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Tisochrysis lutea is an important microalgal species for fucoxanthin and docosahexaenoic acid (DHA) production
with an optimum cultivation temperature of approximately 30 °C. The aim of the present work was to develop a
winter strain with high productivity at 15 °C. The response of the original strain to a decrease in temperature
from 30 °C to 15 °C was investigated in continuous turbidostat experiments. This was followed by adaptation for
>180 days at 15 °C and 2 rounds of sorting for cells with high chlorophyll fluorescence (top 5%) using
fluorescence-activated cell sorting (FACS). For the original strain the productivity of biomass, fucoxanthin, and
DHA decreased by 92 %, 98 % and 85 % respectively when decreasing the temperature from 30 °C to 15 °C. In
the sorted cold-adapted ‘winter strain’, biomass, fucoxanthin, and DHA productivities were similar to those at 30
°C. In addition, the fucoxanthin concentration increased from 1.11 to 4.24 mg g~ * dry weight and the polar lipid
fraction in total fatty acids increased from 21 % to 55 %. The winter strain showed a robust and stable phenotype
after one year of cultivation, expanding the outdoor fucoxanthin and lipid production seasons for this species.

Introduction

Microalgae are among the most promising feedstocks for sustainable
production of food, feed, materials, chemicals, and fuels [1-5]. The
commercial application of microalgal biomass relies on large-scale
cultivation and ideally strains can function in fluctuating light and
temperatures. For outdoor production without temperature control,
microalgae will experience temperature fluctuations between 10 °C and
45 °C in temperate regions [6], including temperatures above the
thresholds of survival of most commercialized microalgal species [7].
Above 30 °C, most microalgae cannot grow and active cooling is
required. Most microalgal species are able to grow between 15 °C and 30
°C, with their optimal being between 20 °C and 25 °C [8]. Thus, the
production location and season are limited, even in southern Europe
where temperature fall below 20 °C during the winter [9].

The microalga Tisochrysis lutea (T. lutea) is considered a promising
feedstock for production of fucoxanthin (Fx) and fatty acids, especially
docosahexaenoic acid (DHA) [10,11] and is able to produce up to 20.3
mg g~ ! ash-free dry weight (DW) Fx and 320 mg g~ DW total fatty acids

(TFA) [12-14]. Fx is receiving attention due to its biological properties,
including anti-obesity, antioxidant and antidiabetic effects [15-17].
DHA is associated with numerous health benefits, such as improving
cardiovascular condition and promoting fetal development [18]. In
addition, both Fx and DHA play key roles in the health and development
of aquatic organisms, and T. lutea is for this reason a widely used feed in
aquaculture [10,19].

T. lutea was originally isolated from a tropical region of the Pacific
[20]; its optimal growing temperature is between 25 °C-30 °C [21]. Its
production is low at temperatures below 20 °C [21,22]. For instance, in
Portugal (the main T. lutea production area in Europe), the mean tem-
perature (1941-2006) during winter varied from 4.2 °C to 13.1 °C,
which is too low for T. lutea production [23]. A heating system can be
used, but would impact the economics of the process. Thus, developing
winter strains would benefit microalgae production in winter.

Temperature adaptation can be achieved by a process of directed
evolution [24]. A long-term continuous experiment makes it possible to
enrich a culture with improved phenotypes which can function in the
applied conditions, but a mixture of adapted and non-adapted cells will
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remain in the culture. Single cell isolation is required to obtain an
improved strain more quickly from one clone. A promising technique
based on fluorescence-active cell sorting (FACS) offers high throughput
analysis and selection of microalgal cells [25] and has been applied for
selection of microalgal cells with high lipid or pigment content [26-29].

The aim of the present study was to develop new phenotypes of high-
performance T. lutea under the suboptimum temperature of 15 °C. Ex-
periments were performed at 4 different temperatures to investigate the
effect of decreasing temperature on Fx and lipid production, and single-
cell fluorescence was assessed periodically by FACS. Thereafter, a
continuous low temperature adaptation experiment was performed to
obtain improved strains in which cells were sorted for high-chlorophyll
fluorescence under low temperatures. The selected strains were
compared to the original, showing better performances. The combined
strategy of temperature adaptation and FACS selection provided a
method for winter strain development.

