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Microalgae are considered to be an important and sustainable alternative to ﬁsh oil as a source for the polyunsaturated fatty acids (PUFAs) eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Due to their
health beneﬁts, there is an increasing interest in the commercial application of these fatty acids (FA) to health
and dietary products, and to aquaculture feeds. However, FA from microalgae are still expensive to produce
compared to ﬁsh or plant oils. With only a few microalgal strains being cultivated on a large scale for commercial
PUFA production, prospecting for new, robust and fast-growing strains with increased PUFA content is essential
in order to reduce production costs. Microalgae from northern high latitudes, exposed to cold temperatures, may
be especially promising candidates as previous studies have shown increasing unsaturation of FA in response to
decreasing growth temperatures in diﬀerent microalgae, most likely to maintain membrane ﬂuidity and function. We have designed a screening pipeline, targeting a focused search and selection for marine microalgal
strains from extreme North Atlantic locations with high robustness and biomass production, and increased levels
of EPA and DHA. The pipeline includes a rational sampling plan, isolation and cultivation of clonal strains,
followed by a batch growth experiment designed to obtain information on robustness, growth characteristics,
and the FA content of selected isolates during both nutrient replete exponential cultivation and nutrient limited
stationary cultivation. A number of clonal cultures (N = 149) have been established, and twenty of these strains
have been screened for growth and FA content and composition. Among those strains, three showed growth rates
≥ 0.7 d− 1 at temperatures of 15 °C or below, and high amounts of EPA (> 3% DW), suggesting their potential as
candidates for large scale production.

1. Introduction
The omega-3 long-chained PUFAs (LC-PUFAs), eicosapentaenoic
acid (EPA, 20:5) and docosahexaenoic acid (DHA, 22:6) have unique
nutritional beneﬁts for human health [1]. They appear to be essential in
preventing cardiovascular disease, and most nutritional guidelines now
include recommendations for increased intakes of these FA [2]. The
current major source for these LC-PUFAs is marine ﬁsh oil. However,
ﬁsh, like other animals, do not eﬃciently synthesize EPA and DHA
themselves, but obtain and accumulate them via the marine food chain
from PUFA-synthesizing microalgae [3–6]. Because of their high EPA
and DHA levels, oily wild ﬁsh are considered a health food, and their oil
is in much demand for use in aquaculture feed as a source of these
PUFAs. Approximately 70% of the globally-available ﬁsh oil is currently

⁎

consumed by aquaculture feed production [7]. Additionally, other applications and markets for direct human consumption of EPA and DHA
rich ﬁsh oil are developing rapidly. This increasing demand for ﬁsh oil,
and its commercial production from wild ﬁsh stocks has led to economic, ethical and environmental concerns. Due to increasing competition in the global market, ﬁsh oil is increasingly being substituted with
vegetable alternatives in modern aquafeeds [8]. However, as plant oils
lack omega-3 LC-PUFAs [1], this leads to a decrease in the relative EPA
and DHA levels in farmed ﬁsh, and the production of plant oils also uses
valuable and increasingly limited farmland. Questions concerning the
relatively high content of omega-6 FA in land-plant based oils and their
potentially negative eﬀects on human health have also been raised in
the literature [9]. Thus, there is a great demand for new sources of
omega-3 FA, and microalgae are currently regarded a promising
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Puddefjorden and Raunefjorden (Fig. 1C, sampling stations 1, 2 and 3,
respectively) were sampled four times during the year, in order to cover
all four seasons. In addition to this, the re-isolation of natural samples
obtained in 2012 from deep water masses at 1000 m in Sognefjorden
(Fig. 1C, sampling station 4), was included. At all sampling sites, phytoplankton samples were taken by vertical net haul (mesh size 10 μm)
at depths from 0 to 10 m in fjords and 0–50 m in Arctic waters, and
Niskin water bottles were used for the deeper water layers. In the fjords,
sediment and bioﬁlm samples from the intertidal zone were also taken,
with pre-sterilized equipment. Water and benthic samples were collected in 50 mL centrifuge tubes. The environmental samples were divided into two parts; one part was taken for single cell isolation directly, and the other part went through an enrichment phase, where
50% (v/v) Walne's medium [24], (prepared in 80% seawater [SW]),
was added. The enrichments were initially incubated at 15 °C (fjord
spring/summer samples) or 4–8 °C (fjord winter/spring samples and
Arctic samples), and at a photon ﬂux density (PFD) of 50 μmol photons m− 2 s− 1, until visible development of microalgal biomass, followed by single cell isolation.

alternative, as many species naturally produce high levels of EPA and
DHA.
In recent decades, there have been increasing eﬀorts to apply microalgae-based technologies for a more sustainable production of many
diﬀerent compounds used in the biofuel, pharmaceutical, functional
food and aquafeed industries [10]. In addition to their nutritious biomass and high areal productivity, microalgae can be cultivated in seawater and on non-arable land, and do not compete for resources with
conventional agriculture [11]. The lipids of microalgae are of particular
commercial interest; triacylglycerides (TAG), which are storage lipids
comprising mostly saturated and monounsaturated FA [12], are in
much demand in the biofuel industry, whereas the health, food and feed
sectors target the LC-PUFAs [7] that are typically present in the polar
membrane lipids of microalgae [13]. However, the many advantages
derived from using microalgae as feedstocks, contrast with their costineﬃcient large-scale production [14]. Today, the production of FA
from microalgae continues to be expensive when compared with current ﬁsh oil sources [15] and farmland plant oils, due to the high energy
requirements of water pumping, CO2 transfer, culture mixing, nutrient
supply, biomass harvest and drying [16,17].
An essential requirement for the successful improvement and progression of microalgae-based technologies is the discovery of new and
robust strains that grow fast and produce naturally high levels of the
desired compounds [10]. A number of diﬀerent strategies have been
implemented in bioprospecting and screening for new strains to optimize FA production for biofuels [18–21], but so far, only a few studies
have focused on the PUFA fraction [22,23]. In this study, we developed
a screening pipeline, targeting microalgae from diﬀerent North Atlantic
habitats, with high growth rates and increased concentrations of the
high value products EPA and DHA. If found suitable for process upscaling, candidate strains could contribute signiﬁcantly to the development of a more cost eﬃcient large-scale production of microalgae.

