-protected measuring chamber
(15 mL). Light-adapted fluorescence level F’ and the maximum fluor-
escence level F,,” at the end of each step of saturating pulse were

recorded. The actual PSII photochemical quantum yield in the light, Y
(II) or AF/F,’, was determined as (F,,/ — F’) / F,’ at respective irra-
diance level. The electron transport rate (ETR) through PSII per
chlorophyll a unit (umol e~ mg Chl a~* s™') was determined as fol-
lows:

ETR* = AF/Fm’ X Epag X @* X fQApg )

where Epag is the incident photosynthetically active irradiance (umol
photons m~2 s~ 1), a* is the chlorophyll-specific absorption cross-sec-
tions [a* (m*> mg~' Chl a)] and fAQApgy is the fraction of absorbed
quanta by PSII, 0.51 for Chlorophyceae (taken from [22]). The ETR per
biomass unit (umol e™ g DW ™! s™1) was determined as follows:

ETRp = AF/Fm’ X Epag X Ka XfQAPSII 6)

where Ka is the biomass extinction coefficient (m* g DW~'). ETR was
plotted vs. irradiance to obtain the P-E curves. The curves were fitted by
non-linear least-squares regression using the tangential function re-
ported by Eilers and Peeters [23] to estimate P-E curve parameters:
maximum ETR (ETR;,.x), the initial slope of ETR vs. Epar (alpha, o) as
an estimator of photosynthetic efficiency, onset of irradiance saturating
photosynthesis (Ex psy) and irradiance of the initial photoinhibition
(Eope ps)- Non-photochemical quenching [NPQ = (Fm — Fm’) / Fm’] of
the fluorescence is a measure of energy dissipation and as the ratio of
yield losses Y(NPQ)/Y(NO), being Y(NPQ) a photoregulated yield loss
through xanthophyll cycle and Y(NO) non photoregulated thermal
dissipation. Y(NPQ) and Y(NO) are inversely related to photochemistry
(Y(I1)) and NPQ is considered an indicator of photoprotection to the
excess of irradiance [24]. NPQmax was obtained from the tangential
function of NPQ versus irradiance according to [23].
Definitions and abbreviations used are reported in Table 1.

2.5. Biochemical analysis

Centrifuged biomass was washed twice with distilled water, freeze-
dried and stored in dark conditions at —20 °C until biochemical ana-
lysis. For all analyses, cellular disruption was performed by biomass
milling in a mortar and then agitating it in glass tubes with glass beads
(diameter 2 mm) and the specific solvent on vortex in the dark. Total
lipids were extracted with chloroform:methanol (2:1) (v/v) and pur-
ified according to Folch et al. [25] adapted to microalgal samples. Ex-
tracted lipids were quantified by the gravimetric method. Total soluble
carbohydrates were extracted with 0.1 N HCl at 95 °C in a water bath
for 1 h (pigments were removed from the biomass previously with
ethanol). Carbohydrates were measured in the extract following the
methods of McCready et al. [26] modified by Branyikova et al. [27]
using perchloric acid (30%) to hydrolyze starch. The soluble carbohy-
drate extract was mixed with anthrone solution (2 g anthrone in 1 L of
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a 0.2 day! —=— 0.4 day’! —e— 0.6 day! —e— 0.8 day’!

Biomass (gDW L)

Time (days)

=n

H Semicontinuous M Stress

Biomass (g DW L)

0.2 day!

0.4 day!
Dilution Rate

Fig. 1. Biomass concentration of Golenkinia FAUBA-3 under a two-stage culture
system. (A) Time course of biomass concentration under semicontinuous cul-
tures (SC) at 0.2, 0.4, 0.6 and 0.8 day’1 dilution rates. Different letters indicate
significant differences of means between the different days in one treatment
(p < 0.05). (B) Biomass concentration at steady-state condition under semi-
continuous cultures (average data from day 7 to day 10) and at final day of
batch salinity stress. Data are the means and standard deviation of three re-
plicate experiments. Different letters indicate significant differences of means
between SC and stress cultures (p < 0.05).

0.6 day!

72% H,S0,), heated in a water bath at 100 °C for 8 min, and the ab-
sorbance was measured at 625 nm after cooling the samples at room
temperature. Calibration was carried out simultaneously using glucose
as the standard (24-120 mg L~1). The total internal nitrogen was de-
termined by using a CNHS LECO -932 elemental analyzer (MI, USA) and
proteins was estimated using the N-Prot conversion factor of 4.78 ac-
cording to Lourenco et al. [28]. Pigments were extracted with DMSO for
16 h at 4 °C in the dark. The extraction procedure was repeated until the
cells became visibly colourless. The different pigments (Chl a; Chl b;
Total carotenoids) were calculated according to Wellburn [29].

