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Abstract

Microalgae are excellent sources of polyunsaturated fatty acids (PUFAs), but only a few species have been thoroughly investi-
gated in controlled photobioreactor conditions. In this work, the cold-adapted microalga Koliella antarctica (Trebouxiophyceae)
was cultivated at 15 °C to optimize growth and PUFA production in bubble-tube and flat-plate photobioreactors. The impact of
nitrogen starvation, phosphorus starvation, salinity, and light intensity on the growth, fatty acid, and protein content was
investigated. After culture optimization, a maximum biomass productivity of 2.37 g L' day ' and maximum cell density of
11.68 g L™" were achieved. Among all conditions tested, the maximum total fatty acid (TFA) content measured 271.9 mg g ' dry
weight in the late stationary phase. Nitrogen and phosphorus starvation strongly induced neutral lipid (TAG) accumulation, up to
90.3% of TFA, which mostly consisted of the monounsaturated fatty acid C18:1n—9 (oleic acid, OA). PUFAs were also abundant
and together accounted for 30.3-45.8% of total triacylglycerol (TAG). The highest eicosapentaenoic acid (EPA) content
(C20:5n-3) amounted to 6.7 mg g ' dry weight (4.9% TFA) in control treatments, while the highest arachidonic acid (ARA)
content (C20:4n—6) was 9.6 mg g ' dry weight (3.5% TFA) in the late stationary phase. Phosphorus starvation was an effective
strategy to obtain high total fatty acid yields (mg L") while maintaining the protein, total PUFA, and omega-3 fatty acid contents.

Keywords Omega-3 fatty acid - LC-PUFA - Eicosapentaenoic acid (EPA) - Flat-plate photobioreactor - Triacylglycerol -
Cold-adapted microalgae

Introduction

Microalgae are excellent sources of bioactive compounds that
are known to benefit animal and human health (Borowitzka
2013). Among them are polyunsaturated fatty acids (PUFAs),
particularly long-chain PUFAs (LC-PUFAs) with carbon
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chain lengths of C20 and above. Especially, eicosapentaenoic
acid (EPA, C20:5n—3), docosahexaenoic acid (DHA, C22:6n
—3), and arachidonic acid (ARA, C20:4n—6) are important
dietary components for animals and humans (Khozin-
Goldberg et al. 2011; Martins et al. 2013). At present, LC-
PUFAs are mostly derived from fish oils, but cultivated
microalgae could provide natural and healthy vegetarian alter-
natives with lower environmental impacts (Wijffels and
Barbosa 2010; Khozin-Goldberg et al. 2011; Chisti 2013).
Although research on microalgae-derived PUFAs is very
promising, only a few species have been thoroughly investi-
gated in intensive cultivation systems. For example, the model
microalgae Phaeodactylum tricornutum and Nannochloropsis
sp. have been studied for EPA production (Chrismadha and
Borowitzka 1994; Miihlroth et al. 2013), while Isochrysis
galbana has been cultivated for DHA production (Liu et al.
2013; Marchetti et al. 2018). However, these strains are most-
ly from temperate or warm water habitats and often perform
best at temperatures around 25 °C. Bioprospecting and opti-
mization of PUFA-rich strains that are able to grow rapidly at
lower temperatures could enable year-round utilization of
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culture facilities in temperate zones and promote microalgae
cultivation in cooler climates (Kviderova et al. 2017).

Cold-adapted microalgae from polar habitats recently
gained attention not only for PUFA production (Teoh et al.
2004; Spijkerman et al. 2012; Artamonova et al. 2017) but
also for their potential to achieve relatively high productivity
at lower water temperatures (Hulatt et al. 2017). Their evolu-
tionary adaptations have enabled them to successfully colo-
nize many low-temperature areas, including glaciers, sea ice,
and polar and alpine regions, which are often characterized by
large seasonal fluctuations in environmental factors such as
light and osmotic stress (Morgan-Kiss et al. 2006;
Prochéazkova et al. 2018). Such adaptations could benefit in-
dustrial cultivation systems, where microalgae often encoun-
ter fluctuations in light intensity, low temperature, and vari-
able salinity, each of which can impact productivity. Of special
interest is the elevation of PUFA levels in the membrane lipids
of cold-adapted microalgae, which is one of the key adaptive
strategies used to increase membrane fluidity and thereby
maintain cell metabolism at lower water temperatures
(Morgan-Kiss et al. 2006; Boelen et al. 2013). Cold-adapted
microalgae might therefore be more productive sources of
PUFAs and other algae derivatives that could be used in
food or feed products.

In microalgae cell cultures, abiotic factors, such as
temperature, salinity, light, and nutrient availability, can
be altered to induce high-value fatty acid production.
Although physiological responses to these stressors are
often species- or strain-specific, the accumulation of fatty
acids is often coincident with reduced growth rates, lead-
ing to a net reduction in fatty acid productivity (Chen et
al. 2017). Moreover, the main storage lipids in microalgae
are triacylglycerols (TAG) that accumulate under stress
conditions and are often comprised by saturated and
mono-unsaturated fatty acids (Sharma et al. 2012). This
in turn alters microalgae oil quality and its nutritional
profile, e.g., reducing the proportion of PUFAs. The best
culture conditions should therefore be carefully selected
to maximize the production of PUFAs (Markou and
Nerantzis 2013).