2.2. Single cell isolation
Single cell sorting of environmental and enrichment samples was
performed with a Becton Dickinson FACS Aria™ Cell sorter (BD
Biosciences, San Jose, CA, USA) at a ﬂowrate of 300 events s− 1. The
software BD FACS DIVA (Version 8.0; BD Biosciences, San Jose, CA,
USA) was used for data analysis. The selection criteria were set after
initial analysis of ﬂuorescence signals of a pure Phaeodactylum tricornutum culture and environmental samples. Cells were excited with a
red laser at 633 nm, and the resulting scattered light and ﬂuorescence
emission were recorded by a forward scatter detector, and a FL-4 detector (661/16 nm), respectively (see Fig. 2 for an example of a twodimensional dot plot of an environmental sample). Events with > 1000
arbitrary units of auto ﬂuorescence from chlorophyll a (chl a) were set
as selection criteria for cell sorting. All samples were pre-ﬁltered (BD
Falcon™ USA, 40 μm Nylon) before sorting. A 100 μm nozzle dispensed
one drop containing a single cell into each well of 96-well plates,
containing 150 μL solid or liquid growth medium (80% SW enriched
with Walne's nutrients). After sorting, the plates with cells were incubated at 10 °C (Fjord winter/spring samples and Arctic samples) or
15 °C (Fjord spring/summer samples) at approximately 50 μmol photons m− 2 s− 1 until visible growth. In addition to this, cell isolation by
serial dilution was performed with two enrichment samples from the

2. Materials and methods
2.1. Sampling sites and times
Microalgal samples were taken during 2014 at two diﬀerent marine
locations; the Atlantic waters around Spitsbergen and three fjord systems on the South-West coast of Norway (Fig. 1A). In the Arctic, samples were taken at a number of stations during four cruises in March,
May, August, and November (Fig. 1B, sampling stations 5, 6, 7 and
8–11, respectively). The three fjord systems Store Lungegårdsvann,

Fig. 1. Map illustrating the sampling sites (A) with seven
diﬀerent sampling stations to the north and west of
Spitsbergen (B) and four diﬀerent sampling stations at the
Norwegian west coast (C). Names and coordinates of the
sampling positions and sampling times can be found in
Table 1.
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analysis of the isolates.
Optical density measurements were performed using a spectrophotometer (UV-1800, Shimadzu Corporation, Kyoto, Japan) at 750 nm
wavelength. If the OD value exceeded 0.8, samples were diluted to give
an attenuation between 0.2 and 0.8. The speciﬁc growth rate (μavg
[d− 1]) was calculated for each culture by taking the average of the
growth rates between two consecutive days (μx) during exponential
phase. The growth rate between two consecutive days was calculated
according to the changes in attenuation during 24 h with Eq. (1). Ntx
and Ntx − 24 h are OD 750 at day x (tx) and the previous day x − 24 h
(tx – 24 h), respectively. Exponential phase was determined individually
for each strain based on the logarithmic shape of its growth curve. Dry
weights were determined in triplicate, as described in Zhu & Lee (1997)
[25], using GF/F (47 mm) Whatman® ﬁlters and 0.5 M ammonium
formate as a washing buﬀer, and are expressed as weight of the dried
biomass per volume. For FA analysis, quadruplicate 10 mL microalgal
cultures were sampled into 10 mL glass tubes (PYREX), centrifuged for
6 min at 2264g, and the supernatant was discarded. Pellets were stored
in nitrogen atmosphere to prevent oxidation at −20 °C prior to analysis.

Fig. 2. Single cell isolation using FACS Aria™ Cell sorter. Example of a two-dimensional
dot plot combining forward scattering (FSC-A) and ﬂuorescence emission by chlorophyll a
(FL-4). Events with > 1000 arbitrary units of auto ﬂuorescence from chlorophyll a was
set as selection criteria for cell sorting.

μx =

Arctic by monthly transfer and dilution of cells growing in 3 mL sterile
Walnes's medium.

ln(Ntx) − ln(Ntx − 24h )
(t x − t x − 24h)

(1)

2.5. FA extraction and FAME analysis
Total lipids were extracted and derivatized to fatty acid methyl
esters (FAME) by direct esteriﬁcation, according to Meier et al. (2006)
[26]. The sample pellet was dried in the 10 mL glass tubes by evaporating water under a nitrogen stream, and the internal standard (23:0
FAME, dissolved in isooctane) was added. The solvent was then evaporated, and 0.5 mL of methylation reagent (2 M HCl in methanol) was
added to each tube. Tubes were ﬂushed with nitrogen, sealed and incubated in an oven at 90 °C for 2 h. After cooling to room temperature,
half of the methylation reagent was evaporated, and 0.5 mL water was
added. The samples were thereafter extracted twice with 1 mL isooctane. Before analysis by gas chromatography (GC), the combined
extracts were further diluted with isooctane in order to yield a ﬁnal
internal standard concentration of approximately 20 μg mL− 1. FAMEs
were analysed by GC as described in Prestegard et al. (2015) [27]. To
aid identiﬁcation of the FAMEs, selected samples were analysed by gas
chromatography–mass spectrometry (GC–MS) as described in Wasta &
Mjøs (2013) [28]. In order to calculate the FA concentrations appropriately, the internal standard content should be approximately 30% of
the most abundant FA in the sample. Thus, an initial analysis of the FA
content and composition for each strain at both growth phases was
necessary to determine the correct amount of internal standard to be
added to each sample. Therefore, 36 μg internal standard (460 μg for
some stationary phase samples with a higher biomass content) was
added to every ﬁrst replicate of the quadruplicate samples and samples
were analysed as described above. After the initial test, the correct
amount of internal standard was calculated for each sample, and added
to the remaining triplicates.

2.3. Upscaling and culturing of clonal cultures
Proliferating strains from the 96-well plates and isolates from serial
dilution were transferred to glass tubes with 3 mL sterile Walne's
medium [24] prepared in 80% SW, and incubated under conditions as
described in Section 2.2. The proliferating clonal strains were sustained
as stock cultures by sub-culturing every month. Cultures were not
axenic, but were maintained as sterilely as possible. For preliminary
identiﬁcation, and to monitor contamination by other microalgae, the
cultures were observed frequently under the microscope. Isolates
showing highest growth rates in the stock culture (by visual observation) were selected for the determination of their FA proﬁle and growth
rates under controlled conditions.
2.4. Growth and FA proﬁling
A 280 mL batch culture was grown for twenty selected isolates to
investigate their growth rate and FA content and composition in both
the exponential and the stationary phase. For the inoculum, biomass of
each strain was upscaled to 100 mL, harvested by centrifugation
(2264g, 5 min), washed twice with fresh medium, recultured in 280 mL
fresh medium (Walne's medium [24] prepared in 80% SW) and transferred to a 300 mL glass cylinder (3.5 cm inner diameter). The twenty
glass cylinders were placed into temperature-controlled water tanks to
mirror temperatures used in the previous cultivation step (10 or 15 °C).
Continuous illumination of 120–150 μmol photons m− 2 s− 1 (measured
with a 4π quantum scalar irradiance sensor [QSL-100, Biospherical
Instruments, San Diego, CA, USA], inside the empty glass cylinder) was
provided by banks of six white ﬂuorescent tubes (Philips MASTER, TL-D
90 Graphica, 58W/95) in the back of the water tanks, running perpendicular to the glass cylinders. To ensure mixing and carbon supply,
0.2 μm-ﬁltered and 1% CO2-enriched air was bubbled through glass
capillaries into the bottom of each 300 mL glass cylinder. The cultures
were sampled every 24 h for optical density measurements at 750 nm
(OD 750). The OD-based growth curves were used to determine a time
point in the mid-exponential and the late stationary growth phase, for
FA and biomass dry weight (DW) analyses. Due to variable growth
rates, these sampling days were diﬀerent for the individual strains. At
the end of the experiment, 10 mL samples were taken for phylogenetic