Materials and methods
Strain and maintenance conditions

The original T. lutea and commercial culture medium stock (Nutri-
Bloom Plus) were obtained from NECTON, S.A. (Olhao, Portugal). The
culture medium (containing 20 mM HEPES) was prepared with natural
seawater (from the North Sea, the Netherlands) enriched with 2 mL Lt
of the NutriBloom Plus stock and 40 mM NaNOs. The pH of the medium
was adjusted to 8.0 using 2 M NaOH. For maintenance, the original T.
lutea strain was inoculated in Erlenmeyer flasks (250 mL) with 100 mL
medium. The flasks were placed in incubators (Infors, Bottmingen-Basel,
Switzerland), at 25 °C, light intensity ~140 pmol m2s~?, 2.0 % CO, 18/
6 h day/night cycle, and under constant agitation of 125 rpm. For the
maintenance of the winter strains selected by FACS, cultures were
inoculated in 100 mL Erlenmeyer flasks (SCHOTT AG, Mainz, Germany)
with 50 mL medium, at 15 °C, light intensity ~60 umol m2s~%, 18/6 h
day/night cycle, and under constant agitation of 125 rpm.

Reactor set-up and experimental conditions

Flat-panel photobioreactors (Algaemists [30], light path 14 mm,
cultivation volume 400 mL, with white LED panel as illumination) were
used for all experiments. The temperature was controlled using a hea-
ting/cooling water-jacket and the pH was kept constant as 8.0 by
automatic CO injection.

Continuous turbidostat experiments at different temperatures

T. lutea cultures were inoculated in Algaemists at optical density
ODy5¢ of 0.7 in batch mode. During batch cultivation, all Algaemists
were operated at 30 °C, light intensity of 300 pmol m~2s%, 18/6 h day/
night cycle, and a constant pH of 8.0. The turbidostat cultivation was
active at day 3 when ODy5 reached ~3.5 and the temperature was set to
15, 20, 25 or 30 °C, respectively. The outgoing light intensity (~16.5
pmol m~2 s1) was fixed at the time of starting turbidostat cultivation.
The incident and outgoing light were measured per min using light-
meters (LI250A; LI-COR, Lincoln NE, USA). A black-sheet cover was
used to avoid interference by environment light on the outgoing light
measurement. When the outgoing light intensity decreased below the
set-point due to increased biomass concentration, the fresh sterile me-
dium (in a 5 L bottle) was pumped into the reactor to dilute the culture
back to the biomass concentration at the set-point. Culture overflow was
collected in a harvesting vessel for Fx and lipid measurement. These
continuous turbidostat experiments lasted for 15 d.

Low temperature adaptation and winter strain selections using FACS

The original T. lutea strain was inoculated in an Algaemist and grown

17

New BIOTECHNOLOGY 66 (2022) 16-24

in batch mode at 25 °C for 1 d and then at 20 °C for 5 d, after which the
temperature was lowered to 15 °C and the culture was grown in turbi-
dostat mode for 26 d. All reactor set-ups, except temperature setting,
were as described above.