The cold-adapted microalga Koliella antarctica
(Trebouxiophyceae, Andreoli et al. 1998) is a potential can-
didate for PUFA production and is reported to synthesize
LC-PUFAs (Lang et al. 2011). Koliella antarctica was orig-
inally isolated from ice-free seawater collected at a depth of
3 m in Terra Nova Bay, Ross Sea, Antarctica, at — 1.5 °C
(Andreoli et al. 1998). This species can grow at low temper-
atures down to 2 °C and achieves maximum growth at 15 °C
(Vona et al. 2004). However, the best cultivation conditions
for K. antarctica to obtain optimal growth and lipid produc-
tion are not reported. In particular, detailed information on
its fatty acid profile, LC-PUFA content, and TAG composi-
tion is not available.
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The aim of this work was to optimize the growth and fatty
acid production of K. antarctica in controlled
photobioreactors, as a potential PUFA-rich feedstock for food
and feed products. The impacts of nitrogen starvation, phos-
phorus starvation, salinity, and light intensity on the growth,
fatty acid composition, and protein content of K. antarctica
were investigated. Polar lipids and TAG were separated, and
changes in the fatty acid profiles of these fractions were char-
acterized. The effect of light intensity on the growth rate and
photosynthetic efficiency of K. antarctica was subsequently
measured using flat-plate photobioreactors.

Materials and methods
General cultivation conditions

Koliella antarctica strain SAG 2030 (Chlorophyta,
Trebouxiophyceae) was obtained from the Culture
Collection of Algae at Gottingen University (SAG,
Germany). Stock cultures were retained on 1.2% agar plates
as unialgal colonies and, prior to the experiments, were grown
in 250 mL Erlenmeyer flasks containing Bolds Basal Medium
(BBM) (Bischoff and Bold 1963). The Erlenmeyer flasks
were supplied with a photosynthetic photon flux density
(PPFD) of 90+20 pmol photons m 2 s using cool white
fluorescent lamps. A temperature of 15 °C was maintained
throughout all the experiments, which is representative of
summer conditions in cool climates and winter temperatures
in warmer parts of the world. The bioreactor vessels and nu-
trient media used in each set of the following experiments
were sterilized by autoclave (121 °C, 20 min).

Salinity experiment in 100 mL bubble tubes

Koliella antarctica was cultivated in 27-mm-diameter glass
bubble tubes containing 80 mL of BBM (Table 1, Fig. 1) to
which different amounts of artificial sea salt were added.
Salinities 0, 2, 4, 8, 16, and 32%0 were tested, and cultures
were illuminated at 80 umol photons m 2 s~ using cool white
fluorescent lamps. Each treatment was maintained in a
climate-controlled incubator (Termaks AS, Bergen,
Norway), and the tubes with different treatments were ran-
domized. Air containing 1.0% CO, was supplied to each of
the cultures at a flow rate of 100 mL min '. Addition of CO,
was controlled by a precision gas mixer (Photon Systems
Instruments, Czech Republic) and delivered to each tube by
individual rotameters (FL-2000, Omega, UK). To mitigate
evaporation, the gas stream was bubbled through a humidifier,
an autoclaved 1.0 L glass bottle containing Milli-Q water.
Samples for biomass measurement were taken daily over a
two-week cultivation period, and each treatment was per-
formed in duplicate.
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Summary of experimental treatments in this study

Table 1

CO; (%)

Nutrient medium

Salinity (%o)

Treatment

Light intensity

Reactor type Volume (mL)

Experiment

(umol photons m?2sh

BBM

0,2,4,8, 16,32

80

100
350
350
350
350

e tubes

Bubb
Bubb
Bubb
Bubb
Bubb
Flat p
Flat p

Salinity
Stress

3N-BBM

Control

120

e tubes
e tubes
e tubes

3N-BBM without nitrate

N starvation

120

Stress

3N-BBM without phosphate

3N-BBM
2N-BBM

P starvation

HS

120

Stress

32

120

e tubes

Stress

3x 3N-BBM

70, 250, 500

500

380
380

ate
ate

—_— =

Li-Ex I
Li-Ex II

BBM is Bold’s basal medium in its original formulation, while 3N-BBM is the common adjustment where the nitrate concentration is increased three-fold (3N). Additional adjustments were made for

individual experiments, where 2N-BBM corresponds to double the concentration of nitrate, and 3x 3N-BBM is 3N-BBM formulation at three-fold its original concentration

The soil extract component of Bold’s basal medium remained the same in all of the media in this study

Stress experiment in 350 mL bubble tubes

In this experiment, larger 350 mL glass bubble tubes (Fig. 1)
were used to test the effect of nitrogen (N—), phosphorus
(P—), and high salinity (HS) stress conditions on growth,
fatty acid, and protein production. These larger tubes were
also supplied with air containing 1.0% CO, at a flow rate of
100 mL minfl, but the PPFD was increased to
120 pmol photons m 2 s~ Cultures used in all experimen-
tal treatments were initially grown in the same complete 3N-
BBM medium (BBM with 3-fold nitrate; see Table 1). When
the cultures reached the exponential phase, the cells were
centrifuged (3500 xg, 5 min), washed, and resuspended in
one of four experimental media. The four treatments were
(a) control (3N-BBM); (b) nitrate free, N— (3N-BBM with-
out NaNO3); (c) phosphate free, P— (3N-BBM without
KH,PO, or K,HPOy,); and (d) high salt, HS (3N-BBM with
artificial sea salt added to 32 g L") (Table 1). After washing
and resuspending in the experimental media, the starting
cell density of each tube was approximately the same at
0.3 g L™" dry weight. The time of washing and the applica-
tion of experimental treatments was designated at the start
of the experiment (#=0), and the subsequent cultivation
time was 5 days. Each treatment was performed in triplicate
and randomly assigned to one of the bioreactors.