2.6. Phylogenetic analysis of isolates selected for screening
Molecular methods were used to give taxonomic information of the
isolates. DNA was isolated from the pellet of 10 mL algal culture (harvested at 1663g for 6 min) using E.Z.N.A. SP Plant Kit (Omega Bio-tek,
Inc., Norcross, GA, USA). Microalgal DNA was ampliﬁed by PCR using
the HotStarTaq DNA Polymerase Kit (QIAGEN, Valencia, CA, USA),
according to the manufacturer's instructions. Ampliﬁcation of a region
of the 28S ribosomal RNA (rRNA) gene (for the large subunit [LSU] of
eukaryotic cytoplasmic ribosomes) was performed using the primers
D1R-F [29] and D3B-R [30]. The reaction conditions were as follows:
An initial activation of the enzyme at 95 °C for 15 min, followed by
394
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30 cycles of denaturation (94 °C, 1 min), annealing (56 °C, 1 min) and
extension (72 °C, 1 min), and a ﬁnal extension at 72 °C for 10 min.
Before sequencing, the PCR product was puriﬁed with GenElute™ PCR
Clean-Up Kit (Sigma-Aldrich, St. Louis, MO, USA) and quantiﬁed with
Qubit ® dsDNA BR Assay Kit and Qubit® 2.0 (Invitrogen, Eugene,
Oregon, USA). Bi-directional sequencing of the PCR products was performed using the PCR forward and reverse primers with the BigDye
v.3.1 Kit (ThermoFisher Scientiﬁc, Watham, MA, USA) at the sequencing facility at the University of Bergen (http://www.uib.no/en/
seqlab). Sequences were edited and aligned manually in BioEdit [31],
and Blastn [32] was used to search for similarities with previously
published diatoms in GenBank (www.ncbi.nlm.nih.gov/blast/Blast/
cgi).

1. Sampling

2. Isolation

2.7. Statistics

3. Cultivation
The batch growth experiments were run with one biological replicate for each strain. One measurement replicate was used for OD
measurements of cultures to monitor the growth phase, whereas triplicate samples were taken for DW and FA analyses. One sample per
culture was taken for phylogenetic analysis of the strains. As the FA
content and biomass DW were not analysed from the same sample, the
standard deviation for FA content relative to the biomass DW was
calculated with Eq. (2) with SD: standard deviation, FADW: fatty acid
dry weight (mg), BMDW: biomass dry weight (g), FAc: fatty acid concentration (mg L− 1) and DWc: dry weight concentration (g L− 1).

SD of

(%SD of FAc)2+ (%SD of DWc)2
FADW
=
BMDW
100∗FADW

4. FA profiling

(2)

5. Selection

Diﬀerences in the EPA and DHA content between exponential and
stationary phases for the diﬀerent strains was analysed by Student's ttest using GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA,
USA), with p < 0.01 as a threshold for statistical signiﬁcance.

Fig. 3. Screening pipeline including ﬁve diﬀerent steps.

Raunefjorden, and the world's deepest fjord (Sognefjorden) with annual
variations in temperature and salinity in the surface layer of between 4
and 16 °C and 26–33, respectively. The photoperiod in Western Norway
varies between 19:5 (light:dark) around mid-summer and 6:18 around
winter solstice. Hence, microalgae isolated from these environments
were exposed to large seasonal variations and ﬂuctuations in salinity,
temperature and irradiance, and were thus hypothesized to be robust
and fast growing [37], and able to tolerate ﬂuctuations in growth
conditions which routinely occur in commercial production ponds. In
contrast, the Arctic waters around Spitsbergen are characterized by
lower variations in temperatures (−1.8–5.8 °C) and salinities
(33.0–35.1) [38], but greater variations in photoperiod, typically ranging from 16:9 (light:dark) in early March to 24:0 after 25th of May,
and complete darkness in winter. Microalgae found in these environments are expected to be promising candidates for EPA or DHA production, as the low temperature levels in the Arctic are assumed to
cause increasing unsaturation of the FA in microalgae, most likely to
maintain membrane ﬂuidity and function [39].

3. Results and discussion
A screening-pipeline, including ﬁve diﬀerent steps (Fig. 3) was developed for bioprospecting new, robust and fast growing microalgal
strains from extreme North Atlantic habitats, with increased levels of
the omega-3 fatty acids EPA and DHA, and thus with potential for future biotechnological applications. Selected habitats were sampled
during diﬀerent seasons of the year (step 1), and single cell isolation
(step 2), upscaling and culturing of proliferating strains (step 3) led to
the establishment of stock cultures. In a subsequent batch growth experiment (step 4), strains with high growth rates (≥ 0.7 d− 1) and EPA
or DHA levels of minimum 3% of biomass DW in either the exponential
or the stationary phase were targeted. The selected benchmark levels
represent an upper average level that is found for species that are already being applied in aquaculture and mariculture, e.g. Nannochloropsis sp. (Eustigmatophyceae) with a typical EPA content between
2.1 and 3.8% DW [33,34] and P. tricornutum (Bacillariophyceae) with
values between 2.6 and 3.1% DW [4,35,36]. Isolates that were robust
(to the mechanical shear forces from bubbling) and also fulﬁlled the
desired requirements, were selected to be investigated in more detail
(step 5).

3.2. Isolation and cultivation of clonal cultures
Altogether, 75 samples were sorted on 96-well plates (liquid and
solid media) resulting in approximately 7200 individual cells (Table 1).
In total, 147 clonal strains (strain designation “M”), constituting 2% of
the sorted cells, were established successfully as clonal cultures under
the conditions used. A higher fraction of clonal strains was established
from Arctic samples (4.6% of sorted cells; M21–M24, M30–M116)
compared with fjord samples (1.1% of the sorted cells; M01–M05,
M08–M20, M25–M29, M117–M149) among which the least were from
Raunefjorden (0.2% of sorted cells). In the fjord systems, isolates were
established from spring and summer samples (March, May and August),
but not from samples taken in November, possibly due to very low

3.1. Sampling site
Microalgal samples were obtained from two marine locations, the
Atlantic waters around Spitsbergen and four fjord systems on the SouthWest coast of Norway (Fig. 1A). The fjord waters represent a wide range
of environmental conditions, from the brackish water of the land-locked
fjords Store Lungegårdsvann and Puddefjorden, with their frequent and
strong ﬂuctuations of environmental conditions (Salinity 11–32, temperature − 0.5–20 °C), to the saline waters of the open coastal fjord
395
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Table 1
Results of the diﬀerent steps in the screening pipeline. Strains designated with “M” are clonal strains obtained from single cell isolation by cell sorting ﬂow cytometry. Strains designated
with “m” were isolated by serial dilution.
Stat. no.