A Cell Sorter (SH800S, Sony, San Jose CA, USA) with a 100 pm
microfluidics sorting chip (Sony, LE-C3210) was used for single-cell
fluorescence measurement and strain selection. The sorting chip was
calibrated using automatic setup beads (Sony, LE-B3001). A 488 nm
wavelength laser was used to excite chlorophyll a and a bandpass filter
(720/60 nm) was used to detect the emission signal. To select cells with
high fucoxanthin content, single cells with high autofluorescence at 720
nm were sorted according to the previously reported method [31]. Ac-
cording to the previous report, cell size had no effect on either biomass
or lipid productivity of microalgae [32]. Therefore, cell size was not a
sorting criteria in the present study. A 1.5 mL Eppendorf tube containing
the culture (ODysp of 0.2) from the low temperature adaptation exper-
iment was placed in the sample chamber. Cells were selected from three
different density plots (Fig. 1), according to the method previously re-
ported [33]. The single-cell fluorescence was recorded for 2 min to
collect 10° events. A selection gate was created to select cells with a high
emission signal (top 5%) at 720 nm (Fig. 1d). From the selection gate,
single cells per well were selected into a sterile 96-well plate, containing
100 pL sterile NutriBloom medium (nitrogen = 4 mM, pH 8.0). The cells
were incubated at 15 °C, light intensity ~60 pmol m 2 s, 18/6 h
day/night cycle in a climate room. After >40 d incubation, the surviving
cells were grown in flasks for 15-30 d and then scaled up in Algaemist
for more rounds of continuous turbidostat cultivation. In total, >180
d cultivation in Algaemist was performed at 15 °C for further adaptation.
Thereafter, the cells were selected for a second round from the same gate
as above. The strains obtained from the first and second rounds of the
FACS selection were designated Sorted-1 and Sorted-2, respectively. The
procedure of winter strain development is shown in Fig. 2.

Comparison of different strains for growth, fucoxanthin and lipid
productivity

Continuous turbidostat experiments (constant biomass concentra-
tion~1g L™Y) were performed to compare the performance of the three
strains (original, Sorted-1, and Sorted-2) in growth, fucoxanthin and
lipid productivity. The experiments were run from 8 to 29 d after the
culture reached steady state. To compare with the original performance
at 15 °C, the original strain was cultivated in turbidostat mode at 30 °C
and 15 °C. All other settings and sample collection were as described
above.

Daily measurement

During turbidostat experiments, approximately 10 mL of culture was
removed daily from the reactor using a Luer-Lock syringe, approxi-
mately 1 h before the light was switched off. From this culture, ODy5,
cell count, quantum yield (QY), and dry weight (DW) were measured
according to the methods previously reported [31,34]. In addition,
approximately 100 mL of the culture was harvested for cell component
analysis. The harvested cells were washed as previously reported [31].

Fucoxanthin and fatty acids measurement

The harvested T. lutea cells were freeze dried (Sublimator 2 x 3 x
3-5, Zirbus Technology Benelux B.V., Tiel, The Netherlands) for 41 h
before pigment and lipid analysis. Fucoxanthin extraction (using ~2 mg
dried biomass) and measurement were performed according as
described previously [33,34]. Fatty acids extraction (using ~10 mg
dried biomass), separation into polar and neutral lipids and quantifi-
cation were performed as described by [35].
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Fig. 1. Density plots in FACS selection. a: Complexity (BSC-A) versus cell size (FSC-A) and gates to distinguish cells from bacteria; b: Cell size height (FSC-H) versus
cell size area (FSC-A) with a gate to select singlets; c: Complexity height (BSC-H) versus complexity area (BSC-A) to select all algal cells; d: Single-cell fluorescence at
720/60 nm. A gate was created for high fluorescence cells (top 5%). BSC: backward scatter; FSC: forward scattered; A: area; H: height.

Data calculation and analysis

Calculations

The growth rate (4; d~1) in continuous turbidostat experiment during
steady state was equal to the dilution rate D (d’l); and was calculated
according to Eq. 1;

(€8]

Where V;, (mL) is the volume of the daily harvest culture and Vg (400
mL) is the volume of cultivation volume of the Algaemist.

The volumetric biomass productivity (Px; g L~} d 1) was calculated
using Eq. 2;

p:D :Vh/VR

Px=CxxD (2)

Where Cx is the biomass concentration (g LY at steady state and D is
the dilution rate (d~1); and is expressed as an average productivity.