Light experiments in flat-plate photobioreactors

Koliella antarctica was cultivated in 380 mL flat-plate
photobioreactors (Algaemist-S, Wageningen UR,
The Netherlands) for 18 days, as shown in Fig. 1. The reactor
cultivation vessel, which had a 14 mm light path, was illumi-
nated continuously with warm white LEDs from one side.
Cultures were sparged with 0.2 pum filtered air (Acrodisc
PTFE filters, Pall Corporation, USA) enriched with either
1.0 or 5.0% CO, (Table 1). The cultivation temperature was
accurately controlled with an external cooling system (Julabo
F25, JULABO GmbH, Germany) and an internal heating sys-
tem, maintaining 15 + 0.4 °C. To mitigate evaporation, Milli-
Q water was added with a syringe via the sample port. The
PPFD impinging on the front of the cultivation vessel was
measured with a Li-Cor189 27t quantum sensor. The output
PPFD (the light transmitted through the reactor) was deter-
mined by calibrating the photobioreactor-transmitted light
sensor with the LiCor sensor. Both incident and transmitted
light measurements were the average values obtained at 28
positions on each face. In the first experiment (Li-Ex I), the
PPFD on the front surface was 23 ptmol photons m > s for
the first six days, to avoid immediate light stress, then in-
creased to either 70, 250, or 500 pmol photons m?Zs ' In
the second experiment (Li-Ex II) with higher nutrient concen-
trations, only 500 pmol photons m 2 s~ was supplied. For
each of the cultures in Li-Ex I, the optical density of the
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Salinity optimization (100 mL bubble tubes)

0%o 2%o 4%o 8%o

Select the best salinity for growth

Stress responses (350 mL bubble tubes)

Phosphorus
depletion

Nitrogen
depletion

High
salinity

Select the best strategy for PUFA production

Y v
'ﬁgyi

;
M DR

i i

-
(LN

CO,, Air

Bubble tubes (350 mL )

The best strategy for PUFA production

16%o

Rotameters

32%o

Light intensity (380 mL flat-plate bioreactor)

70, 250, 500 pmol photons m= s

Select the best incident light intensity for growth

pH. sensor

CO,, Air

Temp. sensor

Transmitted
light sensor

Sparger

Flat plate photo-bioreactor (400 mL)

The best growth conditions

Fig. 1 Experimental design and two types of photobioreactor used in the present study including bubble-tube (left) and flat-plate photobioreactors with

14 mm light path length (right)

inoculum was measured and the volume adjusted to achieve
the same starting cell density for each experimental replicate.

Growth measurements

The growth of K. antarctica was measured by the optical
density, which was calibrated against the dry weight. The
optical density was determined by measuring the absorbance
at 540 and 680 nm in a 1 cm semi-micro cuvette. The samples
were diluted with medium (1- to 50-fold) to maintain the ab-
sorbance reading below 1.0 for linear response. The dry
weight of 26 samples from different experiments and time
points were also determined by filtering 10 mL of culture
broth through pre-weighed ~ 1.0 um pore size 47-mm glass
fiber filters (VWR, Norway). Filters were then rinsed with
isotonic ammonium formate (0.5 M for salinity and stress
experiments, 0.06 M for the flat-plate photobioreactors) to
remove extracellular salt and dried at 95 °C for 48 h. Filters
were subsequently re-weighted, and the dry weight (g L™)
was calculated. The dry weight was related to the absorbance
at 540 nm as shown in Eq. (1) (R*=0.99, n=26).

@ Springer

DW = (0.295 - Ass) + 0.088 (1)

where DW is the calculated dry weight (g L™") based on the
absorbance at 540 nm (As4g). The absorbance ratio (Aggo/Asag)
was also determined to indicate the ratio of pigments (mainly
chlorophyll) to the biomass. Samples for further biochemical
analysis were obtained by pelleting cells in 2.0 mL
microcentrifuge tubes, washing with isotonic ammonium for-
mate to remove salt, then stored at —40 °C.

Nutrients

Samples for nitrate and phosphate analysis were centrifuged
(3500 xg, 5 min), and the supernatant was stored at —40 °C.
The extracellular nitrate and phosphate concentrations were
measured with standard colorimetric methods as described
by Ringuet et al. (2011). Nitrate was reduced to nitrite by
NADH:nitrate reductase (NECi Superior Enzymes, Lake
Linden, USA) and measured at 540 nm using a 96-well mi-
croplate. Extracellular phosphate was determined using the
ascorbic acid/molybdate method, and the absorbance of the
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colored complex was measured at 880 nm. Nitrate and phos-
phate uptake rates (mM L' day ') were calculated by divid-
ing the change in nutrient concentrations by the difference in
time, and the maximum values are reported.

Fatty acid analysis of polar lipids and TAG

Total lipids were extracted from approximately 7 mg of
freeze-dried biomass using 4.0 mL of chloroform:methanol
(2:2.5 v/v) containing internal standard (tripentadecanoin,
C15:0 triacylglycerol, Sigma-Aldrich, Norway). A bead
mill (Precellys 24, Bertin Technologies, France) and
0.1 mm glass beads were used for cell lysis. Lipids were
recovered by addition of 2.5 mL Tris buffer (6 g L™' Tris,
58 g L' NaCl, pH 7.5) followed by vortexing (10 s) and
centrifugation (1500 xg, 5 min). The chloroform phase con-
taining the crude lipid extract was removed and dried under
a stream of N,. TAG and polar lipids were then separated by
solid-phase extraction with Waters Sep-Pak columns (1 g
silica cartridges, 6 mL, Waters, Ireland). Neutral lipids
(TAG) were first eluted with 10 mL of 7:1 (v/v)
hexane:diethyl ether; then, polar lipids were eluted with
10 mL of methanol:acetone:hexane (2:2:1 v/v/v). Solvents
were then evaporated under N, gas, and the fatty acids were
derivatized to fatty acid methyl esters (FAMEs) by adding
acidic methanol (3.0 mL 5% H,SO, in methanol, 70 °C for
3 h). FAMEs were collected into hexane and quantified
using a gas chromatograph equipped with a Flame
Ionization Detector (SCION 436, Bruker, UK) and an
Agilent CP-Wax 52CB column (Agilent Technologies,
USA). Supelco 37 component standards (Sigma-Aldrich,
USA) were used for identification and quantification of
the FAMESs. Additional standards were obtained to identify
more unusual C16 and C18 series of fatty acids.