For the analysis of fatty acid profiles the lipids were trans-esterified
according to the method described by Christie [30]. The dried residue
after lipid determination was resuspended with toluene with butylated
hydroxytoluene (BHT) 50 mg L~' and methylated with 2 mL of
H,S04:CH30H 1% v/v solution at 50 °C for 16 h in the dark under N,
atmosphere. The fatty acid methyl esters (FAMEs) were extracted twice
with 4 mL of hexane:diethyl ether 1:1 with BHT 0.01% and washed
three times with 3 mL of KHCO3; 2%. The hexane phase was separated
by centrifugation, filtered through Sep-Pak Aminopropyl (NH2) car-
tridges (Waters, Mildford, Massachusetts, USA) and evaporated to
dryness under a stream of N, (g). Chromatographic-grade hexane was
added to a final volume of 50 uL. FAMEs were separated by gas chro-
matography (Focus GC, Thermo Scientifics) using He as a carrier gas
with a forte BPX70 (70% cyanopropyl polysilphenylene-siloxane)
60 m X 0.25 mm column (SGE analytical science). The initial
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temperature of the column was set to 140 °C for 10 min, then it was
raised to 240 °C at 2.5 °C min~ ' and finally maintained at 240 °C for
another 10 min period. Detection was performed by a flame ionization
detector and the peaks were identified with a FAME standard mix
(Supelco 37 Component FAME Mix, Sigma-Aldrich Corp).

Individual carotenoids were analyzed by high performance liquid
chromatography (Shimadzu SPDM10AV HPLC) using a photodiode
array detector as described by Cerén-Garcia et al. [31]. Samples (5 mg)
were disrupted with alumina in a mortar and extracted in glass Pyrex
tubes with 1 mL of monophasic tricomponent solution (ethanol:hex-
ane:water, 77:17:6 v/v/v) until the extract was clear. The water frac-
tion contained 20% d.w. potassium hydroxide (g KOH g DW 1) for
carotenoid saponification. The tubes were vortexed for 2 min and
subsequently, they were centrifuged at 12000 rpm for 2 min (Mini Spin
Plus, Eppendorf) and the supernatant was transferred into a vial ready
to be analyzed by HPLC. The HPLC procedure was as described by
Cer6n et al. [32]. Separation was performed on a Lichrosphere RP-18
5 um column (4.6 X 150 mm). The eluents used were (A) water/me-
thanol (2:8, v/v) and (B) acetone/methanol (1:1 v/v). The pigments
were eluted at a rate of 1 mL min~! and detected by measuring ab-
sorbance at 360-700 nm. Standards of lutein, astaxanthin and (-car-
otene were provided by Sigma Chemical Co. (USA) while violaxanthin
and zeaxanthin standards were purchased from DHI Lab Products
(Horsholm, Denmark).

2.6. Statistical analyses

Descriptive statistics (average and standard deviation) were used to
present the data. Statistical differences between treatments were tested
by one-way ANOVA using the software R. A posteriori comparison was
made using Tukey's test (o = 0.05). When the data did not adjust to a
normal distribution and homogeneity of variance assumptions, statis-
tical differences were tested by one-way ANOVA permutation test using
the software R. A generalized lineal model (GLM) using an unstructured
covariance matrix was used to analyze differences of biomass con-
centration in function of culture time according to a repeated measures
experiment. Nonlinear regression was performed using the software
Statgraphics 18.

3. Results and discussion
3.1. Biomass production and photosynthetic performance

In the first culture stage, different dilution rates under semicontin-
uous mode were evaluated to optimize the biomass productivity of
Golenkinia FAUBA-3. Fig. 1A shows the biomass concentration
throughout the experimental time for all dilution rates. Steady-state
was reached around day 6 in all treatments except for the dilution rate
of 0.8 day ' in which a washout of the biomass was observed and this
treatment was not further analyzed (Fig. 1A). Therefore, the maximum
dilution rate that can be operated for this strain should be less than
0.8 day ™ 1. This is in concordance with Rearte et al. [15] who reported a
maximum specific growth rate of 0.78 day~! in a batch culture of
Golenkinia FAUBA-3.

Steady-state biomass concentration decreased with dilution rates:
3.5, 2.3, and 0.91 g DW L™ ! were observed at 0.2, 0.4, and 0.6 day !
dilution rates respectively (Fig. 1B). A similar tendency in other mi-
croalgal species was observed by Bermtdez et al. [33] and Jebali et al.
[34] according to a typical trend where the biomass concentration
decreased as the dilution rate increased. In the second culture stage,
biomass concentration showed a slightly decrease under salinity stress
in batch mode (Fig. 1B) which would indicate a loss of biomass by cell
death. Fig. 2 shows the different cell colours observed under micro-
scopy. Fig. 2A-B shows different orange and green-orange cells with
bristles under salinity stress according to the presence of carotenoid.
Fig. 2C shows bleached cells (probably death cells). The highest
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Fig. 2. Light microscopy images of various cells of Golenkinia FAUBA-3 under salinity stress. (A) Completely reddish-orange cells (D = 0.4 day ~ ') with the cell wall
with bristles showing slightly plasmolysis (arrow). (B) Presence of reddish-orange-green cells (D = 0.2 day’l). (C) Bleached non-viable cells (D = 0.6 day’l). Scale
bar 10 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Volumetric productivity of biomass, lipids and carotenoids of Golenkinia
FAUBA-3 under semicontinuous cultures at steady-state condition under dif-
ferent dilution rates and salinity stress. Data are the means and standard de-
viation of three replicate experiments. Different letters indicate significant
differences of means (p < 0.05).