1. Sampling 2014
Site

Norwegian fjord waters
1
Store
Lungegårdsvann

2

Puddefjorden

54
4
2
7

56
–
2
35

Nov.
March

2
5

–
6

May
Aug.
Nov.
March
May
Aug.
Nov.
2012 Aug.

2
2
2
2
18
5
2
1

6
–
–
–
1
5
–
1

–
M08, M09
M26, M27,
M117–M149
–
M02–M05, M28,
M29
M11–M16
–
–
–
M10
M01, M17–M20
–
M25

March

21
2

93
–

May

1

Aug.

N 60° 22.86558′ E
05° 19.52838′

Sognefjorden

N 61° 02.467′ E 05°
24.962′

9
10
11
Total no.

Strain designation

March
May
Aug.

4

8

No. of
strains in
culture

N 60° 22.93733′ E
05° 20.17962′

N 60° 16.265′ E 05°
11.456′

7

No. of 96well plates

4. FA proﬁling

Month

Raunefjorden

6

3. Cultivation

Coordinates

3

Arctic
5

2. Isolation

N 80° 45.80′ E 16°
07.20′
N 79° 25.14′ E 08°
18.84′
N 80° 39.72′ E 15°
26.55′
N79° 01.46′ E 06°
02.98′
N 78° 59.33′ E 01°
54.94′
N 79° 01.64′ E 11°
19.49′
N 78° 59.66′ E 10°
00.17′

No. of
clonal
strains

5. Final
selection

Strain designation

10
–
–
2

–
–
M26, M27

2

M26

–
3

–
M04, M28, M29

M28

–
–
–
–
–
4
–
1

–
–
–
–
–
M17,M18,M19,M20
–
M25

–

10
–

–

3

M21, M22, m06

2

M21, m06

4

3

M23, M24, m07

2

M23, m07

Nov.

4

–

–

–

–

Nov.

2

–

–

–

–

Nov.

4

7

M30–M36

–

Nov.

4

80

M37–M116

6

75

149

1

M21

M41, M44, M46, M58,
M62, M65

20

3

handle moderate mechanical stress) were preferred. Diﬀerent types of
medium and variation in the growth conditions might also have increased the diversity among the isolates. The conditions were selected
so, as to provide a gentle transition of the sampled algae from their
natural habitat to the laboratory conditions. Compared to the strains
isolated from the fjords, which are expected to be highly tolerant to a
rapidly changing environment, microalgae isolated from the Arctic
could be more challenging candidates in terms of their decreased
ﬂexibility and tolerance to changing conditions, especially with regards
to temperature. Culture conditions of 10 °C were higher than the ambient temperature Arctic strains experience in their natural habitat, but
were deliberately chosen in order to acclimate the strains to slightly
higher temperatures. For consideration for outdoor production, strains
need to grow well at higher temperatures, as cooling is one of the main
cost factors in large-scale algal production. The application of diﬀerent
isolation methods, media types, and growth conditions might have led
to a higher diversity among our isolates, but would have been time- and
cost-prohibitive. Thus, the potential risk of loss should be evaluated
from a cost/beneﬁt perspective in future bioprospecting studies.

phytoplankton abundance or fragility of strains. In the Arctic, strains
were established from samples taken in May, August and from two
stations sampled in November. Additionally, two Arctic strains were
isolated by serial dilution of an enrichment culture (m06 and m07) and
designated with “m” in order to distinguish them from the clonal isolates, as serial dilution is less accurate when it comes to establishment
of cultures from one single cell. Microscopic observations of the isolates
allowed for a preliminary morphological characterization of the stock
cultures. All ninety-three isolates (Table 1) derived from the Arctic were
identiﬁed as diatoms. Isolates from the fjords (56) were identiﬁed as
diatoms (89.3%), Chlorophytes (8.9%) and Cyanobacteria (1.8%).
Diatoms were the main target in our screening pipeline, as they are
known to be extremely robust and often comprise a high content of
PUFAs like EPA [40]. They are one of the most important primary
producers in marine environments, such as Arctic and temperate waters, and may constitute 25% of global primary production [41].
However, even though diatoms were the most highly represented group
among the 149 isolated cultures, it was surprising that the diversity
among the isolates was so low. Other microalgal groups, such as dinoﬂagellates [42] and prymnesiophytes (especially Phaeocyctis pouchetii) [43], frequently dominate the Atlantic and Arctic waters, but
could not be isolated here. The mesh size of the net haul (10 μm) and
the physical stress experienced by the cells during single cell isolation
by the ﬂow cytometry, are probable reasons for having not collected
smaller algae and fragile strains, respectively. Using traditional isolation techniques like a micropipette, agar plating and serial dilutions
could minimize cell damage during isolation. However, this was considered an important selection step, as robust strains (which could

3.3. Batch experiment—strain identiﬁcation and growth rates
Initially, twenty isolates that (by visual observation) grew most rapidly in stock cultures were selected for further examination of growth
rate and total FA (TFA), EPA and DHA contents during both the exponential and the stationary phase. Therefore, ten Fjord isolates (M04,
M17–M20, M25–M29, 15 °C) and ten Arctic isolates (m06, m07, M21,
M23, M41, M44, M46, M58, M62, M65, 10 °C), were grown in a
396
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Table 2
Phylogenetic classiﬁcation of the eighteen strains examined in the batch experiment by sequencing a region of the LSU. Asterisks indicate isolates which could not be characterized by
molecular methods and were identiﬁed at the class level by microscopy only. Strains designated with “M” are clonal strains obtained from single cell isolation by cell sorting ﬂow
cytometry. Strains designated with “m” were isolated by serial dilution. ND: not detected.
Origin

Strain

Temp °C

Closest species (GenBank)

Class

Length (bp)

Coverage (%)

Similarity (%)

Fjord

M04
M18
M19
M20
M25
M26
M27
M28
M29
m06
m07
M21
M41
M44
M46
M58
M62
M65

15
15
15
15
15
15
15
15
15
10
10
10
10
10
10
10
10
10

Micractinium sp. (HE861877.1)
Nitzschia laevis (AF417673.1)
ND
Arcocellulus cornucervis (JQ995445.1)
Nanofrustulum shiloi (AB430640.1)
Phaeodactylum tricornutum (EF553458.1)
ND
Phaeodactylum tricornutum (EF553458.1)
Phaeodactylum tricornutum (EF553458.1)
Thalassiosira hispida (JQ995464.1)
Thalassiosira hispida (JQ995464.1)
Attheya septentrionalis (GQ219678.1)
Thalassiosira hispida (JQ995464.1)
Thalassiosira hispida (JQ995464.1)
Thalassiosira hispida (JQ995464.1)
Thalassiosira hispida (JQ995464.1)
Thalassiosira hispida (JQ995464.1)
Thalassiosira hispida (JQ995464.1)