The volumetric Fx productivity (Ppy; mg L' d™Y) was calculated
using Eq. 3;

Ppx = Cpx X Px 3

Where Cpy is the Fx concentration (mg g~! DW) at steady state and Py is
the biomass productivity (g L™' d™!); and is expressed as an average
productivity.

The volumetric TFA productivity (Prpa; mg L1 d™!) was calculated
using Eq. 4;

4

Prra = Ctra X Px
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Where Crpa is the TFA content (mg g~* DW) at steady state and Py is the
biomass productivity (g L™* d™!); and is expressed as an average
productivity.

The volumetric DHA productivity (Ppga; mg L1 d~1) was calculated
using Eq. 5;

)

Where Cpya is the DHA content (mg g ! DW) at steady state and Py is the
biomass productivity (g L™* d™!); and is expressed as an average
productivity.

Ppua = CpuHa X Px

Statistical analyses

The results of continuous turbidostat experiments, expressed as
mean value + standard deviation (SD), were analyzed based on the data
from at least 3 different cultivation points during steady state. Differ-
ences between groups were tested using the IBM® SPSS® Statistics
software program (version 25). The relationship between variables was
determined by one-way ANOVA using a Duncan Post-Hoc test (signifi-
cance level of 0.05).

Results and discussion
Effect of decreasing temperature on Tisochrysis lutea
The original T. lutea was grown at different temperatures to study the

effect of decreasing temperature. The growth rate of T. lutea fell by 95 %
from 0.57 to 0.03 d ! with decreasing temperatures from 30 °C to 15 °C
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(p < 0.05; Table 1). The biomass, Fx, total fatty acids (TFA) and DHA
Table 1

Growth and cell parameters obtained in turbidostat experiments at different
temperatures.

Temperature (°C) 15 20 25 30
u@™h 0.03 + 0.20 + 0.51 + 0.57 +
0.024 0.01¢ 0.06" 0.09°
Diameter (pm) 5.91 + 5.23 + 5.14 + 5.53 +
0.09% 0.06° 0.09¢ 0.13°
Biomass Concentration (g =~ 3.17 + 2.64 + 1.81 + 1.50 +
L~ DW) 0.28° 0.15° 0.20° 0.24¢
Biomass Productivity (g 0.07 + 0.53 + 0.94 + 0.85 +
L7td™h 0.05¢ 0.05° 0.112 0.22%
QY (Fv/Fm) 0.62 + 0.72 + 0.74 + 0.73 +
0.02¢ 0.01¢ 0.01° 0.01°
Cell number (x10°mL™)  59.44 + 85.68 + 66.74 + 50.80 +
3.34¢ 8.95° 11.85° 8.03¢
Cellular Fx content (pg 0.20 + 0.16 + 0.28 + 0.47 +
cell™) 0.04° 0.01¢ 0.04° 0.047

Note: values are the means + SD. Means with different letters are significantly
different (p < 0.05). DW: dry weight; QY: quantum yield.
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productivities followed the same trends, and decreased by 92 %, 98 %,
82 % and 85 %, respectively (Table 1 and Fig. 3). In addition, the Fx
content decreased from 16.05 to 3.67 mg g~* DW, and the polar lipids
fraction in TFA from 63.53 % to 19.56 % (Fig. 3). In colour, the cells of
the original strain grown at 30 °C (Fig. 4a) were slightly brown, but
yellow at 15 °C (Fig. 4b). Although the initial biomass concentration (~2
g LY in each photobioreactor was the same when turbidostat mode
started at day 2 (Fig. 2a), the biomass concentration at steady state
decreased to 1.50 g L1 at 30 °C, whereas it increased to 3.17 g L™} at 15
°C (Table 1), implying that a higher biomass concentration was needed
to maintain the same absorbed light at lower temperatures. This may be
explained by the fall of 57 % in cellular Fx content at 15 °C from 0.47 to
0.20 pg cell™! (Table 1).