Biomass Lipids Carotenoids
(gL~"day™ (mg L™ day ™) (mg L™" day ™"
Semicontinuous cultures
0.2day”"! 0.70 + 0.00a 374 = 21a 0.15 = 0.03a
0.4c1ay_1 0.92 + 0.06b 735 * 7.2b 0.69 + 0.19
0.6day”! 0.55 * 0.01c 31.7 = 21a 0.41 + 0.24ab
Stress phase
0.2day”! 0.43 + 0.0la 69.9 * 4.7a 1.04 = 0.15a
0.4day”' 0.53 = 0.02b 89.0 + 16.1b 1.26 = 0.17a
0.6day’1 0.35 + 0.03c 31.7 = 3.5¢c 0.33 = 0.13b

biomass productivity (0.92 g L™! day~') was obtained at 0.4day !

dilution rate (Table 2) which is far higher than that obtained in a cul-
ture of Golenkinia FAUBA-3 under batch mode (0.1 g L™ ! day 1) [15].
The dilution rates produced different patterns of light availability

Table 3

(Table 3) which were related to several effects on the biomass pro-
ductivity, physiological state and biochemical composition of the bio-
mass. Low dilution rates generated conditions of lower light and nu-
trient availability than high dilution rates. The dilution rates of
0.2 day ! and 0.8 day ' reached a daily mean E,, of 56 pmol photons
m~2 57!, and 653 umol photons m~2 s~ ! respectively (Fig. S1, Sup-
plementary material). According to the values obtained for the onset of
irradiance saturating photosynthesis (Expsy, Table 3), it is likely that the
cultures were mainly photo-limited in low dilution rate (0.2 day 1),
and on the contrary, at high dilution rates the cultures were close to
photosaturation (0.6 day_l). Thus, it is very helpful to model the
growth rate of the strain as a function of the average irradiance inside
the culture, since these models are an essential tool for optimizing the
operation, as well as for the scale up [35]. Molina-Grima et al. [20]
proposed a hyperbolic function to describe the relationship between the
growth rate and average irradiance (Eq. (4)). Fitting the steady-state
data (last 3 days) by nonlinear regression (Fig. S2, Supplementary
material), the parameters obtained were (., = 0.85 day_l,
E. = 97.9 umol photons m~2s™!, and n = 1.4 (* = 0.9663) which
agree with the previously referenced piay (0.78 day ™!, [15]). The op-
timum dilution rate and daily mean E,, obtained by simulation of the
model (Fig. S3 Supplementary material) should be close to

Photosynthetic performance and optical properties of Golenkinia FAUBA-3 under semicontinuous cultures at steady-state condition and salinity stress. Daily mean
Eq, (umol photons m ™2 s~ 1); Ka (m? g DW ™ !); a* (m? mg Chl™1); a* (alpha); ETR*max (umol e~ mg Chla™' s™1); ETRgmax (umol e~ g DW ™! s™1); Ey pgyy (umol

photons m ™2

s7hy; Eopt psu (mol photons m ™ 25~ 1); NPQmax. The parameters are described in Table 1. Data are the means and standard deviation of three replicate
experiments. Different letters indicate significant differences of means (p < 0.05).

0.2 day ! 0.4 day ! 0.6 day !
Semincontinuous cultures
Daily mean Eav 56.5 + 5.6 a 83.1 * 4.9 a 260.3 + 99.9 b
Ka 0.13 + 0.01 a 0.15 + 0.02 a 0.13 + 0.06 a
a* 0.085 * 0.006 a 0.018 * 0.002 b 0.041 * 0.002 c
a* 0.026 + 3.E—-04 a 0.005 + 1.E-04 b 0.011 + 5.E—-04 c
ETR*max 4.30 + 0.40 a 1.09 + 0.19 b 2.32 + 0.13 c
ETRgmax 6.55 + 1.04 a 8.67 =+ 1.43 a 7.70 + 3.83 a
Ex psu 166.7 * 16.6 a 205.5 * 38.2 a 212.2 * 18.1 a
Eope psu 1204.5 + 76.8 a 2141.0 + 610.0 b 1108.2 + 91.2 a
NPQmax 0.91 * 0.12 a 0.78 + 0.01 a 0.74 + 0.02 a
Stress phase
Daily mean Eav 149.4 * 31.1 a 252.7 * 7.7 a 413.5 + 48.8 b
Ka 0.08 * 0.02 a 0.07 * 0.00 a 0.07 + 0.01 a
a* 0.032 * 0.008 ab 0.027 * 0.002 a 0.044 + 0.005 b
a* 0.002 + 2.E-03 a 0.002 + 6.E—04 a 0.001 + 1.E-04 a
ETR*max 0.29 * 0.13 a 0.61 * 0.20 a 0.25 + 0.05 a
ETRpmax 1.02 * 0.47 a 0.96 * 0.06 a 0.47 + 0.03 a
Ek psu 116.0 + 49.2 a 433.4 * 240.4 ab 332.3 * 32.0 b
Eopt psu - * - - + - 738.7 * 65.5
NPQmax 0.39 * 0.09 a 0.29 * 0.03 ab 0.12 * 0.03 b
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Fig. 3. Maximum quantum yield of PSII (Fv/Fm). (A) Time course of Fv/Fm
under semicontinuous cultures (0.2, 0.4, 0.6 and 0.8 day ' dilution rates) and
batch salinity stress. (B) Correlation between Fv/Fm and the daily mean E,, (the
vertical dashed line corresponds to a photosynthetic threshold) of Golenkinia
FAUBA-3.

