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Abstract

The fatty acid profiles of the three lipid fractions, neutral lipids (NL), free fatty acids and polar lipids (PL), from the macroalgae
Palmaria palmata (wild), Alaria esculenta (cultivated) and Saccharina latissima (cultivated) were studied in light of dietary
important fatty acids. Blade and stipe from the macroalgae were collected at the end of the growth season (May/June) at Froya
(Trendelag, Norway). A total of 51 fatty acids were identified in the algae, including several fatty acids novel to one or more of
the algae. The NL and PL fractions of P. palmata were the most promising from a health perspective, due to a high content of
eicosapentaenoic acid (10.1 +0.5% and 6.6 + 0.1%, respectively) and no trans-fatty acids. In addition, these fractions had very
low omega-6/omega-3 ratios (< 0.1) and can therefore be beneficial for balancing the omega-6/omega-3 ratio in the diet. The NL
fraction of A. esculenta had the highest content of monounsaturated- and polyunsaturated fatty acids (20.9+ 1.4 and 21.8 +1.9%
of alga, respectively), as well as the highest content of the two essential fatty acids, linoleic acid (5.3 + 0.4% of alga) and alpha-
linolenic acid (2.4 +0.2% of alga). Indices related to risk factors for coronary heart disease were most favourable in the NL

fraction of S. latissima and the NL and PL fractions of A. esculenta.
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Introduction

The red alga Palmaria palmata and the brown algae Alaria
esculenta and Saccharina latissima are edible macroalgae
suitable for human consumption. The species are native to
the North Atlantic. Kelp species, particularly S. latissima,
but also A. esculenta, are the focus of large-scale cultivation
in Europe (Stévant et al. 2017). Saccharina latissima is
marketed both as food and feed, while A. esculenta is used
as a “sea vegetable” and considered to be a high value food
ingredient (Stévant et al. 2017). Palmaria palmata is one of
the most commonly eaten seaweeds native to the North
Atlantic, with a taste that is suited to the western palate
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(Mouritsen et al. 2013). Both S. latissima and P. palmata are
reported to be rich in the sought-after umami flavour
(Mouritsen et al. 2012).

Macroalgal biomass is considered a sustainable resource;
the biomass grows at a very fast rate and can be harvested
from wild stock or cultivated without or with only minimal
use of limited resources such as nutrients (Ghadiryanfar et al.
2016). The lipid fraction of macroalgae is rich in omega-3
polyunsaturated fatty acids (PUFA) beneficial for human
health (FAO 2010). The fatty acid profiles of these algae have
been reported previously, but mainly based on total lipid ex-
tracts (Mouritsen et al. 2013; Meahre et al. 2014; Schmid and
Stengel 2015; Biancarosa et al. 2018; Fernandes et al. 2018),
or with focus on molecular species of individual lipids classes
and their bioactivity, e.g. Lopes et al. (2019) and Banskota
etal. (2014). Fatty acids naturally exist either in free form (free
fatty acids), esterified to glycerol backbones (neutral lipids,
mainly triacylglycerides) or esterified to a backbone with a
polar headgroup (polar lipids). In macroalgae, the polar lipid
class mainly consists of glyceroglycolipids and
glycerophospholipids (Harwood 1998). The mechanisms be-
hind the bioavailability of fatty acids are still disputed, but
their lipid structure is believed to be of high importance
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(Cholewski et al. 2018). Polar lipid omega-3 PUFA are report-
ed as more bioavailable than omega-3 PUFA esterified to
triacylglycerols, which again are more bioavailable than free
fatty acid omega-3 PUFA (Burri et al. 2012; Cholewski et al.
2018). Separation into lipid classes can thus give more infor-
mation than total lipid extracts.

Analysis of lipid fractions has previously been reported for
P. palmata from the French Brittany coast (March) by
Fleurence et al. (1994), from Nova Scotia, Canada, (July—
August) by Mishra et al. (1993) and from Ireland by
Robertson et al. (2015) (March) and Schmid et al. (2017b)
(May and October). Saccharina latissima harvested in March
from the French Brittany coast was also analysed and fraction-
ated by Fleurence et al. (1994). These studies reported relative-
ly limited profiles (<17 fatty acids). Few publications with
analysis of the fatty acids profiles of A. esculenata are reported
in the literature, and none with fractionation. Comprehensive
fatty acid profiles with comparison of these lipid fractions both
within and between these algae species are thus not found in the
literature. While taxonomical differences can be expected, the
comparison of algae harvested at the same time in the same area
is of particular interest, as this limits variations due to environ-
mental and ecological conditions.

As the health implications of fatty acids become more and
more focused on the effects of individual fatty acids, lipid
extracts with varying fatty acids profiles become more attrac-
tive. In addition, the bioavailability of the fatty acids can then
be alluded. We chose to separate our lipid extracts into neutral
lipids (NL), free fatty acids (FFA) and polar lipids (PL). Our
hypothesis was that the different fractions would yield signif-
icantly different fatty acid profiles, with varying relative
amounts of the individual fatty acids. Our objective was to
compare the fatty acid profiles in these fractions, both within
and between the three algae, with a focus on dietary important
fatty acids. The fatty acid profiles of the different fractions
were also assessed according to risk factors connected to cor-
onary heart disease.