Elemental composition and protein content

The elemental composition of biomass including carbon,
hydrogen, and nitrogen (CHN) was determined by ele-
mental analysis (Elemental Microanalysis, Okehampton,
UK). The protein content (%) was calculated using a
nitrogen-to-protein conversion factor of Nx4.78
(Lourenco et al. 2004), where N is the elemental nitrogen
content (%).

Calculations

The volumetric productivity (g L' day ") was calculated be-
tween two time points as in Eq. (2):

Cr i_Cx.i—
p, = GiCuin @

1=t

where P is the productivity, C,; and C,,;_ are the concen-
trations of the biomass (g L) at two time points and £;— £;_;
is the time (days) between measurements. For the salinity
experiment, the maximum productivity was calculated be-
tween days 5 and 7. In the stress experiment, Li-Ex I and Li-
Ex II, the maximum volumetric productivity occurred at dif-
ferent times in different treatments and was calculated as the
highest productivity observed between two time points in each
treatment. The maximum areal productivity P4 (g m > day ')
was calculated according to Eq. (3):

Pp = 7Pma}( al 3)
A

where Py, is the maximum productivity (g L' day "), Vi

is the reactor volume (0.38 L), and /4 is illuminated sur-

face area (0.029 m”). The maximum biomass yield per

mol photons PAR (Yx/mol> & mol ™! photons) was calculat-

ed using Eq. (4).

Py

PPFD )

Y x/mol —
where PPFD is the average PAR photon flux density on
surface of the reactor (mol photons m 2 day ).

Statistical analysis

The statistical software R studio version 0.99 was used to
perform one-way analysis of variance (ANOVA) and post-
hoc Tukey’s multiple comparison tests (R Core Team 2018).
Data were tested for normality and homogeneity of variances
using Shapiro-Wilk and Bartlett tests, respectively. P values
smaller than 0.05 were considered significant, and details of
each test can be found in supporting information Table 1S.

Results
Effect of salinity on growth in 100 mL bubble tubes

The growth of K. antarctica in different salinities ranging
from freshwater (0%o) to seawater (32%o0) conditions is
shown in Table 2 and Fig. 1S. Higher growth rates were
attained under low salinity conditions (< 16%o). At salinity
levels from 0 to 16%o, the maximum dry weight was in the
range 2.69 to 2.90 g L™'. However, at salinity 32%o, the
maximum biomass concentration was lower, reaching only
2.14 g L' Although growth rates at salinities 2 and 4%
were similar, the highest productivity of 0.53 g L™' day ™'
was achieved at salinity 4%o. Hence, 4%0 was selected as the
optimal salinity for further cultivations.

@ Springer
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Table 2 Maximum dry weight and biomass productivity of X.
antarctica cultured under different salinities

Salinity (%) Maximum dry Maximum productivity
weight (g L) (gL " day "

0 2.69 +0.03 0.51 + 0.006

2 2.87 £0.10 0.50 + 0.001

4 2.90 + 0.02 0.53 +0.042

8 2.77 £ 0.03 0.46 + 0.026

16 2.69 + 0.06 0.48 + 0.002

32 2.14 +£0.14 0.45 + 0.052

The maximum dry weight is the highest value recorded during the 14-day
cultivation period

The maximum productivity was recorded from day 5 to 7 in all treatments
Values are mean =+ the standard error of duplicates

Effect of different stressors on growth in 350 mL
bubble tubes

To select the best strategy that enables K. antarctica to pro-
duce high amounts of fatty acids and PUFAs, the impact of
nitrogen (N—) starvation, phosphorus (P—) starvation, and
high salinity (HS) conditions on growth, fatty acid, and pro-
tein assimilation was investigated. The growth curves of K.

Fig. 2 Effect of N starvation, P
starvation, and high salinity
(32%0) on the growth and nutrient
uptake of K. antarctica in batch
cultures. a Cell density (g L™"). b
Extracellular nitrate concentration
(mM). ¢ Absorbance ratio (Aggo/
Asyp). d Extracellular phosphate
concentration (mM). The error
bars indicate standard error of the
mean (n=3)

a:“ High salinity
—O— Control

-43--N starvation

w

-4« P starvation

Dry weight (g L")

antarctica cultivated under these conditions are shown in
Fig. 2a. In all conditions, the biomass concentration increased,
but there were significant differences in the maximum produc-
tivity (F=53.8, p<0.001) and the maximum cell density
(F=311.5, p<0.001) among the treatments (Table 1S).
Control cultures displayed strong growth and achieved the
highest dry weight of 3.73 g L™ at day 5, significantly higher
than each of the other treatments (Tukey’s HSD, p <0.001).
The lag phase in the HS treatment extended to 2 days, but the
maximum growth rate of 0.69 g L' day ' was slightly higher
than the 0.57 g L™' day ' recorded in P-starved conditions,
and eventually both achieved comparable maximum cell den-
sities 0f 2.23 and 2.30 g L', respectively (Tukey’s HSD, p =
0.857). The maximum productivity of K. antarctica under N
starvation was however significantly lower than each of the
other treatments (Tukey’s HSD, p < 0.001), and the maximum
cell density reached only a quarter of that achieved in the
control medium (Table 3).