Chlorophyceae
Bacillariophyceae
Chlorophyceae⁎
Bacillariophyceae
Bacillariophyceae
Bacillariophyceae
Bacillariophyceae⁎
Bacillariophyceae
Bacillariophyceae
Bacillariophyceae
Bacillariophyceae
Bacillariophyceae
Bacillariophyceae
Bacillariophyceae
Bacillariophyceae
Bacillariophyceae
Bacillariophyceae
Bacillariophyceae

1021
767
ND
863
765
830
ND
832
842
865
863
896
545
882
863
870
874
871

83
98

88
100

90
67
100

96
99
99

100
100
87
88
96
100
86
88
87
87
87

99
99
100
100
99
100
100
99
100
100
99

Arctic

3.4. Batch experiment—DW and TFA content

controlled
batch
experiment
at
continuous
irradiance
(120–150 μmol photons m− 2 s− 1), constant temperature (10 or 15 °C)
and bubbled with 1% CO2-enriched air.
In total eighteen isolates (9 Fjord and 9 Arctic) grew at the deﬁned
conditions. Sequencing of parts of the LSU rRNA gene revealed that 15
isolates belonged to the class Bacillariophyceae and one isolate (M04)
to the Chlorophyceae. Two isolates (M19 and M27) could not be
identiﬁed by molecular methods, but were recognized as type
Chlorophyceae and Bacillariophyceae by microscopic examination, respectively. Eight of the Arctic strains were identiﬁed as Thalassiosira
hispida (m06, m07, M41, M44, M46, M58, M62, M65) and one as
Attheya septentrionalis (M21). The Fjord strains showed higher diversity
with ﬁve diﬀerent species: the green algae Micractinium sp. (M04) and
the diatoms Nitzschia laevi (M18), Arcocellulus cornucervis (M20),
Nanofrustulum shiloi (M25) and P. tricornutum (M26, M28 and M29) (see
Table 2 for details).
Growth curves and growth rates diﬀered between the eighteen
strains (Fig. 4). Fjord strains (grown at 15 °C) generally grew faster and
reached stationary phase earlier than the Arctic strains (grown at
10 °C). Except for strain M21 (A. septentrionalis), the Arctic strains (T.
hispida) had low average growth rates (μavg) of between 0.2 and
0.3 d− 1. Four strains, the three P. tricornutum strains (Fjord) and A.
septentrionalis (Arctic), reached the targeted average growth rate of
≥ 0.7 d− 1. Strain M28 had the overall highest growth rate of 1.0 d− 1,
followed by M29 (0.8 d− 1) and M26 and M21, both with 0.7 d− 1
(Table 3).

The eighteen strains growing in the batch experiment were sampled
for DW and FA analysis in the exponential and the stationary growth
phase, with sampling days being chosen individually for each strain
(Table 3). Large diﬀerences were observed in both DW and TFA content
between strains, and between growth phases (Fig. 5A). Interestingly,
the two P. tricornutum strains M28 and M29, and the green algae strain
M04 reached much higher DW in stationary phase compared to the
others, with DW of 0.90, 0.85 and 0.83 g L− 1, respectively. This response could be due to silicate becoming the limiting nutrient for most
of the diatom strains. As green algae do not require silicate to grow and
P. tricornutum requires only modest amounts [44], other nutrients such
as nitrate or phosphate may have been limiting for them at a later stage,
thus allowing them to grow to greater cell densities. To verify this, the
nutrient composition during the growth experiment would need to be
measured. However, the DW of the third P. tricornutum strain, M26, was
lower in stationary phase (0.44 g L− 1) compared to strains M28 and
M29. One explanation could be that strain M26 had not accumulated as
much storage compound, as it was sampled earlier in the stationary
phase (day 11) than M28 and M29 (sampled on day 15), resulting in a
comparatively lower DW.
The TFA content relative to the biomass DW (w/w) varied between
5.0 (M19) and 24.1% (M46) in exponential phase, and between 5.0
(M19) and 42.9% (M28) in stationary phase (Table 3). All strains (except for M18 and M19) showed a signiﬁcant increase in their TFA
content relative to the DW from the exponential to the stationary phase
(p < 0.01), indicating TAG accumulation (Fig. 5A). The sampling time

Fig. 4. Growth curves based on optical density measurements (n = 1) at 750 nm of 18 isolates in a batch growth
experiment (one biological replicate each) for Fjord isolates
1
(A) and Arctic isolates (B). Each strain was sampled for dry
weight and fatty acid analysis during both, the exponential
growth phase (day 2 for M27, M28 and M29, day 3 for
M26
M04
M21, day 4 for M25 and M26, day 5 for M18 and day 7 for
M62
M21
M18
M27
0.1
M04, M19, M20, m06, m07, M41, M44, M46, M58, M62
M65
M41
M19
M28
and M65) and the stationary growth phase (last point of the
M44
m06
M20
M29
respective growth curve). Red colored growth curves inM46
m07
M25
dicate an average growth rate in exponential phase with
M58
≥ 0.7 d− 1. Green strain designation highlight the
0.01
Chlorophyceae
and brown the Bacillariophyceae. Strains
20
30
0 2 4 6 8 10
20
30 0 2 4 6 8 10
designated with “M” are clonal strains obtained from single
Time (days)
Time (days)
cell isolation by cell sorting ﬂow cytometry. Strains designated with “m” were isolated by serial dilution. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).