Material and methods
Sampling and sample pretreatment

Samples of Palmaria palmata (red alga), Alaria esculenta
(brown alga) and Saccharina latissima (brown alga) harvested
at the end of the growth season were bought from Seaweed
Energy Solutions AS (Trondheim, Norway). Alaria esculenta
and S. latissima were cultivated on ropes deployed in August
2017 and March 2018, respectively, at a seaweed farm at
Taraskjeret at Froya (Trondelag County, Norway). They were
harvested by hand 1 June 2018 and 27 May 2018, respectively.
Wild P. palmata was harvest by hand in Hammarvika at Froya
(Trendelag County, Norway) the 26 May 2018 (several plants,
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collected in a 1600 m? area). For each species, 1 kg alga was
collected. The sea temperature for the area was between 9 and
12 °C in the end of May/beginning of June, recorded at the
official observation stations ‘“Heidrun” and “Ormen Lange”
(Norwegian Centre for Climate Services 2018).

The samples were frozen (— 20 °C) immediately at arrival
on company site (after boat trip to land and 3 h drive), shipped
frozen and kept at —24 °C until pretreatment. The samples
were thawed, and excess moisture removed by patting with
paper. No epiphytes were present. The stipe and blade of each
alga were analysed together, while the holdfast was discarded.
The collected 1 kg of each alga species was treated as one
sample. The thawed samples were cut into small pieces (<
1 cm3), frozen with liquid nitrogen (99.9990%, AGA, the
Linde Group, Germany) and freeze-dried (Alpha 2-4 LD plus,
Martin Christ Gefriertrocknungsanlagen GmbH, Germany). A
powder (< 1 mm?) was made by milling the freeze-dried algae
with a Retsch SM 2000 mill (Retsch GmbH, Germany). Three
technical replicates were used for P. palmata and four each for
both A. esculenta and S. latissima.

Lipid extraction and determination of total lipid
content

Lipids were extracted by a modified Folch method (Folch
et al. 1957) as reported previously (Foseid et al. 2017).
Chloroform and methanol of HiPerSolv CHROMANORM
quality were used (VWR part of Avantor, USA). A sample
blank was “extracted” simultaneously with each alga, in addi-
tion to the technical replicates. In short, the lipids were ex-
tracted by adding 100 mL chloroform/methanol (2:1 by vol)
and 5.0 g alga to a 250 mL borosilicate flask (VWR part of
Avantor, USA). The mixture was shaken for 20 min at
220 rpm on an orbital shaker (PSU-10i, Biosan, Latvia), be-
fore being transferred to separatory funnels. Phase separation
was induced by addition of 20.0 mL 0.9% (by vol) NaCl in
deionized water. The flasks were gently shaken and left to
settle for 20 min. The organic phases (66 mL) were transferred
to vacuum evaporation tubes (Buchi Labortechnic AG,
Switzerland). The polar phase of each replica was re-
extracted twice with further 66 mL chloroform. The organic
phases of each replica were combined before evaporation at
40 °C with a vacuum evaporator (Q-101, Buchi Labortechnic
AG). The samples were evaporated to dryness, redissolved in
1.0 mL chloroform and transferred to microtubes (MCT-150-
C, Axygen, Corning, USA) for centrifugation. The samples
were centrifuged at 16112xg for 5 min. The supernatant was
transferred to new microtubes and evaporated to dryness,
allowing for gravimetrical determination of the total lipid con-
tent. Afterwards the samples were redissolved in 1.0 mL chlo-
roform, transferred to GC-MS vials and stored cold (— 24 °C)
prior to solid phase extraction.
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Solid phase extraction

The extracted lipids were fractionated into three fractions:
neutral lipids (NL), free fatty acids (FFA) and polar lipids
(PL) with the help of a liquid handling robot (Gilson, GX-
271, ASPEC, USA), as reported previously (Foseid et al.
2017). The solid phase extraction (SPE) method was based
on work by Pinkart et al. (1998) and Ruiz et al. (2004) and
adapted by Devle et al. (2014). In method adaptation, the
cross-contamination between the three lipid classes was
checked by tests with standards (Devle et al. 2014).
Recovery was 90% or higher. The chloroform, methanol and
n-heptane were of HiPerSolv CHROMANORM quality,
diethyl ether and sodium chloride of AnalaR NORMAPUR
quality, and the acetic acid and 2-propanol were of
RECTAPUR quality, all from VWR (VWR part of Avantor,
USA). In short, the aminopropyl-modified silica phase SPE
columns (Chromabond, 500 mg, 3 mL, Machery-Nagel,
Germany) were preconditioned with 7.5 mL n-heptane before
500.0 uL sample was applied. The three lipid fractions were
sequentially eluted by addition of 5.0 mL chloroform, 5.0 mL
diethyl ether:acetic acid (98:2 by vol) and 5.0 mL methanol,
eluting NL, FFA and PL respectively. A flow of 1.0 mL min ™"’
was employed. Each fraction was then evaporated to dryness
at 40 °C under N, (g).