D = 0.395 day ' and 88.4 umol photons m~2 s~ ' which is in con-
cordance with the maximum biomass productivity and E,, obtained at
the dilution rate of 0.4 day’1 (Tables 2 and 3). The expected E,, in an
outdoor photobioreactor can be obtained by a correct photobioreactor
design and culture operation mode [36]. The value of Ey is close to
those obtained for other strains as H. pluvialis E, = 99 pmol photons
m~2s7![37], L galbana E; = 130 pmol photons m~2s7! [20] and
Phaeodactylum tricornutum E; = 116 pmol photons m~2 s~ ! [38].

The growth of microalgae is determined by the photosynthesis rate,
which is a direct function of the irradiance to which the cells are ex-
posed inside the culture. However, excess of light can damage the
photosynthetic apparatus. The maximum quantum yield of PSII (Fv/
Fm) is often used as an indicator of physiological status and photo-
inhibition [39,40]. High values of Fv/Fm were observed in the dilution
rates of 0.2, 0.4 and 0.6 day ' along semicontinuous culture (Fig. 3A)
which indicates a good state of the photosynthetic apparatus. The di-
lution rate 0.8 day ' presented a decrease of Fv/Fm from the day 6
(Fig. 3A). This decrease can be due to the increase in the E,, (Fig. S1,
Supplementary material) which can lead to a photoinhibition and stress
process. Interestingly, a significant reduction of Fv/Fm in dependence
of the previous dilution rate was observed at first day under salinity
stress (Fig. 3A). Then, a recovery of the value Fv/Fm was observed for
all cultures on day 6 of stress (Fig. 3A). Fig. 3B shows the correlation of
Fv/Fm with the E,, using the data of culture stage I. Drastic decrease in
the value of Fv/Fm was observed above a daily mean E,, of 570 pmol
photons m~2 s™! (dashed line in Fig. 3B). Therefore, that daily mean
E,, value can be taken as a threshold to avoid a photoinhibition process
in cultures of Golenkinia FAUBA-3.

In addition, photosynthesis measurement performed by P vs. E
curves (Table 3) is more descriptive of the whole photosynthetic pro-
cess than Fv/Fm since they involve all the cell physiology. The best
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photosynthetic performance expressed on Chl basis was obtained at
0.2 day ! dilution rate which showed the highest photosynthetic effi-
ciency (initial slope of ETR* vs. Epar; @*) and maximum electron
transport rate (ETR*max) (Table 3). Nevertheless, no significant dif-
ferences were observed in the photosynthetic productivity on dry
weight basis (ETRgmax) between all dilution rates (Table 3), but the
0.4 day ! dilution rate showed a tendency of higher values which is in
concordance with its higher biomass productivity (Table 2). The op-
posite behavior of ETRmax expressed on Chl basis (ETR*max) and on
dry weight basis (ETRgmax) (Table 3) can be explained due to the
differences observed in the Chl content of the cells which affected the
optical properties of the cultures (i.e. in vivo chlorophyll absorption
cross-section [a*; m? mg Chl™ 11 and biomass extinction coefficient [Ka;
m? gDW ~'1). The chlorophyll content was 0.83, 4.38, and 3.06 mg g
DW ! in the cultures at 0.2, 0.4 and 0.6 day ! dilution rates respec-
tively. The treatment 0.4 day~' with the highest value of Chl content
showed the lowest a* and the highest Ka, which entails an opposite
behavior of ETR*max and ETRgmax according to its calculation (Egs.
(5) and (6) respectively). Similar behavior was observed in the photo-
synthesis parameters elaborated on a chlorophyll and cell basis in
Nannochloropsis species exposed to different light intensities [41]. These
results indicate an adaptation of the overall photosynthetic apparatus to
the different steady-state conditions (light and nutrients regime) which
led to different photosynthetic performance. Therefore, the highest
biomass productivity of the culture at 0.4 day ™' dilution rate can be
explained since the cells showed the highest photosynthetic perfor-
mance on biomass basis and were exposed to an optimal irradiance
regime.

Under salinity stress in batch mode a drastic decrease was observed
in all photosynthetic parameters (Table 3) which indicate a widespread
photodamage or a controlled process of dismantling of the photo-
synthetic apparatus [42]. The latest case is expected, since it was re-
ported a resistant cell stage (halotolerant aplanospore) under salinity
stress that after a re-suspension in fresh medium can recovery rapidly
[15]. In addition, a higher dispersion of the RLC data under the stress
phase was observed which can be explained by a reduced cell fluores-
cence emission, and therefore a high ratio of noise/signal of the device
can increase dispersion of the data.