Figure 2b,d illustrates the nitrate and phosphate assimila-
tion capacity of K. antarctica under the different stress condi-
tions, while the corresponding nutrient uptake rates are pre-
sented in Table 3. Concordant with the growth rates, there
were also significant differences in nitrate uptake (F'=47.0,
p<0.001) and phosphate uptake (F'=33.62, p<0.001) be-
tween the treatments. Phosphate uptake in the N-starved

b10

Extracellular nitrate (mM)

AB80/A540 ratio

Qe

by = N
o &) =}

Extra%ellular phosphate (mM)

Time (days)
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- O — —
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El é § ; H JA Similarly, the HS treatments also consumed the available ni-
é BLlZE| @ d & trate by day 5. Hence, K. antarctica in the control medium and
2 § 2 HS conditions still experienced N+ P and N starvation, re-
£ § p spectively, during the later stages of cultivation.
e B = The Aggo/Asao 1atio in both N- and P-starved media de-
(=] .
g _§’ % -% . i 3 H i creased throughout the experiment, but N-starved cells were
= = N . . . . .
éT_] i z % S § § § characterized by lower ratios than P-starved cells, indicating
2 % § o= | = = more substantial loss of photosynthetic pigments (Fig. 2¢). At
: = g the end of cultivation, the values for N-starved and P-starved
<
% & E . cells were 0.95 and 1.04, respectively. Control cultures were
E %% E —a - e characterized by an initial increase in Aggo/As40, reaching 1.47
2= i S j i i j at day 3, followed by a decline to 1.06 at day 5. This pattern is
- gl . . . .
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= - —_ N — I~ . . e .
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c ~
g3 ~
:é < (;é E © &~ N Effect of different stressors on fatty acid and protein
- S o O© O . .
A B TR production in 350 mL bubble tubes
g‘% 2l 22|92 xx
—Egluzm |2 =S .
S E ; The effects of N, P, and HS stress on the total fatty acid con-
E» g *“é’ tents (Cra, % DW) are shown in Table 3. There were signif-
é ; i: = <, 20 icant differences in Cys between the treatments (F=33.9, p<
= g % :‘D § : ﬁ E 0.001), where both N— and P— conditions yielded significantly
E 8 g i © < v N higher fatty acid concentrations (each 18% DW) than control
%D‘Zlo 2 & g § 8 7T and HS conditions (Tukey’s HSD, p <0.004). However, the
S g % reduced biomass productivity under N starvation ultimately
CE: led to the lowest overall fatty acid yield (Yga) of
>~ € — -1 . .
258 g 165.4mg L in this treatment. In contrast, the control cultures
= % § g achieved the highest Yps of 507.6 mg L.
Al L In all treatments, the total fatty acid content increased from
— 1= o — . .
= é : g ?9 E 2 § § day 2 to day 5, mainly due to TAG accumulation (Table 4).
8 = Ll Ez|l W ow ow o The highest proportion of TAG was detected under N starva-
£ g2 §_§ § § § § tion at day 5, where it accounted for 79.5% of TFA
< — . oy
2 E% (179.1 m; ' DW). In nutrient-replete conditions (control,
S E g g8 p
22 :'? day 2), the dominant fatty acids were C16:0, C16:4n—3,
gg 3 e IR C18:3n—3 («-linolenic acid, ALA), and C20:5n—3 (EPA).
‘g‘g E|lsg|z222¢2 However, under N- and P-starved conditions, C16:0,
8 %‘é gT_] j} jr i ;1 C18:1n—9 (oleic acid, OA), C18:2n—6 (linoleic acid,
%;E Sw|22 23 LA), and ALA became dominant. TAG accumulation
5 a5 was attributed predominantly to a large increase in OA,
= g 8 comprising up to 52.7% of neutral lipids. However, the
- g ﬁg E _ PUFAs LA, ALA, and C20:4n—6 (arachidonic acid, ARA)
2 S 2 % % | were also enriched in TAG, and together total PUFAs
—= 0O 2]
e 8E|E S zd = accounted for 33.9-45.8% of TAG at day 5 (Table 4).
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The highest PUFA content of 90.6 mg g ' DW, as well as
the highest w—3 fatty acid content of 43.6 mg g ' DW,
was observed after 5 days of P starvation. The LA and
ALA contents of P-starved cells amounted to 27.1 and
22.7 mg g ' DW, respectively, which were also higher
than the other treatments. The HS treatment induced the
accumulation of TAG with a large proportion of OA at
day 2. The proportion of TAG was higher in the HS treat-
ment (35.0% TFA) than that of control cultures (20.2%
TFA) at day 2.

The highest amount of EPA was 6.7 mg g ' DW (4.9%
TFA) in high-density control cultures (day 5) but slightly low-
er during P and N starvation at 5.4 and 3.8 mg g ' DW,
respectively (Table 4). The lowest EPA content of
2.1 mg g”' DW was recorded for the HS group at day 2. In
contrast to EPA, the total ARA content was enhanced by N
starvation. ARA increased from 1.4 mg g ' DW in nutrient-
replete conditions to 7.4 and 4.6 mg g ' DW (4.1 and 2.6%
TFA) in N and P treatments, respectively, primarily accumu-
lating in the TAG fraction.

The total protein content (Cpro) also varied significantly
between the different treatments (F'=269.9, p < 0.001). Under
P starvation, the protein content of K. antarctica at day 5 was
31.4% DW, which was significantly higher than that of N—
(12.2% DW), HS (27.0% DW), and control treatments (21.9%
DW) (Tukey’s HSD, p <0.001). Cells in N-starved conditions
therefore had the highest C:N ratio of 19.8, approximately
twice that of the other treatments, which ranged from 7.9 to
10.7 (Table 3).

Effect of light intensity on growth in 380 mL flat-plate
photobioreactors

The effect of light intensity on the growth of K. antarctica was
studied in flat-plate photobioreactors. In the first experiment
(Li-Ex I), the maximum biomass productivity increased from
0.48 t0 1.04 g L™" day ' when the PPED was raised from 70 to
250 pmol photons m 2 s, but there was no further increase in
growth rate when light was increased to
500 pmol photons m 2 s ' (Table 5, Fig. 3a). The extracellular