Formation of fatty acid methyl esters

The extracted lipids were esterified/transesterified to fatty acid
methyl esters as reported previously (Foseid et al. 2017). In
short, the NL and PL fractions were redissolved in 2 mL n-
heptane (HiPerSolv CHROMANORM quality, VWR), while
the FFA fractions were redissolved in 1 mL boron trifluoride-
methanol solution (14%, Merck KGaA, Germany). Sodium
methoxide, 3.3 mg mL !, was made by dissolving metallic
sodium (Merck) in methanol (HiPerSolv CHROMANORM
quality, VWR). 1.5 mL of the sodium methoxide solution was
added to the NL and PL fractions and the samples were shaken
horizontally for 30 min at 350 rpm (Biosan Ltd., PSU-10i,
Latvia), then left to settle for 10 min. The heptane phases were
transferred to vials and stored at —24 °C. The FFA fractions
were heated in a water bath for 5 min at 70 °C, 1 mL n-heptane
was then added and the samples mixed with a vortex mixer.
The heptane phases were transferred to vials and stored at —
24 °C prior to GC-MS analysis.

Standards

A 37-component fatty acid methyl ester (FAME) mix was
used (Food Industry FAME MIX, Restek Corporation,
USA) for identification of the FAME. In addition, several
individual standards were employed; heptadecanoic acid
methyl ester and nonadecanoic acid methyl ester, both from

Fluka (Germany), 13-methyl-tetradecanoic acid methyl ester,
cis-7-hexadecenoic acid methyl ester, cis-11-octadecenoic ac-
id methyl ester, all-cis-6,9,12,15-octadecatetraecnoic acid
methyl ester and all-cis-8,11,14,17-eicosatetraenoic acid
methyl ester, all from Larodan AB (Solna, Sweden).

Identification and relative quantitation of FAME by
GC-MS

The analysis method was as previously published (Devle et al.
2009; Foseid et al. 2017). The analysis was carried out on an
Agilent 6890 Series gas chromatograph (GC; Agilent
Technology, USA) with a CTC PAL autosampler (CTC
Analytics, AG, Switzerland). A 60 m Restek column (Rtx-
2330) with 0.24 mm ID and a 0.2 um film thickness was used.
The stationary phase was a fused silica with 90%
biscyanopropyl and 10% phenylcyanopropyl polysiloxane
(Restek Corporation). A transfer line temperature of 270 °C
was used. A sample volume of 1.0 pL was injected with a split
ratio of 1:10. Helium (HiQ 99.99990%, AGA, Germany) was
used as carrier gas with a constant flow of 1.0 mL min . A 92-
min temperature program was used starting with 65 °C for
3 min, which was then raised 40 °C min ' to 150 °C, held for
13 min, then increased to 151 °C (2 °C minfl), held for 20 min,
then increased to 230 °C (2 °C min ') and held for 10 min, and
lastly increased to 240 °C (50 °C min ') and held for 3.7 min.

The GC was coupled with an Autospec Ultima mass spec-
trometer (MS; Micromass Ltd., England), a sector instrument
with electrostatic-magnetic-electrostatic (EBE)-geometry. An
El ion source was used at 250 °C in positive mode, producing
70 eV electrons. The scan range was 40—600 m/z with 0.3 s
scan time and 0.2 s interscan delay. The resolution of the mass
spectrometer was set to 1000. MassLynx version 4.0 (Waters,
USA) and NIST 2017 Mass Spectral Library v. 2.2
(Gaithersburg, USA) were used. A combination of library
searches and comparison of retention time with external stan-
dards was employed for identification. Fatty acids identified
by library search only are marked with a superscript letter in
all tables and figures.

Data analysis and statistics

Fatty acid concentrations are expressed as percentage of total
fatty acids (mean of the three technical replicates + standard
deviation (SD)). In other words; the sum of the NL, FFA and
PL fraction of each alga is 100%, as this allows for easy
comparison of the fractions both within and between the al-
gae. Additionally, the relative amounts of summarized satu-
rated fatty acids (SFA), monounsaturated fatty acids (MUFA),
PUFA, NL, FFA and PL, as well as omega-6/omega-3 ratio,
were calculated for each alga.

The atherogenic index (Al), thrombogenic index (TI) and
hypocholesterolemic indix (HI) (or hypocholerosterolemic/
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Hypercholesterolemich ratio) were calculated to assess the fat
composition in regard to risk factors for coronary heart dis-
ease. Al and TI were calculated according to Ulbricht and
Southgate (1991):

Cl12:0+4-Cl4:04Cl6:0

Al =
>n—6 PUFA + Y n—3 PUFA + Y MUFA
I = Cl4:0+4+Cl6:0+C18:0
N B 3 >n—3 PUFA
0.5y MUFA + 0.5y n—6 PUFA + 3Yn—3 PUFA + 7Zn—6 PUFA

HI was calculated according to Fernandez et al. (2007):

HI =%
B

where

A=CI18:1n-9+Cl18:1n—7+ C18 : 2n—6 4 C18
:3n—6 4+ C18 : 3n—3 + C20 : 3n—6 + C20 : 4n—6 + C20
:5n—3 4 C22:4n—6+C22 : 5n—3 4 C22 : 6n—3

and

B=Cl4:0+Cl16:0

A principal component analysis (PCA) was performed
based on results for the ten most abundant fatty acids. These
fatty acids contributed with more than 1.0% in at least one
fraction, and in total, they constituted more than 90% of total
fatty acids in the algae. The analysis was performed with
RStudio (RStudio Team 2019) utilizing the tidyverse package
(Wickham et al. 2019).