T. lutea showed very little growth at 15 °C. As reported previously,
the growth rate of T. lutea decreased markedly below 19 °C and above 32
°C [36] and was 2.05-fold higher at 30 °C than at 16.5 °C in batch
cultivation [34]. Temperature is one of the most important factors
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Fig. 3. Effect of decreasing temperature on growth and cellular composition of original Tisochrysis lutea. (a) Continuous growth, (b) fucoxanthin content and
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Fig. 4. Microscope images of microalgal cells (a-d) and single-cell fluorescence signals at 720 nm (e). a: Original T. lutea cells grown at 30 °C; b: Original T. lutea cells
grown at 15 °C; c: Sorted-1 cells grown at 15 °C; d: Sorted-2 cells grown at 15 °C; e: Single-cell fluorescence of original and cold-adapted strains: A, the original
T. lutea grown at 30 °C; B, the Sorted-2 strain grown at 15 °C; C, the original T. lutea grown at 15 °C.
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affecting the accumulation of carotenoids and lipids in microalgal cells
[37,38]. Higher temperatures resulted in increased accumulation of
carotenoids due to greater photo-oxidative stress [39]. Low tempera-
tures led to increased neutral lipids accumulations in Isochrysis cells
[40]. The cells were stressed due to the perturbed equilibrium between
energy input and energy consumption at 15 °C [41], which was also
indicated by the lowest QY (0.62) and greater cell size (5.91 pm)
(Table 1).

Adaptation, and cell sorting and monitoring using FACS

Adaptation and cell sorting

The Sorted-1 strain was obtained by FACS after a 26 day adaptation
at 15 °C, and 3.6 times replacement of the culture in continuous turbi-
dostat cultivation. A long term cold-adaptation cultivation was operated
again with Sorted-1 for >120 d with more than 15 times replacement of
the reactor volume (Fig. 2). Thereafter, another sorted strain (Sorted-2)
was obtained from another round of sorting performed with the same
selection parameters. The whole procedure of two selection rounds took
~180 d since the incubation and growth periods of the sorted cells were
long at 15 °C: >40 days for incubation in 96-well plate and 15-30 days
for inoculation preparation in flask. Unlike the original T. lutea cells
grown at 15 °C, no visible lipid bodies were observed in Sorted-1
(Fig. 4c) and Sorted-2 (Fig. 4d), indicating that the sorted strains were
not stressed like the original strain at low temperature. Moreover, mi-
croscope observation showed that the shape of part Sorted-2 cells
changed to elliptical instead of round.

Long-term selection under specific temperatures is a strategy to
produce adapted strains. Others have used a long term (7 month) se-
lection approach with T. lutea (daily variations of temperature, 10 cycles
with low temperatures from 12 °C to 28 °C and high temperatures from
28 °Cto 36 °C), which resulted in a thermal niche (temperature range for
which growth is possible) increase of 3 °C (+16.5 %), with a 9%
enhancement of the maximal growth rate [21]. Two new T. lutea strains
with increase in thermal niches (+ 11 % and + 22 % respectively) were
obtained after 41 generations in fed-batch and approximately 157
generations in turbidostat. In the present study, this process was accel-
erated by using targeted selection and isolation of single cells with high
pigment content under the desired temperature, by using FACS. This
approach significantly reduced the number of generations needed (=20
generations) to obtain adapted strains.

Single-cell fluorescence changes

As shown above, Fx and polar lipids content decreased at low tem-
peratures. Under this condition, the cells with the highest Fx and polar
lipids are assumed to be robust and adapted to low temperatures. The
mean single-cell autofluorescence at 720 nm in original T. lutea cells at
15 °C of 12,325 RFU was significantly lower by 31 % than that at 30 °C,
17,949 RFU (Fig. 4e), indicating a pigment decrease at low temperature.
The mean single-cell autofluorescence of the Sorted-2 cells at 15 °C of
17,859 RFU was similar to that in original T. lutea cells at 30 °C (Fig. 4e).
The single cell fluorescence was in line with cellular Fx content
(Table 2). In addition, Sorted-2 cells had the lowest coefficient of vari-
ation (29 %) in fluorescence distribution compared with the original
T. lutea at 30 °C (40 %) and 15 °C (50 %), indicating a more homoge-
neous population of the Sorted-2 strain. Multi-rounds of FACS selection
have been shown to be an efficient strategy for microalgal strain
improvement [26,28]. Here, two selection rounds resulted in the
improved winter strain with a single-cell autofluorescence comparable
to the original strain.