Table 5 Biomass production of K. antarctica grown in flat-plate
photobioreactors at a photosynthetic photon flux density (PPFD) of 70,
250, or 500 pmol photons m > s . Values are the maximum biomass

nitrate in all cultures was exhausted by day 8 (Fig. 3c). In
cultures supplied with 250 and 500 pmol photons m % s™",
the Aggo/Asqo ratio decreased rapidly after day six, reaching
0.95 to 0.93 after nine days. In cultures supplied with
70 pmol photons m 2 s~' though, the effect was dampened,
and the Aggo/Asqg ratio reached a lowest value of 0.98 at day
16 (Fig. 3b). Under all light conditions, the initial pH 6.5 in-
creased to pH 7.8-7.9 by day 7 or &, then decreased slightly to
pH 7.6-7.7 toward the end of cultivation, as the growth rate
slowed (Fig. 3d). Together, the attenuated growth under
500 pmol photons m > s' coupled with the nitrate and pH data
(Table 5) indicated that nutrient availability and possibly CO,
supply might have constrained the maximum growth rate. To
test whether we could obtain higher yields, the nutrient and
CO, concentrations were subsequently increased and the exper-
iment was repeated at 500 pmol photons m 2s . In this second
experiment (Li-Ex II), the maximum biomass productivity was
indeed substantially higher, reaching a maximum of
237 g L' day !, with the highest cell density measured at
11.68 g L™" at the end of cultivation (Fig. 4c, Table 5). In Li-
Ex 1II, the absorbance ratio Aggo/Asso remained stable between
0.95 and 1.09 throughout the experiments.

Photosynthetic yield in 380 mL flat-plate
photobioreactors

To characterize the photosynthetic efficiency of K. antarctica un-
der different light intensities, the maximum biomass yield per
mol photons PAR (Yo, g mol ' photons) was calculated for
each treatment (Table 5). The cultures under low irradiance used
light more efficiently than those at higher light intensities, av-
eraging 1.05 g mol ™' photons at 70 umol photons m > s ', and
reducing to 0.27 g mol ™' photons at 500 pmol photons m > s ™.
In Li-Ex II, however, K. antarctica showed improved response
at 500 umol photons m 2 s~ ', with strong growth throughout
the duration of the experiment (Fig. 4a). In this second experi-
ment, the photosynthetic efficiency at
500 pmol photons m s~ was improved to 0.73 g mol ™' pho-
tons, and the maximum areal productivity of 31.58 gm 2 day '
was the highest recorded (Table 5).

productivity, maximum areal productivity, and maximum photosynthetic
yield obtained from the experiments Li-Ex I and Li-Ex II

Medium PPFD CO, (%) Max productivity Max areal productivity Max biomass yield
(umol m 2 s (gL' day™h (gm 2 day ") light (g mol! photons)

2N-BBM 70 1 0.48 + 0.01 6.36 £ 0.08 1.052 £ 0.014

2N-BBM 250 1 1.04 = 0.01 13.85 +0.07 0.641 + 0.003

2N-BBM 500 1 0.87 £ 0.10 11.62 £ 1.39 0.269 + 0.032

3x 3N-BBM 500 5 2.37 £0.09 31.58 + 1.21 0.731 £ 0.028

Mean values (£standard error) of duplicates per treatment are given in the table
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Fig. 3 The effect of the photosynthetic photon flux density (70, 250, and

500 pumol photons m ™2 s™') on the growth of K. antarctica in flat-plate
photobioreactors over 18 days. a Cell density (g L™"). b Extracellular

Fatty acid production in 380 mL flat-plate
photobioreactors

In the flat-plate photobioreactors, K. antarctica illuminated
with 70, 250, and 500 umol photons m 2 s was able to
accumulate considerable amounts of fatty acids, with a large
increase in TAG and a slight decrease in polar lipid fatty acids
toward the stationary phase (Fig. 5, Fig. 2S). The highest TFA
content of 271.9 mg g ' DW was recorded under
250 umol photons m > s' at day 18, where 90.1% TFA was
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found in TAG (Fig. 2S). Total PUFAs at day 10 (late expo-
nential phase) ranged from 52.9 to 53.9 mg g ' DW and con-
sistently increased up to 88.5 mg g ' DW at day 18 in the late
stationary phase. The highest total PUFA content was record-
ed at day 18 when cultures were supplied with
250 pmol photons m 2 s~ ', where 86.2% of total PUFAs were
found in TAG. In all Li-Ex I treatments, a time-dependent
increase in ARA and LA content was observed, mostly in
the TAG fraction (Fig. 5a,b). The highest ARA content was
obtained under 250 wmol photons m s ' at 9.6 mg g ' DW

Fig. 4 Growth of K. antarctica in 13 b
optimized conditions in flat-plate e} a 't% 14
photobioreactors (Li-Ex I, . o 8
.500 pmol photons m ™2 sﬁl.), using it §' Z,;, 12
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concentration (5% CO, v/v). a - 8 "g 09
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Fig. 5 The fatty acid composition (mg g ' DW) of TAG and polar lipids
from K. antarctica grown in flat-plate photobioreactors under different light
intensities (70, 250, and 500 pmol photons m?2s! ), determined at days 10,
14, and 18. a Arachidonic acid, C20:4n—6 (ARA, left) and eicosapentaenoic
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(3.5% TFA) in the late stationary phase. The total EPA content
was mostly conserved throughout growth, ranging between
2.9and 4.1 mg g ' DW (Fig. 5a). However, the percent share
of EPA consistently decreased from 3.6% of TFA during the
late exponential phase to its lowest value of 1.5% of TFA in
the late stationary phase. The ratio of w—3 to w—6 fatty acids
was the highest at day 10, but it decreased thereafter to 0.5,
irrespective of the PPFD (Fig. 2S), due to a large increase in
the abundance of LA (Fig. 5b).

Discussion

This study aimed to investigate and optimize the growth and
PUFA production of the cold-adapted microalga K. antarctica
at a cool temperature of 15 °C. Although some data is avail-
able for this strain (Vona et al. 2004; Ferroni et al. 2007; Lang
et al. 2011; La Rocca et al. 2015), the results of our study
present a comprehensive analysis of its growth and fatty acid
profile in laboratory-scale photobioreactors. Especially, we
were able to obtain relatively high biomass productivity and
identify the effects of nitrogen starvation, phosphorus starva-
tion, high salinity, and light intensity on the dynamics of
PUFA and TAG production.