Results

In total, 51 fatty acids were identified in the algae samples,
consisting of between 7-24 carbon atoms, and 0—6 double
bonds. Of these, 17 fatty acids were saturated, 19 mono-
unsaturated and 15 polyunsaturated. The fatty acids all had
cis configuration (with two exceptions, see section on
“Minor fatty acids”) and 42 out of 51 had an even number
of carbon atoms. The total fatty acid profiles are shown in
Online Resource 1 (SFA), 2 (MUFA) and 3 (PUFA). The
total lipid contents for P. palmata, A. esculenta and
S. latissima were 2.8+0.1%, 1.1 £0.1% and 2.4+0.3%
(percent of dry weight (DW), mean + 1 SD), respectively.
The NL, FFA and PL distributions varied significantly be-
tween the algae (Fig. 1a). The overall proportion of SFA,
MUFA and PUFA for the three algae species is shown in
Fig. 1b.

The FFA and PL fractions of A. esculenta and the NL
and PL fraction of S. /atissima had significantly lower SFA
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content (< 11%) than the other fractions (> 19%) (Fig. 2a).
The MUFA content was generally low (2.2—6.3%) and
similar between the fractions, the exceptions were the NL
fraction of A. esculenta (20.9 +£1.4%), and the FFA frac-
tion of S. latissima (12.4+£0.2%) (Fig. 2b). The PUFA
distribution (Fig. 2¢) was more varied but displayed some
trends; the FFA fractions had the lowest PUFA content and
the NL fractions the highest content for all three species.
The FFA fractions of P. palmata and A. esculenta were
particularly low in PUFA content (<3.1%). The NL frac-
tion of A. esculenta had the highest amount of PUFA (21.8
+1.9%). It also had the highest percentage of omega-3 and
omega-6 fatty acids (Fig. 2d and e). For all the algae, the
omega-3 content was highest in the NL fractions and low-
est in the FFA fractions. The omega-6 content showed
several between-fraction similarities, especially for
P. palmata and S. latissima, while for A. esculenta, the
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Fig. 1 a The distribution (%) of the lipid fractions; neutral lipids (NL),
free fatty acids (FFA) and polar lipids (PL), and b the proportion of
saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and
polyunsaturated fatty acids (PUFA), both for P. palmata (3 technical
replicates for each fraction), A. esculenta (4 technical replicates for each
fraction) and S. latissima (4 technical replicates for each fraction). Error
bars represent £ 1 SD

P. palmata



J Appl Phycol (2020) 32:4251-4262

4255

Percent (%)
= n N w
& S & 3
Percent (%)
o n ) w
o S & S

o
-
o

5 ] '

o

o
=)

Percent (%)
o N N w
& S & 3

=)

o

=)

NL FFA PL NL FFA PL NL FFA PL
P. palmaria ® A. esculenta * S. latissima P. palmaria ®A. esculenta * S. latissima P. palmaria ® A. esculenta * S. latissima
(a) SFA (b) MUFA (c) PUFA
12 12 1.5
! s
L
10 10 ' 12
o
= 8 i El - 8 ° E
% § 9 & 0.9 .
g o : g o g § .
& & ' 206
4 4 ] g *
L] E
o [}
2 L 2 03
.
0 0 0.0
NL FFA PL NL FFA PL NL FFA PL
P. palmaria ® A. esculenta ® S. latissima P. palmaria ®A. esculenta ® S. latissima P. palmaria ®A. esculenta ®S. latissima
(d) Omega-3 (e) Omega-6 (f) Omega-6/omega-3 ratio

Fig. 2 The fraction distribution for a saturated fatty acids (SFA), b
monounsaturated fatty acids (MUFA), ¢ polyunsaturated fatty acids
(PUFA), d omega-3, e omega-6 and f omega-6/omega-3 ratio, for

variation between the fractions was significant ranging
from 0.8 £0.1% in the FFA fraction to 10.0 £0.8% in the
NL fraction. The omega-6/omega-3 ratio was low in all
fractions (<1.4), but particularly low (<0.3) in the frac-
tions of P. palmata (Fig. 2f).

Major fatty acids

Ten of the fatty acids contributed with more than 90% of the
total fatty acid content (Fig. 3). Nonetheless, there were signif-
icant variations in their relative content. Palmitic acid (C16:0),
oleic acid (C18:1cis9) and eicosapentaenoic acid (EPA;
C20:5¢is5,8,11,14,17) contributed significantly (1.0-21.1%)
in each fraction, while the contribution from myristic acid
(C14:0), stearic acid (C18:0), palmitoleic acid (C16:1cis9),
linoleic acid (LNA, C18:2c¢is9,12), alpha linolenic acid (ALA,
C18:3¢is9,12,15), stearidonic acid (SDA, C18:4¢is6,9,12,15)
and arachidonic acid (ARA, C20:4cis5,8,11,14) varied from
0.1 to 9.3% depending on the fatty acid and the fraction.