Comparison between winter strains and original strain
Sorted-1, Sorted-2 and original T. lutea strains were cultivated

(continuously) at 1 g L™! to compare their performances in growth, Fx,
and fatty acids content and productivity.
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Table 2
Growth and cell parameters in turbidostat experiments with original and winter
Tisochrysis lutea.

Strain Sorted-1 Sorted-2 Original- Original-
30 15
Temperature (°C) 15 15 30 15
Experiment period (day) 29 8 7 10
ud™ 0.30 + 0.37 + 0.41 + 0.01 +
0.02° 0.01% 0.06° 0.01¢
Diameter (ym) 5.62 + 5.79 + 5.78 + 5.56 +
0.03" 0.09° 0.25° 0.06"
Biomass Concentration 1.03 + 1.06 + 0.92 + 1.07 +
(gL' DW) 0.097 0.14% 0.08? 0.12%
Biomass Productivity (g 0.31 + 0.39 + 0.37 + 0.01 +
Ltd™h 0.00° 0.00% 0.00% 0.00°
QY (Fv/Fm) 0.65 + 0.63 £ 0.73 + 0.54 +
0.05" 0.02° 0.00° 0.04¢
Cell number (x10° 30.73 + 30.56 + 28.91 + 28.23 +
mL) 0.85% 0.40° 2.88° 2.97°
Cellular Fx content (pg 0.10 + 0.15 + 0.14 + 0.04 +
cell™) 0.01° 0.01° 0.02° 0.00°

Note: values are the means + SD. Means with different letters are significantly
different (p < 0.05). DW: dry weight; QY: quantum yield.

Growth of original and winter strains

The growth rate of the original strain at 15 °C was 40 times lower
than that at 30 °C, indicating 15 °C to be an extreme growth condition.
The growth rate of Sorted-2 grown at 15 °C was similar to the original
strain growing at 30 °C, and higher than that of Sorted-1 (Table 2). A
permanent cold environment results in temperature adaptation or
acclimation of photosynthetic microorganisms [42]. In the current
work, long-term cold adaptation improved the growth of T. lutea
significantly. The biomass productivity followed the same trends as the
growth rate. Although the QYs of winter strains grown at 15 °C was still
lower than that of the original strain at 30 °C, they were significantly
higher than that of the original strain grown at 15 °C (p < 0.05; Table 2).
These results demonstrated Sorted-2 to be a robust strain with biomass
productivities at 15 °C similar to the original T. lutea grown at 30 °C.

Fucoxanthin production with original and winter strains

Chlorophyll autofluorescence is linearly correlated to Fx content and
can be used to estimate the photosynthetic activity of microalgal cells
[31,43]. Sorted-1 and Sorted-2 were selected from the gate of the top 5%
chlorophyll autofluorescence at 720 nm, expecting to have high pigment
content. During steady state, the Fx content in Sorted-2 was 1.6-fold
higher than that of Sorted-1 (Fig. 5a). Fx content decreased by 76 %
from 4.53 mg g~! to 1.11 mg g~! with decreasing temperature from 30
°C to 15 °C in the original T. lutea. However, Sorted-2 had a similar Fx
content at 15 °C to that of the original T. lutea grown at 30 °C (Fig. 5b).
The cellular Fx content (pg cell')) followed the same trends as Fx content
(mg g DW) (Table 2).