B - Arctic

OD 750

A - Fjord
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0.02
0.01
0.01
0.02
0.05
0.00
±
±
±
±
±
±
1.88
0.96
0.88
1.12
1.33
1.19
0.02
0.01
0.03
0.04
0.06
0.01
±
±
±
±
±
±
0.56
0.28
0.27
0.37
0.47
0.45
0.11
0.05
0.03
0.13
0.24
0.08
±
±
±
±
±
±
12.3
8.52
8.84
9.74
11.5
9.89
±
±
±
±
±
±

1.10
0.91
3.38
3.90
5.19
1.18

±
±
±
±
±
±
3.65
2.44
2.74
3.24
4.10
3.77
29.8
28.7
31.0
33.2
35.7
38.1
0.79
0.50
0.60
2.44
3.86
0.24

3.5. Batch experiment—EPA and DHA content

0.2 ± 0.2
0.2 ± 0.1
0.7 ± 0.0
No growth
0.2 ± 0.0
0.2 ± 0.1
0.2 ± 0.1
0.3 ± 0.0
0.2 ± 0.1
0.3 ± 0.1
m06
m07
M21
M23
M41
M44
M46
M58
M62
M65

±
±
±
±
±
±
0.16
0.12
0.16
0.10
0.15
0.14
7
7
7
7
7
7

32.1 ± 0.47
23.3 ± 0.63
38.8 ± 0.34
7.4 ± 0.09
23.0 ± 0.38
28.2 ± 0.28

20.2 ± 1.93
20.2 ± 2.10
24.1 ± 0.71
7.7 ± 0.53
15.5 ± 1.91
20.8 ± 5.46

3.09
2.78
2.81
1.86
2.75
3.22

±
±
±
±
±
±

0.30
0.28
0.09
0.13
0.34
0.85

15.3
13.7
11.7
24.3
17.7
15.5

±
±
±
±
±
±

0.15
0.10
0.09
0.14
0.19
0.19

0.56
0.52
0.49
0.45
0.55
0.60

±
±
±
±
±
±

0.05
0.05
0.02
0.03
0.07
0.16

2.78
2.59
2.04
5.94
3.52
2.90

±
±
±
±
±
±

0.04
0.01
0.03
0.06
0.06
0.06

29
29
29
14
14
12

0.25
0.25
0.29
0.14
0.18
0.17

±
±
±
±
±
±

0.01
0.01
0.03
0.01
0.02
0.01

75.6
77.2
96.0
47.3
62.9
63.3

±
±
±
±
±
±

EPA and DHA content in the exponential and the stationary phase of
the eighteen strains grown in the batch experiment are presented in
percentage (w/w) relative to biomass DW and to TFA (Fig. 5B, and C,
respectively). Both EPA and DHA were present in all Arctic strains investigated, but not in all strains isolated from the fjords. EPA was not
detected in the two chlorophytes M04 and M19. The absence (or only
insigniﬁcant amounts) of EPA has been reported for some green algae
previously, while high levels of EPA have been found in other green
algae species [45]. All sixteen diatom strains possessed EPA, but in
diﬀerent concentrations. The EPA content relative to the biomass DW
ranged between 1.0 (M25) and 3.2% (M65) in exponential, and between 1.3 (M25) and 4.6% (m06) in stationary phase. Strain M18
showed a signiﬁcant decrease, whereas the ﬁve strains M27, m06, m07,
M21 and M58 revealed a signiﬁcant increase in their DW-based EPA
content from exponential to stationary phase (p < 0.01). In contrast to
this, the EPA content in percentage of TFA decreased signiﬁcantly in all
strains, except in M18 and M27 (p < 0.01), from exponential to stationary phase, possibly caused by accumulation of TAG. TAGs mostly
comprise the saturated and monounsaturated FA and therefore TAG
accumulation causes the relative amount of PUFAs like EPA to decrease
in stationary phase [13]. Values varied between 7.6 (M27) and 25.4%
TFA (M21) in exponential phase and between 5.0 (M25) and 24.1%
TFA (M21) in stationary phase. Nine strains (7 Arctic, 2 fjord), comprising 50% of the isolates that grew in the experiment, obtained the
targeted EPA content of 3% DW in either exponential or stationary
phase or both.
DHA was found in fourteen isolates, and was not detected in the
chlorophytes M04 and M19, and the two diatoms M25 and M27. The
DHA content relative to DW was low, and varied between 0.26 (M20)
and 0.62% (M18) in exponential, and 0.23 (M20) and 0.61% (m06) in
stationary phase, and remained on the same level or decreased (M26,
M28, M44, M46) from exponential to stationary phase. DHA content
relative to the TFA content ranged between 2.0 (M46) and 5.9% (M58),
and between 0.6 (M28) and 6.6% (M18) in exponential and stationary
phase, respectively. A signiﬁcant increase in M18 and a decrease in all
other strains from exponential to stationary phase was observed. None
of the strains reached the targeted DHA content relative to the DW.
Eight T. hispida strains and three P. tricornutum strains were investigated in the batch experiment. Interestingly, both the diﬀerent T.
hispida strains and the P. tricornutum strains showed diﬀerences in their
growth, and TFA and EPA content that could only be explained to a
certain degree by the diﬀerent sampling times. This emphasizes that
variations can be observed at the strain level, and it is therefore advisable to test multiple strains of speciﬁc species. This has also been
reported before [20].

0.02
0.01
0.0
0.01
0.02
0.04

3.87 ± 0.05
4.27 ± 0.01
4.78 ± 0.08

29
13
9

0.27 ± 0.01
0.12 ± 0.01
0.20 ± 0.00

4.63 ± 0.15
3.62 ± 0.22
4.58 ± 0.07

± 0.04
± 0.04

0.47 ± 0.05
0.47 ± 0.04
0.56 ± 0.08
22.2 ± 0.16
23.0 ± 0.11
25.4 ± 0.22
2.70 ± 0.27
2.55 ± 0.19
3.00 ± 0.40
12.2 ± 1.22
11.0 ± 0.82
11.8 ± 1.60
11.6 ± 0.08
12.0 ± 0.17
11.0 ± 0.31
0.10 ± 0.01
0.11 ± 0.01
0.09 ± 0.01
7
7
3

± 0.10
± 0.05

± 0.02
± 0.04

point in exponential phase (day 7) was unfortunately chosen slightly
too late for some T. hispida strains, as most had already entered early
stationary phase except for strains M58, m06 and m07, as can be seen in
Fig. 4. This was also reﬂected in the TFA content, which was much
lower in exponential samples for strains M58, m06 and m07 (7.7, 12.2,
and 11.0% DW, respectively), than for the others with TFA between
15.5 and 24.1% DW. However, the TFA content increased further in
stationary phase (between 28.7 and 38.1% DW) in all T. hispida strains.
The three P. tricornutum strains M26, M28 and M29 had a very similar
TFA content in the exponential phase (between 11.4 and 13.2% DW),
but showed diﬀerences in the stationary phase. M28 had with 42.9%
DW a much higher TFA content compared to M26 (25.5%) and M29
(22.6%). As mentioned above, M26 was sampled earlier in stationary
phase (day 11), thus its lower TFA content is probably due to lower
level of TAG accumulation. However, M29 was sampled on the same
day as M28 (day 15) and also reached a similar DW, and thus seems to
diﬀer in its physiological response to nutrient starvation.