The highest content of myristic was found in the FFA and
PL fractions of S. latissima (9.3 £0.3 and 6.1 +0.2%, respec-
tively) and the NL fraction of A. esculenta (5.3 +£0.4%).
Palmitic acid predominated in 6 out of the 9 fractions. The
exceptions were the NL and PL fractions of S. /atissima where
EPA and myristic acid were the most abundant, respectively,
and the PL fraction of A. esculenta where EPA predominated.
Palmaria palmata generally had a very high content (>
13.2%) of palmitic acid in all fractions. Alaria esculenta had

P. palmata (3 technical replicates for each fraction), A. esculenta (4 tech-
nical replicates for each fraction) and S. /atissima (4 technical replicates
for each fraction)

a high palmitic acid content in the NL fraction (18.6%) and
low in the FFA and PL fractions (<3.5%). Saccharina
latissima had the highest content in the FFA fraction
(14.6%) and lower in the NL and PL fractions (<4.0%).
Stearic acid was generally low in all the fractions (<3.1%),
but especially in the PL fractions (<0.5%).

The highest palmitoleic and oleic content was found in the NL
fraction of A. esculenta. All fractions of the three algae contained
the two essential fatty acids: LNA and ALA, the best source
being the NL fraction of A. esculenta which had both the highest
LNA (5.3£0.4%) and ALA (2.4+0.2%) content. The highest
SDA and ARA content (>2.2% and >2.3%, respectively) was
found in the NL and PL fractions of both A. esculenta and
S. latissima. The contribution of EPA varied considerably be-
tween and within the fractions, from 1.0 +£<0.0% in the FFA
fraction of P. palmata to 10.1+0.5% in the NL fraction of
P. palmata (Fig. 3). Overall, P. palmata had the highest abun-
dance of EPA, followed by A. esculenta and then S. latissima.

To assess the similarities and differences between the frac-
tions both within and between the algae, a PCA plot based on
the ten predominating fatty acids was made (Fig. 4). The first
and second dimensions of the PCA explain 66.5 and 19.7% of
the variation respectively. The fractions of P. palmata were
clearly clustered in their own region, but not very close to-
gether. Their placement away from the other fractions was
mainly explained by higher EPA and palmitic acid content
(PCA loading plot, data not shown). For A. esculenta and
S. latissima, the picture was more complicated. The PL
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of S. latissima were also close to this grouping. Their NL and
FFA fractions (A. esculenta and S. latissima, respectively),
however, were further away, this was largely due to the higher
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P.palmata
A.esculenta
® S latissima

Fraction
® FFA
A N
m PL
* &
0 5 10
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content of oleic and palmitic acid in these fractions (PCA
loading plot, data not shown).

The atherogenic index (Al), the thrombogenic index (TI)
and the hypocholesterolemic index (HI) were calculated to
better understand the effects of fat intake from the studied
algae fractions on risk factors for coronary heart disease and
can be found in Online Resource 3.

Minor fatty acids

In addition to the major fatty acids, between 14 and 27 other
fatty acids were identified in each fraction, see Online
Resource 1, 2 and 3. These fatty acids each contributed less
than 1% of the total fatty acid profile for each species.
Amongst these were several fatty acids with odd-numbered
carbon chains (e.g. C15:0 and C17:0) and mono- or poly-
unsaturated fatty acids with less common double bond posi-
tions. Two trans-fatty acids, C16:2¢rans7,10 and
C16:2trans9,12, were also identified in all fractions of
A. esculenta and S. latissima, as well as in the FFA fraction
of P. palmata. In addition, 3,7,11,15tetramethyl-C16:1cis/
trans2 was found in the FFA fraction of P. palmata. The
geometric isomerism of this fatty acid was undetermined.
Docosahexaenoic acid (DHA; C22:6¢is4,7,10,13,16,19) was
identified in all fractions of A. esculenta and S. latissima, but
not found at all in P. palmata. The highest DHA content was
found in A. esculenta (0.2 +<0.0% in all fractions).

The minor fatty acids also include novel fatty acids that
have not, to our knowledge, been reported in P. palmata,
A. esculenta or S. latissima previously, namely C7:0, C13:0
and C16:2trans9,12. Additionally, C9:0, C11:0, C14:0 iso-
methyl, 3,7,11,15-tetramethyl-C16:1cis/trans2, C24:1cis15
and C16:4c¢is6,9,12,15 in P. palmata, C9:0, C14:0 iso-methyl,
C20:0, C21:0, C22:0, Cl16:1cis7, Cl6:1cis11, C22:1cisl1,
C22:1cis13 and C16:2trans7,10 in A. esculenta, and
C7:1cis4, Cl4:1cisl1, Cl6:1cis7, Cl6:1cis11, Cl7cyclic,
C16:2trans7,10, C18:2cis8,11 and C22:2¢is13,15 in
S. latissima are novel.

Discussion

This study compared the fatty acid profiles of the fractionated
lipid extracts from three macroalgae sampled by hand in the
end of May/beginning of June at Froya, Norway. Algae col-
lected from one location at a single time point with pooled
biomass samples were chosen. Industrially speaking pooled
samples are very relevant; however, we acknowledge that the
separate analysis of several individual specimens would have
allowed for statistical testing of significance. Additionally,
several sampling times would have allowed for appreciation
of the seasonal variation. However, the results presented here
show the average of several specimens (1 kg of biomass was

collected for each alga) and thus gives an indication of the
expected profile for algae from this location. Comparison of
the fatty acid profiles of the alga species was especially rele-
vant as they have been exposed to very similar growth condi-
tions. In addition, the algae were collected at what is reported
as peak biomass growth (late spring) and before the onset of
epiphytes and biomass loss in summer (Handa et al. 2013).
Somewhat contrastingly the highest total lipid content and
highest proportions of PUFA have been reported for
P. palmata during the winter/early spring months (Schmid
et al. 2017a), potentially making the choice in harvesting time
a trade-off between optimal fatty acid composition and bio-
mass amount.