The interference between nutrient status and light intensity has al-
ready been reported in biomass production and carotenogenesis studies
[43-46]. In the case of the dilution rate of 0.2 day’l, nitrogen could be
another limiting factor beside light at steady-state condition, since it
was observed almost total depletion of N-NO3 ™ (Fig. 4). In addition, the
E, was lower than both the onset of irradiance saturating photo-
synthesis (Expsp, Table 3) and the optimum E,, obtained by the growth
model (Eg). The nitrogen deficiency could explain the lowest Chl

140
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T, 80 :
g 60 1 b
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Fig. 4. Nitrogen and phosphorus concentration at steady-state condition in the
different dilution rates under semicontinuous cultures of Golenkinia FAUBA-3.
Data are the means and standard deviation of three replicate experiments.
Different letters indicate significant differences of means (p < 0.05).
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Fig. 5. Biochemical composition of Golenkinia FAUBA-3 expressed as percentage of dry weigh obtained by different dilution rate under semicontinuous cultures at
steady-state condition (A) and under salinity stress (B). Data are the means and standard deviation of three replicate experiments. Different letters indicate significant

differences of means (p < 0.05).

content of the biomass and highest NPQmax at 0.2 day ~* dilution rate.
On the other hand, the treatment with 0.6 day ' dilution rate pre-
sented full nutrient availability (Fig. 4) and higher average irradiance
inside the culture (E,,) than Egpgy (Table 3). Phosphorus showed no
considerable differences between treatments at steady-state condition
(Fig. 4).

3.2. Biochemical characterization: lipid and carotenoid productivity

It has been widely reported that microalgae change their bio-
chemical composition in response to different nutrient and light re-
gimes [16]. Fig. 5 shows the biochemical composition of the biomass
under the first and second culture stages. In the semicontinuous cul-
tures the carbohydrate and protein content showed an opposite re-
sponse to the dilution rate (Fig. 5A). As expected, in cultures with low
nutrient availability (0.2 day ') we observed higher carbohydrate and
lower protein content [34]. It was reported in several microalgae spe-
cies that under low nutrient availability the carbon allocation is mainly
destined to accumulate energy and carbon reserves, as carbohydrates,
and a deprivation of protein synthesis [47,48]. The change of the di-
lution rate from 0.2 day ™! to 0.6 day ' produced a 39% reduction in
carbohydrate content and 75% increase of protein content of the bio-
mass. This is interesting because it would be possible to control the
biochemical composition of the biomass for different biorefinery pro-
ducts as function of dilution rates. On the contrary, lipid content did not
show relevant changes among different dilution rates under semi-
continuous mode ranging around 5.3 and 8% DW (Fig. 5A). Never-
theless, the lipid content was lower than the obtained at stationary-
phase under batch mode in JM media (21.3% lipids DW) [15]. This can
be explained due to the lower nutrient concentration of JM than Arnon
media and the different operation mode of the cultures.

Under salinity stress carbohydrate and protein content kept their
tendency regarding the different dilution rates, but a decrease on both
was observed at the expense of lipid accumulation after stress period
(Fig. 5A and B). The lipid content was around 16.1%, 16.7%, and 9.5%
DW (Fig. 6B) under 0.2, 0.4, and 0.6 day’1 dilution rate respectively
which was similar to the values obtained by Usmani et al. [49] but
lower than the lipid content obtained after a long batch culture and
stress period reported by Rearte et al. [15] and Nie et al. [50] for Go-
lenkinia strains. The accumulation of carbohydrates and lipids would
function mainly as reserves of carbon and energy, among other possible
roles [48,51]. In general, under nutrient depletion or stress conditions
carbohydrates is synthetized prior to lipid which has been widely re-
ported (for a review, see [47], and references there in). Some reports
indicate that the carbohydrates, accumulated in the short-term starva-
tion, are degraded to support the subsequent lipid biosynthesis in the
long-term stress [48,52,53]. Since the photosynthetic activity of
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Fig. 6. Total carotenoid content (mg g DW™!) under semicontinuous (SC)
cultures at steady-state condition and salinity stress (A) and relative carotenoid
composition expressed as percentages (%) of total carotenoids identified by
HPLC-DAD (B). Data are the means and standard deviation of three replicate
experiments. Different letters indicate significant differences of means
(p < 0.05). Carotenoid composition was determined with a composed sample
of the three replicates.

Golenkinia FAUBA-3 was dramatically reduced under salinity stress
period (Table 3), it was expected that the carbon necessary for the lipid
biosynthesis probably come from carbohydrate degradation.