0.13
0.08
0.30
0.38
0.56
0.12

1.86 ± 0.02
1.37 ± 0.01
3.17 ± 0.04
0.61 ± 0.01
0.47 ± 0.03
0.60 ± 0.01

± 0.01
± 0.01

± 0.02

32.9 ± 1.09
34.2 ± 2.04
19.0 ± 0.29

14.1 ± 0.07
10.6 ± 0.02
24.1 ± 0.15

± 0.02
± 0.04

± 0.00

± 0.18

± 0.06

6.60
0.0
2.02
0.0
1.41
0.0
0.58
1.06
± 0.01

± 0.08

0.59
0.0
0.23
0.0
0.36
0.0
0.25
0.24
0.30
0.18
0.01
0.06
0.13
0.33
±
±
±
±
±
±

± 0.84

14.6
0.0
12.0
4.98
13.3
8.23
7.33
10.2
±
±
±
±
±
±
± 0.05
± 0.03

0.20
0.43
0.08
0.07
0.08
0.05
±
±
±
±
±
±
0.21
0.14
0.25
0.16
0.29
0.26
±
±
±
±
±
±

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
±
±
±
±
±
±
±
±
0.12
0.09
0.07
0.12
0.15
0.08
0.08
0.09
5
7
7
4
4
2
2
2

15.3 ± 0.18
4.6 ± 0.03
8.03 ± 0.05
14.5 ± 0.92
19.4 ± 0.42
14.5 ± 0.17
10.2 ± 0.69
9.7 ± 0.11

12.9 ± 0.77
5.0 ± 0.49
11.6 ± 1.43
11.9 ± 1.24
12.9 ± 1.01
18.4 ± 2.08
13.2 ± 1.42
11.4 ± 1.37

2.00
0.0
1.72
0.98
3.10
1.40
2.66
2.21

± 0.16

15.5
0.0
14.8
8.22
24.1
7.61
20.3
19.4

± 0.75

0.62
0.0
0.26
0.0
0.49
0.0
0.38
0.33

± 0.04

4.85
0
2.26
0.0
3.84
0.0
2.91
2.89

± 0.08

7
12
15
18
11
9
15
15

0.18
0.09
0.13
0.40
0.44
0.23
0.90
0.85

±
±
±
±
±
±
±
±

0.02
0.00
0.00
0.01
0.02
0.01
0.02
0.01

± 0.20

1.30
0.0
1.36
1.28
3.40
2.41
3.14
2.30
8.9 ± 1.17
5.0 ± 0.22
11.3 ± 0.33
25.8 ± 1.20
25.5 ± 1.35
29.3 ± 1.07
42.9 ± 1.13
22.6 ± 2.04

15.7 ± 0.44
4.5 ± 0.13
14.2 ± 0.40
102.9 ± 4.00
112.2 ± 0.62
68.0 ± 0.92
385.7 ± 7.48
192.3 ± 17.22
87.3 ± 0.54
41.8 ± 0.40
37.5 ± 0.19

0.04
0.03
0.18
0.10
0.07
0.13

0.0
0.0
0.0
33.5 ± 1.12
278.3 ± 6.80
0.83 ± 0.02
21
0.0
0.0
0.0
0.0
10.3 ± 1.55
12.8 ± 0.26
0.12 ± 0.02
7

0.4 ± 0.1
No growth
0.5 ± 0.3
0.4 ± 0.1
0.2 ± 0.1
0.3 ± 0.1
0.7 ± 0.2
0.5 ± 0.1
1.0 ± 0.3
0.8 ± 0.1
M04
M17
M18
M19
M20
M25
M26
M27
M28
M29

% TFA
% DW

DHA

% TFA
EPA

% DW
% DW

TFA

mg L− 1
g L− 1
μavg d− 1

DW

0.0

% TFA
% DW

DHA

% TFA
% DW

EPA

% DW
TFA

mg L− 1
g L− 1

Day
Day

DW

Stationary phase
Exponential phase
Growth rate
No.

Table 3
Summary of batch experimental data. Average and standard deviation (SD) of growth rates between two consecutive days during exponential phase based on changes in optical density (OD750, n = 1), sampling day, and average dry weight (DW)
and fatty acid (FA) data with SD (n = 3), of the 20 isolates for both the exponential and the stationary phase. Average values and SD are from measurement replicates from one biological replicate. Strains designated with “M” are clonal strains
obtained from single cell isolation by cell sorting ﬂow cytometry. Strains designated with “m” were isolated by serial dilution.
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Arctic

Fjord

A
M04
M18
M19
M20
M25
M26
M27
M28
M29
m06
m07
M21
M41
M44
M46
M58
M62
M65

B

*
DW

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
0.0

C

*

*

EPA
DHA

TFA

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

*
*
*
*
*
*
*
*
*

0.2

0.4
gL

0.6

0.8

0

1

2

3

4

5

0
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20

30

% TFA

% DW

-1

Fig. 5. Superimposed dry weight (DW) and total fatty acid (TFA), EPA and DHA content of eighteen strains in the exponential (upper bar) and the stationary growth phase (lower bar)
during the batch experiment. Data are average values with standard deviation (n = 3) of measurement replicates from one biological replicate. A: Average DW and TFA concentration. B:
Average EPA and DHA amount relative to DW. C: Average EPA and DHA amount relative to TFA. The dotted vertical line marks the particular benchmark level for EPA and DHA. Strains
identiﬁed as Chlorophyceae are displayed in green and strains belonging to the class Bacillariophyceae in brown. Asterisks in front of the bars indicate signiﬁcant diﬀerence between the
exponential and the stationary phase (t-test, p < 0.01), in grey for TFA (relative to DW), red for EPA, blue for DHA and black for both EPA and DHA. Strains designated with “M” are
clonal strains obtained from single cell isolation by cell sorting ﬂow cytometry. Strains designated with “m” were isolated by serial dilution. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article).

composition as a percentage of TFA for the eighteen strains that grew in
the batch experiment (FA with > 2% TFA in at least one strain are
listed). The two chlorophytes, M04 and M19, clearly diﬀered from the
diatom strains. They had no, or only negligible amounts of FA with a
carbon chain length higher than C18, besides having C18 mono- and

3.6. Batch experiment—relative TFA composition
The relative TFA composition of microalgae is often used as a
taxonomic indicator, as diﬀerent microalgal classes are characterized
by a speciﬁc FA proﬁle [46]. Fig. 6 shows an overview on the FA

Fjord

Arctic

100

rest
22:6 DHA
24:0
20:5 EPA
20:4
18:4
18:3

% TFA

18:2
18:1
18:0
16:4
16:3
16:2
16:1
16:0
15:0
0

14:0

M04 M18 M19 M20 M25 M26 M27 M28 M29 m06 m07 M21 M41 M44 M46 M58 M62 M65

Fig. 6. Relative fatty acid composition of the 18 isolates for both the exponential (ﬁrst bar) and the stationary (second bar) phase during the batch experiment. Data are average values
(n = 3) of measurement replicates from one biological replicate. FA with amounts < 2% of total fatty acids (TFA) in all strains are summarized in rest. Strains identiﬁed as Chlorophyceae
are displayed in green and strains belonging to the class Bacillariophyceae in brown. Strains designated with “M” are clonal strains obtained from single cell isolation by cell sorting ﬂow
cytometry. Strains designated with “m” were isolated by serial dilution. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article).
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and nutrient content) on the growth rate and the EPA content, and thus
EPA productivity, needs to be investigated in future studies.