Alaria esculenta and S. latissima are both of the phylum
Ochrophyta, class Phacophyceae (brown algae) and order
Laminariales. It was therefore expected that their fatty acid
distributions were more similar compared with that of the
red alga P. palmata (phylum Rhodophyta, order
Palmariales). Galloway et al. (2012) conducted statistical anal-
ysis on the link between macrophyte phylogeny (phylum, or-
der, family etc.) and fatty acid profiles. Their results showed
that brown and red algae had similar content of ARA and EPA
and differed in abundance of palmitic acid and stearic acid,
mainly through a lack of these FAs in brown algae. Galloway
et al. (2012) also report that brown algae had relatively high
(~5-15%) LNA, ALA and SDA abundance, while red algae
had low percentages (~ 1%) for the same FAs. Our data were
not consistently in agreement with these observations. The
EPA distribution in our algae was as expected according to
Galloway et al.’s (2012) results, while the 1622 times higher
ARA content in the brown algae compared with the red alga
was not. In addition, while P. palmata had the overall highest
content of palmitic acid (50.26 = 2.47%), the total contents in
A. esculenta and S. latissima at above 20% cannot be de-
scribed as a “low or lacking”. The palmitic acid content in
our study is however in agreement with reports for other
brown algae species (Pereira et al. 2012). As for the stearic
acid content, the distribution between the algae was varied
with no clear trend between the brown or red algae (Fig. 3).
Palmaria palmata had an overall low abundance of LNA,
ALA and SDA (<0.7%), and A. esculenta and S. latissima
had overall significantly higher abundances (3.0-7.8%). This
is thus in agreement with Galloway et al. (2012). The results
presented here also showed that the two brown algae had
similar proportions of SFA, MUFA and PUFA (Fig. 1b),
and higher omega-6 content than P. palmata (Fig. 2e).

It is important to note that variability of the fatty acid pro-
files of algae is dependent not only on taxonomy but also on
environmental and ecological factors such as seasons, sam-
pling site location, nutrient availability, epiphyte abundance,
irradiance and salinity (Floreto et al. 1993; Xu et al. 1998;
Denis et al. 2010; Stengel et al. 2011; Venkatesalu et al.
2012; Khairy and El-Shafay 2013; Schmid et al. 2014,
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2017a, b; Gosch et al. 2015; Marinho et al. 2015; Serviere-
Zaragoza et al. 2015; Shaltout and El-Din 2015; Vilg et al.
2015; Balboa et al. 2016; Fariman et al. 2016; Koch et al.
2016; Barbosa et al. 2017; Mohy El-Din 2018; Praiboon
et al. 2018; da Costa et al. 2019; Monteiro et al. 2020).

Another recent study looked at lipidomic signatures as a
way of identifying geographic origin in S. latissima, by com-
paring samples from France, the United Kingdom (UK) and
Norway (Monteiro et al. 2020). The Norwegian samples from
this study, along with the S. latissima samples in Rey et al.
(2019), and also our study, were all harvested at Froya
(Norway). They were harvested in April 2017, May 2016
and May 2018, respectively. Monteiro et al. (2020) found
significant differences between the content of several fatty
acids in the Norwegian, UK and French samples. However,
when comparing the Norwegian samples in all three studies,
one can find several examples of variation in individual fatty
acid content which clearly supersedes the variation found
when comparing the same fatty acids in the three geographical
locations Norway, France and UK. This of course does not
invalidate the use of lipidomic signatures for identification of
geographic origin, as those signatures are based on more than
the content of individual fatty acids. Yet, it provides a power-
ful example of how the fatty acid distributions in samples of
the same species of alga collected in the same location (by the
same company), in the same time of year can still differ sig-
nificantly, and how the knowledge of such variation is
important.

The predominating ten fatty acids (combined they contrib-
uted with more than 90% in all alga) was largely in agreement
with the published data for P. palmata, A. esculenta and
S. latissima (e.g. Mahre et al. 2014; Schmid and Stengel
2015; Schmid et al. 2016; Biancarosa et al. 2018; Neto et al.
2018). The largest deviations from the literature were found in
P. palmata, where the samples from our study had roughly
twice the total palmitic acid content (50.3 +2.5%) and half the
total EPA content (17.7+£0.6%) of what is largely reported
elsewhere (Graeve et al. 2002; van Ginneken et al. 2011;
Msahre et al. 2014; Robertson et al. 2015; Schmid et al.
2016; Biancarosa et al. 2018; Lopes et al. 2019). However,
Mouritsen et al. (2013) showed that the variation between
harvesting location could mean drastically different fatty acid
profiles with EPA varying from 1.76% (Maine, USA) to
59.69% (Denmark).