The increase of lipid accumulation after stress period varied on each
previous dilution rate treatment: an increase of 201%, 110%, and 64%
in the dilution rates of 0.2, 0.4, and 0.6 day ' was observed respec-
tively. Those results demonstrate that the magnitude of lipid accumu-
lation rate under salinity stress was dependent on the previous phy-
siological state of the culture. The culture with the lowest dilution rate
was acclimated to low nutrient and light availability and probably a
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Table 4
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Fatty acid profiles of Golenkinia FAUBA- 3 under semicontinuous cultures at steady-state condition and salinity stress at different dilution rates detected by GC-FID.
Values are given as percentages of total FAMEs. Data are the means and standard deviation of three replicate experiments. Different letters indicate significant
differences of means (p < 0.05). SFAs = saturated fatty acids; MUFAs = monounsaturated fatty acids; PUFAs = polyunsaturated fatty acids. The main fatty acids

are highlighted in gray.

Semicontinuous Stress
0.2 day™ 0.4 day™ 0.6 day™ 0.2d? 0.4 day™ 0.6 day™
C14:0 0.2 + 0.0 0.2 + 0.0 0.3 + 0.0 0.4 + 0.0 0.3 + 0.2 0.3 + 0.0
Cl4:1 0.5 + 0.1 0.3 + 0.4 1.0 * 0.2 0.1 * 0.0 0.0 * 0.0 0.2 * 0.1
C16:0 25.1 + 1.1 23.4 + 1.6 27.0 + 0.9 21.2 * 0.1 26.2 * 6.4 25.9 * 3.7
Cl6:1 0.4 + 0.1 0.6 + 0.0 1.4 + 0.4 0.1 + 0.0 0.1 + 0.1 0.3 + 0.1
C17:0 7.8 + 0.8 9.4 + 0.2 4.8 + 0.5 8.0 + 0.1 8.2 + 2.4 5.4 + 0.9
C18:0 3.6 * 1.6 5.0 * 0.5 6.5 * 0.7 3.7 * 0.0 3.0 * 1.2 3.8 * 0.3
C18:1n9c 12.1 + 0.8 6.8 + 0.0 6.5 + 0.3 35.3 * 0.8 29.7 * 8.9 33.4 * 2.4
C18:2n6¢ 33.4 + 1.2 35.5 + 0.2 26.3 + 0.5 23.0 + 0.5 22.3 + 1.1 19.3 + 1.4
C18:3n6 0.2 + 0.0 0.1 + 0.0 0.1 * 0.0 0.2 * 0.0 0.1 * 0.1 0.4 * 0.1
C18:3n3 13.3 + 0.4 16.3 + 1.1 23.9 + 0.6 5.2 * 0.1 8.2 * 2.4 7.7 * 0.3
C20:0 0.7 * 0.0 0.4 + 0.0 0.3 + 0.0 0.9 + 0.1 0.5 + 0.5 0.7 + 0.0
C20:1 0.3 + 0.0 0.2 + 0.0 0.2 + 0.0 0.6 + 0.0 0.5 + 0.5 0.9 + 0.0
C22:0 0.8 * 0.0 0.4 + 0.0 0.4 * 0.1 0.6 * 0.1 0.4 + 0.3 0.5 * 0.1
C22:1n9 0.6 + 0.2 0.8 + 0.0 0.6 + 0.3 0.2 + 0.0 0.1 + 0.1 0.7 + 0.5
C24:0 0.2 + 0.0 0.1 + 0.0 0.1 + 0.0 0.2 + 0.0 0.1 + 0.1 0.1 + 0.0
SFAs 38.7 + 1.1 a 39.1 + 14 a 39.6 * 1.1 a 35.1 * 0.2 a 38.8 + 6.3 a 36.9 * 3.2 a
MUFAs 14.0 + 0.6 a 8.7 + 0.4 b 9.7 + 0.6 b 36.4 + 0.8 b 30.5 + 9.7 b 35.6 + 1.7 b
PUFAs 47.3 + 1.1 a 52.2 + 1.0 b 50.7 + 09 ab 284 + 0.6 c 30.7 + 3.4 c 27.5 + 1.6 c

major activity of the secondary metabolism had effect on lipid accu-
mulation. At this point, it is important to consider that the previous
physiological state of the cells to any drastic stress will determine the
survival success, since it is necessary a whole reorientation of the me-
tabolism to generate a resistant stage. If those changes cannot be per-
formed faster than the stress process, the survival success of the cells
will decrease. Furthermore, the accumulation of secondary metabolites
under stress conditions requires time which is a key factor in any bio-
technological production process. This time can be reduced if the cells
have active the secondary metabolism before the stress period.