Salinity tolerance of Koliella antarctica

Salinity can affect the growth of microalgae by altering the
biochemical composition and photosynthetic performance
(von Alvensleben et al. 2016). To improve biomass produc-
tivity, the salinity should be optimized for each strain
(Martinez-Roldan et al. 2014). Batch growth in bubble tubes
indicated that K. antarctica preferred lower salinity condi-
tions, with maximum growth rates obtained at 4%o.
However, the microalga was euryhaline and tolerated salin-
ities from freshwater up to natural seawater concentrations (0—
32%o0). Although K. antarctica was isolated from the Ross
Sea, Antarctica (Andreoli et al. 1998), based on morphologi-
cal and physiological traits, it has been suggested that the
isolate could have originated from Antarctic freshwater habi-
tats (Andreoli et al. 2000; Ferroni et al. 2007). This microalga
is not found in the open seas, and our data suggests the asso-
ciation of K. antarctica with freshwater or brackish habitats.
However, this does not exclude the possibility that K.
antarctica inhabits coastal or littoral marine environments.
The broad salinity tolerance of this strain offers flexibility in
mass cultivation, where saline or brackish water could be used
to help reduce the freshwater footprint linked to microalgae
cultivation (Guieysse et al. 2013). Furthermore, the tolerance
to salinity variation may also help to avoid significant de-
creases in outdoor productivity or culture collapse caused by
evaporation or rainfall (Ishika et al. 2017).

Fatty acid production by Koliella antarctica

Nitrogen starvation is often the most effective strategy to
trigger fatty acid accumulation in microalgae, while phos-
phorus starvation typically has more limited effects (Chen
et al. 2017). Salinity can also be manipulated to induce
fatty acid accumulation (Pal et al. 2011; Salama el et al.
2013). However, each of these stress conditions often de-
creases or arrests growth, which results in lower overall
fatty acid productivity (Prochazkova et al. 2014). Here,
phosphorus-starved cultures yielded similar fatty acid
concentrations to nitrogen-starved cultures (each approxi-
mately 18% DW), but the reduced growth in N-starved
cultures led to lower TFA yields of only 165.4 mg L™".
Although this result indicates that P starvation could be an
effective strategy to increase the fatty acid concentrations
in this strain, the profile of nutritionally valuable PUFAs
is also a criterion for bioprocess optimization.

To investigate the impact of different stressors on the
fatty acid profile, total lipids were fractionated into neu-
tral lipids (TAG) and polar (membrane) lipids. Although
TAG accumulation is mostly studied for biofuel purposes
(Hu et al. 2008), its importance as a valuable source of
fatty acids in nutrition applications has also been recog-
nized (Klok et al. 2014). Koliella antarctica accumulated
TAG up to 90.0% of TFA (Li-Ex I), and, although TAG
was mostly comprised of the mono-unsaturated fatty acid
OA, PUFAs were also abundant and together accounted
for 30.3-45.8% of TAG. This trend is similar to our pre-
vious study, where Arctic snow algae deposited compara-
ble amounts of PUFAs in neutral lipids (Hulatt et al.
2017). Similar incorporation of PUFAs, including LC-
PUFAs, into TAG has also been reported in
Thalassiosira pseudonana and Paviova lutheri (Tonon et
al. 2002; Guiheneuf and Stengel 2013). Lobosphaera
incisa, a green microalga isolated from an alpine environ-
ment, is also known to accumulate large amounts of ARA
in TAG. For some microalgae that inhabit harsh environ-
ments, TAG might serve as a depot of PUFAs (Bigogno et
al. 2002), and these strains could be cultivated under ad-
verse conditions to maximize PUFA production.

For animal and human health, foods with a high w—3 fatty
acid content are desirable (Abedi and Sahari 2014). In addi-
tion, a balanced w—3/w—6 ratio is also important, because
w—3 and w—6 fatty acids and their derivatives are often func-
tionally and metabolically antagonistic (Glencross 2009;
Simopoulos 2016). The recommended w—3/w—6 ratio for hu-
man health is 0.5 to 1.0 (Simopoulos 2016), and in our study,
the w—3/w—6 ratio of K. antarctica was between 0.5 and 6.3,
across all conditions.

Among all of the treatments tested, phosphorus starvation
was an effective strategy to produce a quality fatty acid profile.
Phosphorus-starved cells contained the highest amount of
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PUFAs (90.6 mg g ' DW, 50.8% TFA) and w—3 fatty acids
(43.6 mg g ' DW, 24.5% TFA), with an w—3/w—6 ratio of
0.9. The essential fatty acids LA and ALA were also more
abundant in P-starved cells, compared with the other stress
treatments. Although OA constituted a third (32.3%) of the
TFAs in P-starved cells, valuable PUFAs can be separated
from other fatty acids by fractional distillation or winterization
(Mendes et al. 2007; Cuellar-Bermudez et al. 2015). Both
natural and refined microalgae oils could be used as sources
of food and feed and in nutraceutical and pharmacological
applications (Adarme-Vega et al. 2012).

LC-PUFA production by Koliella antarctica

Only a subset of microalgae species have the necessary
metabolic pathways to produce LC-PUFAs with chain
lengths of C20 and beyond (Miihlroth et al. 2013).
Therefore, strains such as K. antarctica that can produce
EPA and ARA are potentially valuable cell factories. Our
fatty acid identifications are concordant with those of
Lang et al. (2011), who also identified the production of
ARA and EPA in K. antarctica. In the present study, the
highest EPA content amounted to 6.7 mg g ' DW (4.9%
TFA) in control treatments. However, this was almost
matched by cells under P starvation and HS conditions,
each of which contained comparable total amounts of
EPA at 5.4 mg g ' DW (3.1 and 5.0% of TFA, respec-
tively). The proportion of EPA produced by K. antarctica
was similar to Tetraselmis chuii, a microalga commonly
used in aquafeeds, in which EPA accounted for 5.0% of
TFA (Lang et al. 2011). In the bubble tube experiments,
the accumulation of ARA in K. antarctica was induced by
both N and P starvation, but it was more enhanced by N
starvation than by P starvation. The highest ARA content
of 9.6 mg g ' DW (3.5% of TFA) was found under
250 umol m 2 s ! after prolonged nutrient starvation in
the flat-plate photobioreactor, and its proportion was com-
parable to other candidate strains for ARA production,
including P. tricornutum (Rezanka et al. 2014).