Lipid fractions and health perspectives

The potential health effects of fatty acids are dependent on
their bioavailability, which amongst other things can be relat-
ed to their lipid structure (Cholewski et al. 2018).
Glyceroglycolipids are the most abundant lipids in
macroalgae (Harwood 1998; Holzl and Dérmann 2007). In
this context, the overall low PL content of the algae was
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surprising (Fig. 1a). For P. palmata, this is not in agreement
with previous literature (Mishra et al. 1993; Fleurence et al.
1994; Robertson et al. 2015; Schmid et al. 2017b). Fleurence
etal. (1994) reported 64.7% of fatty acids in the NL fraction of
S. latissima; however, this fraction may also include the free
fatty acids, regardless the PL fraction content (35.3%) is sim-
ilar to what is reported in our study. For A. esculenta, there are
no published studies with lipid fractionation to compare with.
The PCA plot indicated that some aspects of the fatty acid
distributions in A. esculenta and S. latissima were more sim-
ilar to each other than to that of P. palmata (Fig. 4). However,
as the variation between the fractions can be larger than the
variation between the algae, this is not conclusive. For
A. esculenta, the FFA and PL fractions were quite close to-
gether, while for S. /atissima, it was the NL and PL fractions
that were clustered; thus, there was no clear pattern in which
fractions had the most similar fatty acid profiles. P. palmata
was the alga with the closest clustering of the fractions, thus
indicating the smallest variation between them.

Considering overall SFA, MUFA and PUFA content,
A. esculenta had the most favourable composition with the
lowest relative amount of SFA and the highest relative amount
of PUFA (Fig. 1b). Replacing SFA in the diet with MUFA, or
more preferably PUFA, is reported to be good for cardiovas-
cular health (FAO 2010). Saccharina latissima was similar to
A. esculenta in terms of PUFA content but had a higher SFA
content. Palmaria palmata had the highest SFA content and
lowest PUFA content and was thus in this regard the least
favourable. For A. esculenta and S. latissima, the overall dis-
tribution between SFA, MUFA and PUFA is in accordance
with previously published data for brown algae in general
(Pereira et al. 2012) and Laminariales in particular
(Dawczynski et al. 2007). For red alga, the distribution has
been shown to be more species dependent (Pereira et al.
2012), and P. palmata had higher SFA and lower PUFA con-
tent that what is generally reported, as discussed above with
regard to palmitic acid and EPA content. Nonetheless, an
overall higher SFA content in red algae than brown has been
reported (Dawczynski et al. 2007). When considering the frac-
tions, it was the FFA and PL fractions of A. esculenta and the
NL and PL fractions of S. latissima that had the most desirable
SFA composition (< 11%) from a dietary point of view (Fig.
2a). The highest PUFA contents were found in the NL frac-
tions making them the most desirable from a dietary perspec-
tive (Fig. 2c¢).

The macroalgae all contained the essential fatty acids, LNA
and ALA, whose absence from the diet will lead to deficiency
syndromes (FAO 2010). The highest content was found in the
NL fraction of A. esculenta, while P. palmata had particularly
low contents (<0.4%) in all fractions (Fig. 3). ALA is a pre-
cursor for EPA and DHA synthesis in the body. However, this
synthesis is limited, especially with regard to conversion to
DHA. In addition, the conversion efficiency is impacted by
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the omega-6/omega-3 ratio, as omega-6 fatty acids compete
for the same elongation and desaturation enzymes (Robertson
et al. 2013). SDA is an intermediate in the synthesis pathway
from ALA to EPA. Supplementation of SDA can thus in-
crease the EPA concentration in the body as conversion from
SDA is more efficient than that from ALA (Walker et al.
2013). SDA was identified in all the fractions of all three
species, and the highest contents were found in the NL and
PL fractions of A. esculenta and S. latissima.

EPA and DHA are of special dietary interest due to their
importance for visual and cognitive development and func-
tion, as well as their positive effects on inflammatory-related
diseases (Zarate et al. 2017). The appreciation of these three
macroalgae as good sources of EPA agrees with previously
published literature (e.g. Meehre et al. 2014; Schmid and
Stengel 2015; Schmid et al. 2016; Biancarosa et al. 2018). It
is interesting to note that the highest percentages of EPA for
each alga were found in the NL fractions, followed by the PL
and then the FFA fractions (Fig. 3). Our results therefore in-
dicated that EPA was bound to acylglycerides in a higher
degree than to polar lipids. However, this is not in agreement
with previously published data for P. palmata, where the EPA
amounts were higher in the PL than in the NL fraction (Mishra
et al. 1993; Fleurence et al. 1994; Schmid et al. 2017b). For
S. latissima, Fleurence et al. (1994) reported that EPA was
almost equally distributed in the NL and PL fractions (~3%).

Omega-3 fatty acids are reported to have anti-inflammatory
properties. Their intake can thus be beneficial for both preven-
tion and treatment of inflammatory diseases such as allergies,
asthma, arthritis, neurodegenerative disorders and autoim-
mune diseases, but also diseases with inflammatory symptoms
such as, diabetes, obesity and cancers (Robertson et al. 2013;
Zarate et al. 2017). As sources of omega-3 PUFA, P. palmata
and A. esculenta had the highest overall contents (19.0+0.7
and 21.3£2.0%, respectively), with the NL fractions being
the largest contributors with 10.4+0.5 and 11.6+1.0% re-
spectively (Fig. 2d). Alaria esculenta and S. latissima had
the highest total omega-6 contents (14.8+1.3 and 17.6 +
0.9%, respectively), while the total omega-6 content in
P. palmata was significantly lower (1.3+0.1%) (Fig. 2e).
The FAO does not have specific recommendations for ome-
ga-6/omega-3 ratio, other than set recommendations for intake
of LNA (2.5% of calories) and omega-3 PUFA (ALA, EPA
and DHA; 0.5-2% of calories) (FAO 2010). However, it is
known that the western diet is generally too high in omega-6
intake (mainly through vegetable oils high in LNA content)
and too low in omega-3 intake (ALA, EPA and DHA from
marine sources) (Simopoulos 2002). The algae all had low
omega-6/omega-3 ratios (Fig. 2f); the particularly low ratios
in P. palmata were mainly due to low amounts of the omega-6
fatty acids LNA and ARA compared with the brown algae.