The fatty acids profiles are shown in Table 4. Palmitic (c16:0), oleic
(c18:1n—9), linoleic (c18:2n—6), and alpha-linolenic (ALA,
c18:3n—3) acids represented around 84% of total FAMEs in all con-
ditions. Nie et al. [50] showed a similar FAMEs composition in a strain
of Golenkinia SDEC-16., but the proportion of palmitic and ALA are
higher and lower respectively than the strain Golenkinia FAUBA-3.
Semicontinuous cultures presented the highest content of PUFAs which
ranged between 47 and 52% of total FAMEs, composed mostly of li-
noleic and ALA acids. At high dilution rates, it was observed an increase
of ALA at the expense of oleic and linoleic decrease. ALA is an essential
®3 long-chain polyunsaturated fatty acid (w3 LC-PUFA) with an im-
portant nutritional role in mammals, and humans in particular [1], and
it is the dietary precursor for the w3 LC-PUFAs eicopentaenoic (EPA,
20:5n—3), docosapentaenoic acid (DPA, 22:5n—3) and docosahex-
aenoic acid (DHA, 22:6n—3) [54]. Under salinity stress the proportion
of MUFAs increased (c18:1n—9) and the proportion of PUFAs de-
creased (c18:2n—6 and c18:3n—3) which resulted in a balanced
composition of SFAs, MUFAs and PUFAs. The higher PUFAs content
under semicontinuous culture can be explained since they are crucial
for regulating the membrane structure, fluidity, phase transitions and
permeability associated to an active cell division and growth [55]. The
higher content of MUFAs and SFA under salinity stress could be ex-
plained since they are a more stable storage of carbon and energy than
PUFAs. PUFAs also act as the precursors of many metabolites that
regulate vital biological growth functions that can be suppressed in a
cell resistant stage. The main source of w3 PUFAs is fish oils and certain
vegetables, but due to the problems concerning fish oil (contamination,
decrease of fish stocks, and organoleptic issues), it is crucial to produce
alternative sources of w3 as in the case of this strain of Golenkinia
FAUBA-3.

Fig. 6 shows the content of total carotenoid under semicontinuous

culture and batch stress. The major accumulation of total carotenoid
under salinity stress was observed at the dilution rates of 0.2 and
0.4 day ! which was around 2.4 mg g~ DW (Fig. 6A). Rearte et al.
[15] reported similar values of total carotenoid in Golenkinia FAUBA-3
(2.1 mg g~ DW) but it was obtained after 16 days of salinity stress
period performed with % sea water (17.5 g L™'). In this study, the
salinity stress was conducted by adding marine salt to a final con-
centration of 35 g L™! which can explain the faster accumulation of
carotenoid.

The increase of carotenoid accumulation after stress period was 998,
217, and 91% for the dilution rates of 0.2, 0.4, and 0.6 day ! respec-
tively compared to the carotenoid content under semicontinuous op-
eration at steady-state condition. These results indicate that nutrient
deprivation in lower dilution rates could have overstimulated the ac-
cumulation of carotenoid under salinity stress period. The functions of
secondary carotenoids (not coupled to the photosynthetic apparatus)
accumulated during stress would be associated with a passive photo-
protection since they act as a radiation filter [56] and exhibit anti-
oxidant activity [57]. The carotenoid accumulation showed a similar
response on lipids. This supports the evidence that coordinated car-
otenoid and lipid synthesis under different stress types, where in-
tracellular oil droplets serve as host for the produced carotenoids
[15,58,59]. A high NPQ (Non-Photochemical Quenching of chlorophyll
fluorescence) value indicates high photoprotection activity since it is a
measure of the capacity to dissipate the excess of absorbed light [3].
NPQ values under salinity stress (Table 3) were high at low dilution rate
in which the carotenoid accumulation was higher. Lutein, (3-carotene
and astaxanthin were the main carotenoid identified in a decreasing
order (Fig. 6B). Lutein and (-carotene are widely present in the class
Chlorophyceae and astaxanthin is present in some Chlorophyceae such
as H. pluvialis and Chlorella zofingiensis [60]. Currently, only D. salina
and H. pluvialis are commercially produced for [3-carotene
(0.7-13 mg L™! day™!) and astaxanthin (0.44-8 mg L™' day™!) re-
spectively [4,61]. Lutein is produced from Marigold oleoresin which
has high land requirements and low productivities compared to mi-
croalgae data reports [62].

The productivity of a desired compound is one the most important
parameters that determine the biotechnological potential for commer-
cial purposes of any microalgae strain. The highest productivity of lipid
(89 mg L. ™! day ') and carotenoid (1.26 mg L™ ' day ') was obtained
under a dilution rate of 0.4 day ~! coupled to salinity stress (Table 2).
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Fig. 7. Summary of the biotechnological process to produce carotenoids and lipids from Golenkinia FAUBA-3 employing a two-stage culture system. At steady-state
condition the biomass harvested from PBR-1 must be transferred to a new photobioreactor for the batch stress. Since, the batch stress takes 6 days, there are necessary
six PBRs for the biomass harvested daily from PBR-1. On day 6 the PBR-2 must be harvested completely and it would be available for a new batch stress period. On
day 7 the PBR-3 must be harvested completely and it would be available for a new batch stress period, and in the same way on the following days. Pr = protein;
CH = carbohydrate; MUFAs = monounsaturated fatty acids; c18:1 = oleic acid; c18:2 = linoleic acid; c18:3 = alpha-linolenic acid; PBR = photobioreactor; 1° day
to 6° day = it is the beginning of a new stress phase for a culture transferred from PBR-1 to a new PBR; Day 1 to Day 6 = time of stress for lipids and carotenoid

accumulation of one PBR.