The Fx productivity of Sorted-2 was significantly higher than that of
Sorted-1 (p < 0.05). The highest Fx productivity (1.65 mg L™ d~1) was
found with Sorted-2 grown at 15 °C, which was similar to that of original
T. lutea (1.68 mg Lt d_l) grown at 30 °C (Fig. 5a). The Fx productivity
was the lowest (0.01 mg L™} d1) in original T. lutea grown at 15 °C
(Fig. 5a).

Fatty acids production with original and winter strains

TFA content, 280.05 mg g~* DW, was the highest in original T. lutea
grown at 15 °C (p > 0.05; Fig. 5b). It decreased significantly in Sorted-1
and Sorted-2, with the lowest, 131.76 mg g~' DW, being found in
Sorted-2 grown at 15 °C, which was 54 % of the value found in the
original T. lutea grown at 15 °C and identical to that of the original strain
at30°C (142.89 mg g_1 DW) (Fig. 5b). The relative amount of saturated
fatty acids (SFA) and monounsaturated fatty acids (MUFA) in TFA
increased by 22.11 % and 36.10 % while polyunsaturated fatty acids
(PUFA) decreased by 46.29 % as temperature were reduced from 30 °C
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Fig. 5. (a) Fucoxanthin content and productivity, (b) polar and neutral lipids content, (c) total fatty acids productivity, (d) DHA content and productivity with
original and winter Tisochrysis lutea in turbidostat experiments. Values are the means + SD; Bars with different letters are significantly different from each other
(comparisons were made between bars with the same color only) (p < 0.05). Original-30: Original Tisochrysis lutea grown at 30 °C; Original-15: Original Tisochrysis

lutea grown at 15 °C.

to 15 °C with the original T. lutea strain (Table 3). However, the PUFA in
winter T. lutea was higher than that of original T. lutea grown at 30 °C,
which was twice that of original T. lutea grown at 15 °C (p < 0.05;
Table 3). Hence, the winter strain is a promising bioresource of PUFA.

The TFA productivities in Sorted-1 and Sorted-2 grown at 15 °C,
(43.61-55.64 mg L~! d1), were similar to those from original T. lutea
grown at 30 °C (Fig. 5¢). The lowest was in the original T. lutea grown at
15 °C, (0.22 mg Lla™, (Fig. 5¢). The lower TFA resulted from the
decreased neutral lipids fraction. Neutral lipids content (58.65 mg g~}
DW) was lowest in Sorted-2, corresponding to 44.51 % TFA (Fig. 5b),
and highest (222.42 mg g~ DW) in the original strain grown at 15 °C,
corresponding to 79.42 % of the TFA (Fig. 5b). Neutral lipids are
commonly accepted as energy storage and are therefore characterized
by low metabolic activity [44]. In contrast, the polar lipids fraction
increased from 20.58 % to 55.49 % in T. lutea at 15 °C from the original
to the winter strain. Polar lipids play special roles in the optimal
maintenance of membrane fluidity for a variety of metabolic and
biosynthetic processes [45]. A major adaptation of metabolic functions
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influencing photosynthesis and microalgal growth at low temperatures
is in membrane fluidity maintenance [46]. Thus, favourable changes,
such as increased polar lipids fraction and Fx content, were in line with
the improved growth rate of the winter strain.

The DHA content, 22.95-30.64 mg g~* DW, was similar in Sorted-1
and Sorted-2 (p > 0.05; Fig. 5d), and 1.9-2.6 fold higher than the 11.90
mg g~! DW reported at a light intensity of 150 pmol m? s and batch
cultivation [47]. The DHA content was lower in the original strain at
both 30 °C (19.89 mg g~ ! DW) and 15 °C (18.01 mg g~! DW) (Fig. 5d).
DHA productivities in Sorted-1 and Sorted-2 grown at 15 °C were
identical to original T. lutea grown at 30 °C, 60-66 fold higher than
original T. lutea grown at 15 °C (0.15 mg L1 d’l) (Fig. 5d).