EPA can be synthesized via the w—3 and w—6 pathways in
microalgae (Guschina and Harwood 2006). Here, the presence
of'the intermediate fatty acid ARA implicates at least a role for
the w—6 route in K. antarctica. The w—6 pathway is also the
dominant metabolic pathway in the EPA-rich eustigmatophyte
Nannochloropsis (Schneider and Roessler 1994; Shene et al.
2016). However, the exact nature of LC-PUFA biosynthesis in
K. antarctica, including the regulation of metabolic pathways,
merits further investigation.

Protein content of Koliella antarctica

Nutritional and toxicological tests have reported that
microalgae biomass is often suitable as a protein-rich feed
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supplement or could replace conventional protein sources
(Yaakob et al. 2014). However, under certain stress condi-
tions, the carbon fixed by microalgae is partitioned toward
carbohydrate or lipid synthesis, rather than protein synthesis
(Hu et al. 2008). Our results showed that phosphorus-starved
cells maintained the highest protein content of 31.4% DW,
while the nitrogen-starved cells recorded the lowest protein
content of 12.2%. Therefore, K. antarctica can accumulate
fatty acids under P starvation while simultaneously maintain-
ing the protein content. This feature could make the microalga
a suitable whole-cell ingredient for animal and aqua feeds, in
which both high protein and lipid contents are desired (Wells
et al. 2017). However, the nutritional value of protein in K.
antarctica needs to be evaluated by assessing its amino acid
profile and conducting digestibility studies.

Cultivation of Koliella antarctica in intensive
flat-plate photobioreactors

The cultivation of microalgae in intensive conditions, in-
cluding high light, is an important step toward developing
systems that can be deployed at larger scale, potentially
outdoors. Light intensity is an especially important param-
eter for industrial microalgae production because it influ-
ences cell growth and photosynthetic efficiency and chang-
es the biochemical composition of microalgae (He et al.
2015). Here, the maximum biomass yield on light was the
highest (1.05 g mol ! photons) at 70 pmol photons m s,
but it decreased to 0.27 g mol ' photons at
500 wmol photons m s~ '. At low irradiances, higher pho-
tosynthetic efficiency can be obtained because heat dissipa-
tion by non-photochemical quenching (NPQ) or chloro-
phyll fluorescence is minimized (Miiller et al. 2001). The
maximum biomass yield on light at a PPFD of
70 pumol photons m 2 s~ ' was comparable to those obtained
in other studies at warmer temperatures. For example,
values of 1.25 and 1.11 g mol ' photons were obtained at
low light intensities using the model alga Chlamydomonas
reinhardtii (Takache et al. 2010; Kliphuis et al. 2012).

The attenuated growth at 500 pmol photons m s in Li-
Ex I could be attributed to the combined effects of nutrient and
CO, supply, coupled with the high irradiance. Especially, the
high rate of nitrogen consumption in Li-Ex I likely suppressed
protein biosynthesis and impaired photosynthetic perfor-
mance (Ho et al. 2012). The negative effects of high irradiance
can be mitigated to an extent by supplying excess nutrients
and CO,, while allowing the cell density to increase to im-
prove mutual shading (Chen et al. 2011). When these adjust-
ments were made in Li-Ex II, the maximum productivity of K.
antarctica was substantially improved to 2.37 g L™" day ',
and the maximum biomass yield on light was enhanced pro-
portionally to 0.73 g mol ! photons. To our knowledge, this is
among the higher biomass productivities obtained at



J Appl Phycol

temperatures < 15 °C, and one of few studies that have used
optimized photobioreactor platforms to cultivate polar
microalgae. Although the results of this study are promising,
our experiments used a maximum irradiance of
500 wmol photons m > s~'. Future studies might therefore
extend this work by testing the effects of higher and/or vari-
able light conditions. Especially, the combined effects of tem-
perature and high light should be investigated, to test the suit-
ability of K. antarctica for possible outdoor cultivation sys-
tems in cooler climates.

Conclusions

Koliella antarctica exhibited maximum biomass productivity
of 2.37 g L' day ' at 15 °C after culture optimization and
tolerated a relatively broad range of salinities. The highest
total fatty acid content obtained was 271.9 mg g~ ' dry
weight. Nitrogen and phosphorus starvation strongly in-
duced TAG accumulation up to 90.3% TFA, which mostly
consisted of the monounsaturated fatty acid OA. However,
PUFAs were also abundant and together accounted for
30.3-45.8% of total TAG. The highest amount of EPA was
6.7mg g ' DW (4.9% TFA) in the control treatments. ARA
accumulation mostly occurred in TAG and was largely in-
duced by nitrogen starvation, reaching 9.6 mg g~ ' DW
(3.5% TFA) in the late stationary phase. Phosphorus starva-
tion was an effective strategy to obtain high fatty acid con-
tents, while also maintaining the protein content.
Phosphorus-starved cells also contained the highest total
PUFAs and omega-3 fatty acids. The high productivity of
K. antarctica at cooler temperatures concurrent with pro-
duction of high-value LC-PUFAs could make this strain a
potential candidate for producing food and feed ingredients,
possibly offering the opportunity for cultivation in cooler
climates or during the winter in temperate regions.
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