polyunsaturated FA as their major FA. All diatoms showed a similar
overall picture of the FA composition, with C16 FA representing the
most abundant, followed by LC-PUFAs (C > 20) and myristic acid
(14:0), and low levels of C18 derivatives. Similar results were found by
Zhukova & Aizdaicher (1995) [46], with a preference of palmitoleic
acid (16:1) over palmitic acid (16:0), and high levels of myristic acid
and EPA, together with an insigniﬁcant amount of C18 FA for diatoms.
However, some diﬀerences among the diatom species were observed in
our study. Only strains M18, M21, M25 and M27 possessed arachidonic
acid (20:4) in amounts higher than 2% TFA, whereas only trace
amounts were detected for all other diatoms. M18, M27 and the three P.
tricornutum strains (M26, M28 and M29) were the only diatoms with
lignoceric acid (24:0), and DHA was not detected for two diatoms (M25
and M27). In the future, when additional FA data from more strains are
available, a cluster analysis of the FA composition data could reveal, if
and to what degree the FA proﬁle reﬂects the phylogenetic classiﬁcation of the microalgae.
Most strains showed variations in the relative FA abundance between the exponential and the stationary phase, with palmitoleic acid
(16:1) content predominantly increasing in stationary phase, and
PUFAs such as EPA and DHA accounting for a higher fraction of TFA in
the exponential phase for most, but not all strains. This correlates favorably with the aforementioned typical pattern of TAG accumulation,
as TAGs comprise mostly saturated and monounsaturated FA, whereas
PUFAs are typically present in membrane lipids [13]. However, in some
microalgae, TAGs can be another, but much less common PUFA source
[12,47]. TAG accumulation together with an incorporation of EPA and
DHA into the TAGs have been observed, for example, in Thalassiosira
pseudonana and Pavlova lutheri (Prymnesiophyceae) in the stationary
growth phase [48].

3.8. Evaluation of the pipeline
The growth and FA proﬁling of the isolates was determined to be the
rate-limiting step of our pipeline. Despite the experiment design being
one of simplicity and speed, considerable time was needed in order to
evaluate the FA content and composition for each isolate, as no rapid
methods currently exist without conducting FA extraction and GC
analysis. Furthermore, the fact that the strains were sampled at different time points during their exponential and stationary growth phase
makes empirical comparisons diﬃcult. However, the growth characteristics of the individual isolates were very diﬀerent, and therefore
appropriate sampling time points had to be estimated during the ongoing experiment.
Nevertheless, the ﬁrst screening results obtained in this study are
promising, and by continuing to investigate more isolates, additional
information can be surmised from our data. Besides discovering new
candidate strains with potential to be used in biotechnological applications, statistical analysis of a subsequent larger-scale dataset could
reveal which of the factors (sampling location, time of the year, microalgae species or culture conditions) have the most beneﬁcial eﬀect
on the bioprospecting success. This would help greatly improve future
sampling strategies and also give a much more detailed insight into the
ecophysiological properties of the microalgae.
4. Conclusion
A screening pipeline was developed in order to ﬁnd new and promising North Atlantic microalgal strains to be used in biotechnological
application targeting the production of the omega-3-fatty acids EPA and
DHA. One hundred and forty nine diﬀerent isolates (comprising mostly
diatoms) were established as stock cultures, and twenty of these were
investigated in terms of their growth rates and EPA/DHA content.
Arctic strains generally had a higher EPA content than fjord strains, but
lower growth rates. Promising data were found for three strains represented by the diatoms Phaeodactylum tricornutum (fjord) and Attheya
septentrionalis (Artic), which showed high growth rates (≥0.7 d− 1),
together with an increased EPA content (> 3% DW), suggesting their
potential use in microalgae-based technologies and EPA production.
Similar ﬁndings have been described for P. tricornutum previously, and
this species has widely been used in aquaculture [4,35,36]. Yet, to our
knowledge, this is the ﬁrst report on a high EPA content for A. septentrionalis; with an EPA content of 4.6% DW in stationary phase, this
value is higher than those typically reported from industrially-applied
microalgae (Nannochloropsis sp. 2.1–3.8%, P. tricornutum 2.6–3.1%).
However, as those EPA values are generally derived from exponentiallygrown algae, the EPA production potential of A. septentrionalis must be
further evaluated, as growth rates in the stationary phase are low. This
study highlights the value of establishing a screening pipeline with a
targeted focus on productive microalgae strains from northern high
latitude waters.

3.7. Selection of candidate strains
Based on our ﬁndings and selection criteria for growth rate
(≥ 0.7 d− 1) and EPA/DHA content (≥ 3% DW), the three strains M21
(A. septentrionalis) and M26 and M28 (P. tricornutum) were selected, and
recommended for further characterization with respect to upscaling and
future utilization in microalgae-based technologies. Strain M21 seemed
especially interesting and promising, as it had a high growth rate of
0.7 d− 1 at low temperatures (10 °C) and a high EPA content relative to
biomass DW, which increased in stationary phase to 4.6%. Similar, but
slightly lower growth rates (0.6 d− 1) at 8.5 °C have been reported for
another Attheya species, A. longicornis, isolated from northern
Norwegian coastal waters [49]. Additional investigations might reveal
if it is possible to increase the EPA levels further, suggesting sampling
later in the stationary phase and varying growth conditions. As we did
not discriminate between polar and non-polar lipids in this study, such
analyses might provide information about which lipid fraction the EPA
accumulates in, during the stationary phase. High growth rates and
diﬀerent EPA levels have been reported for P. tricornutum strains previously; Jiang & Gao (2004) [35] and Patil et al. (2006) [4] found an
EPA content of 2.6 and 2.8% DW respectively, which is in a similar
range as our ﬁndings. The two P. tricornutum strains selected in our
study diﬀered in their EPA content, with M26 reaching higher amounts
(3.1% DW) in exponential phase than M28 (2.7% DW), but at the same
time having a lower growth rate. Thus, further experiments will be
needed to show which combination will result in a higher EPA productivity.
The selected strains are adapted to, and have so far been tested at
only one growth condition, but in future upscaling and outdoor largescale productions, growth conditions may diﬀer from those used in our
experiments. In this case higher media nutrient concentrations are necessary in order to reach higher biomass densities, and temperatures
and irradiance will vary, both being important factors that regulate the
relative content of FA and the absolute quantity of EPA [33]. Therefore,
the inﬂuence of diﬀerent growth factors (e.g. irradiance, temperature
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