Seasonal variation in microalgal biomass production is a well-known
challenge. Here, cultivation at low temperature combined with FACS
was found to be a fast approach to obtaining a winter strain. Strains
obtained from this method are non-GMO (genetically modified organ-
isms) that can be used in food or feed industries [48].
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Table 3
Fatty acids profile of original and winter Tisochrysis lutea.

Strain Sorted-1 Sorted-2 Original-30 Original-15
C14:0 19.05 +0.22*  19.39 +£0.37*  15.98 + 0.81°  18.32 + 0.09°
C16:0 12.33 + 10.97 +0.27¢  15.64 +0.13"  20.33 + 0.20°
0.0.28°
C18:0 1.15 + 0.07%° 0.87 + 0.05° 1.07 + 0.05° 1.27 + 0.05°
SOSFA 32,52 + 0.56°  31.23 + 32.69 + 39.92 +
0.69° 0.93° 0.172
Cl4:1cis-  0.05 + 0.07° 0.13+£0.01*  0.14 + 0.02° 0.04 + 0.03*
9
c16:1 1.58 4+ 0.18° 1.98 £0.18° 272 +0.03% 1.58 + 0.02°
c18:1 23.88+0.78°  21.01 +0.10° 23.51 +0.87>  36.98 + 0.09°
C20:1 4.08 + 0.53* 443 +£0.03*  2.69+0.14° 0.95 =+ 0.02°
S MUFA 29.59 + 0.16°  27.55 & 29.06 + 39.55 +
0.31¢ 0.71° 0.09?
C16:2 0.55 + 0.0" 0.81 +£0.08%  0.81 + 0.04° 0.40 + 0.04°
C16:3 0.23 + 0.03" 0.53 +0.06>  0.26 + 0.05" 0.13 + 0.02°
C18:2 6.78 + 0.23% 6.73 +0.07%  6.41 + 0.48° 6.06 + 0.04*
c18:3 4.01 £ 0.19° 4.46 £0.02°  5.70 + 0.06° 2.75 + 0.04¢
C18:4 10.05+0.21°  11.71 £0.20° 10.01 = 0.13>  4.54 + 0.06°
C20:5-n3 0.08 + 0.12° 0.27 + 0.27° 0.71 + 0.16* 0.22 + 0.00°
C22:6 16.05 + 0.55*  16.73 +0.99°  14.34 + 0.63"  6.43 + 0.16°
S PUFA 37.89 + 0.68°  41.23 + 38.24 + 20.54 +
1.00° 0.68° 0.25¢

Note: values (% TFA) represent mean + SD. Means with different letters are
significantly different from each other (p < 0.05). TFA: total fatty acids; SFA:
saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: poly-
unsaturated fatty acids. Sorted 1 and Sorted 2 were cultivated at 15 °C. The
original strain was cultivated at both 30 °C (Original-30) and 15 °C (Original-
15).

Industrial production with the winter strain

The Sorted-2 strain obtained is robust with a stable phenotype after a
year’s cultivation. Besides the good performance at 15 °C, it also showed
a higher (=20 %) biomass productivity at 30 °C than the original strain,
with an improved performance in both winter and summer. Moreover,
in a temperature switch experiment (from 15 °C to 30 °C and then back
to 15 °C, data not shown), the growth rates at 15 °C before and after
temperature switch were identical, indicating a stable phenotype.

The winter strain was transferred to the industrial company NEC-
TON, S.A. (Olhao, Portugal), who used it for one year for production in
flat-panel or tubular photobioreactors with a cultivation volume up to
19,000 L.

Conclusions

In the present study, long-term low temperature adaptation com-
bined with FACS selection was used to develop a T. lutea strain that can
be grown at low temperatures. The Sorted-2 strain, obtained from 2
rounds of FACS selection, had improved Fx content and polar lipids
fraction in TFA from 1.11 to 4.24 mg g ! and 20.58%-55.49%. High Fx
and lipid productivities were achieved in this strain at 15 °C, which were
similar to the original strain grown at 30 °C. This work has provided a
successful experimental strategy to obtain robust strains suitable for
outdoor production in winter.
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