Note that although the biomass productivity decreased under salinity
stress, the carotenoid productivity was increased by coupling the stress
phase to the semicontinuous culture at 0.4 day ~* dilution rate (261%
increase compared to one-stage culture). This was explained by the
increased carotenoid accumulation. Those results confirm that two-
stage culture is an adequate strategy to optimize carotenoid and lipid
productivity of the strain Golenkinia FAUBA-3. This implies a first cul-
ture stage to maximize biomass productivity under semicontinuous
culture, followed by a second culture stage under high salinity stress to
induce carotenoid and lipid accumulation. The lipid productivity of
Golenkinia FAUBA-3 was higher than those reported by Ra et al. [63]
and Xia et al. [64] who have performed two-stage cultures coupled with
salt stress for lipid production ranging from 14 to 61 mg L™ ! day ! by
different microalgae strains. Recently, Bermejo et al. [11] reported an
enhanced productivity of lipid (101.7 mg L™ ! day~') and carotenoid
(1.82mg L™ day " }; lutein + B-carotene) by salt stress (100 mM NaCl)
in a new strain of Coccomyxa onubensis which is slightly higher than the
productivity obtained in this study (Table 2). Interestingly, Nie et al.
[50] reported a robust strain of Golenkinia SDEC-16 which was able to
grow in sewage and BG-11 medium but with lower lipid productivity
(between 15.3 and 43.4 mg L™ ! day™!). In addition, Golenkinia SDEC-
16 strain presented good sedimentation properties due to large cell
volume that could facilitate the harvesting process [50]. On the other
hand, other studies evaluated a simultaneous one step production of
triacylglycerol and astaxanthin from Chlorella zofingiensis and H. plu-
vialis using semi-continuous cultures with nitrogen limitation obtaining
high levels of productivity [61,65]. According to few studies published
about Golenkinia strains, new experiences are necessary to study the
effects of the interaction of the gradients of salinity, light, and nutri-
tional state of the biomass to optimize accumulation rate of lipids and
carotenoids and shorten the stress period. High coupled productivity of
lipids and carotenoids and its profiles of fatty acids and carotenoid
composition could promote the application of the biomass of Golenkinia
FAUBA-3 in the nutraceutical and aquaculture feed fields [66]. In this

context, new regulations to use new microalgae species in human food
and animal feed should be considered.

According to the results obtained in this study, the general process
to couple daily biomass production under semicontinuous mode op-
eration with a batch stress phase to produce rich lipid-carotenoid bio-
mass of Golenkinia FAUBA-3 should follow the scheme proposed in
Fig. 7. The first stage culture should be carried out under semi-con-
tinuous cultures in controlled closed photobioreactors (PBR-1), such as
flat panels or tubular PBRs, where the daily biomass produced should
be concentrated (e.g membrane filtration or flotation) and re-sus-
pended in seawater for six days in a new photobioreactor (PBR-2), as
thin layer cascades for optimum light exposition. It should be necessary
six PBRs in the second culture stage (one for each biomass harvested
every day of the culture stage I) for reach the time necessary for ac-
cumulation. On day six the PBR-2 of the scheme must be harvested
completely and it would be available for a new batch stress period. On
day 7 the PBR-3 must be harvested completely and it would be avail-
able for a new batch stress period, and in the same way on the following
days. Therefore, we can obtain a daily stressed biomass production
coupled to the semicontinuous culture. Nevertheless, with new studies
of stress optimization, the time for carotenoid and lipid accumulation
could be shortened and therefore a smaller amount of PBR for the stress
phase would be necessary.

4. Conclusions

Two-stage cultivation system was evaluated for the co-production of
lipid and carotenoid in the strain Golenkinia FAUBA-3. In a first step, the
biomass productivity was improved up to 0.92 g L™! day ™! under
semicontinuous culture with a dilution rate of 0.4 day . The experi-
mental data correlated well to the model of specific growth rate as
function of E, and we obtained the optimum dilution rate
(0.395 day ™) and optimum daily mean E, (88.4 umol photons

m~2 s7!). These results are very helpful for the scale up and
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photobioreactor design. The maximum dilution rate for this strain
should be lower than 0.8 day ™! due to washout of the biomass was
observed. Both photosynthetic response and biomass composition
showed an adaptation to the different steady-state conditions under
semicontinuous cultures. In the second stage, an increase of salinity in
batch mode induced lipid and carotenoid accumulation. The main
carotenoid identified were lutein, 3-carotene and astaxanthin in a de-
creasing order. The highest productivity of lipid (89 mg L."! day ~!) and
carotenoid (1.26 mg L~ ' day~!) was obtained under salinity stress
coupled to a semicontinuous culture at a dilution rate of 0.4 day'.
Those results confirm that two-stage culture is an adequate strategy for
optimizing carotenoid and lipid productivity in the strain Golenkinia
FAUBA-3 which offers a great biotechnological potential. New studies
are necessary to study the interaction of gradients of salinity, light, and
nutritional state of the biomass to optimize the lipid and carotenoid
accumulation rate.
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