Several minor fatty acids were identified. While these con-
tributed with < 1%, they could still be important for the

comprehensive understanding of the lipid metabolism in
macroalgae. Several of these fatty acids are also understudied
with regard to biological function and health implications. Their
presence in these macroalgae could be of future interest. For
example the biological functions of the odd chain fatty acids
C15:0 and C17:0 is not yet fully understood, but amongst other
things, they have been linked to reduced risk of coronary heart
disease and type II diabetes, and are also believed to increase
membrane fluidity in a similar way as PUFA, which can be
relevant for diseases such as Alzheimer and multiple sclerosis
(Jenkins et al. 2015; Pfeuffer and Jaudszus 2016). Another
health concern is that dietary intake of zrans-fat should stay
below the recommended limit of 1% of calories (FAO 2010).
The trans-fatty acids identified in A. esculenta, S. latissima and
P. palmata were only found in low total amounts (<0.2%,
Online Resource 3). Intake of frans-fatty acids either from a
single fraction, the whole alga or lipid extracts, will therefore
be <0.2%. The vital fatty acid DHA was identified in both
A. esculenta and S. latissima in low relative amounts (<0.2 +
<0.0% of each fraction, Online Resource 3). The highest total
DHA content was found in A. esculenta (0.5 +0.1%).

In relation to risk factors for coronary heart disease, the Al, TI
and HI indices were calculated. Al gives an indication of how the
fat composition influences the formation of arterial fatty deposits,
TI indicates how the fat composition impacts blood coagulation
(as a predisposition for thrombosis, i.e. blood clots) and lastly, HI
indicates the impact of the fat composition on blood cholesterol
levels. Note that for Al and TI, low numbers (< 1) indicate pro-
tective effects, and higher numbers (> 1) promotive effects, while
for HI, it is opposite. The calculated indices (Online resource 3)
indicated that the NL fraction of S. latissima and the NL and PL
fractions of A. esculenta were the most favourable when consid-
ering overall risk factors for coronary heart disease. The FFA
fractions of P. palmata and S. latissima showed the opposite
trend with higher values for Al and TI, and lower for HI, indi-
cating overall promotive effects. An overall higher HI for the
brown algae compared with the red alga agrees with previously
published literature (Patarra et al. 2013).

When considering macroalgae as sources of dietary impor-
tant fatty acids, several factors need to be taken into account,
such as total lipid content, fatty acid profiles, bioavailability,
biomass availability and likely dietary intake. Palmaria
palmata had both the highest content of lipids (2.8 £01% of
DW) and the highest content of EPA (the main omega-3
PUFA), and was thus the best potential source of this PUFA.
However, Mahre et al. (2014) calculated that the consumption
of P. palmata had to be in the range of 130-160 g day ' in
order to meet the recommended daily intake of 250 mg EPA'
(FAO 2010). As direct diet additions, macroalgae can contrib-
ute towards the intake of EPA, but not be the only source of

! The recommended intake is 250 mg EPA + DHA; however, red algae are
only sources of EPA.
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this dietary important fatty acid. Lipid extracts are the most
promising way of utilizing macroalgae as sources of PUFA.
The co-utilization of the lipid fraction and e.g. the
phycocolloid fraction (alginate) of macroalgae should also
be of commercial interest. In a similar vein, Schiener et al.
(2016) demonstrated that by-products from biofuel production
from S. latissima, A. esculenta and Ulva lactuca had increased
lipid content after saccharification and could be successfully
used as feed for juvenile bivalve and sea urchins. Microalgae
are also known to produce EPA as well as DHA, and a lipid
content above 50% of DW has been reported, e.g. Fistulifera
solaris cultivated for EPA production (Tanaka et al. 2017).
The cultivation of microalgae is a promising field, but chal-
lenges due to cultivation cost and use of limited and/or expen-
sive resources need to be solved (Lopes da Silva et al. 2019).
When cultivating macroalgae, the seedlings grown in the lab
are also in need of some resources, while if wild macroalgae is
used, other concerns, such as sustainable harvesting strategies,
impact on associated life forms and natural variability, are
more relevant.

Conclusions

Our research shows that separating the lipid extracts into frac-
tions will give access to very different fatty acid profiles.
Utilizing one or more fractions of an alga can be helpful to-
wards reaching a particular fatty acid content or a desired mix.
Additionally, the fractions can give information about the fatty
acid’s bioavailability, e.g. if EPA esterified to polar lipids for
transport across the blood-brain barrier is wanted, then the PL
fraction of P. palmata can be utilized. While our study showed
that these macroalgae cannot be the only source of omega-3
PUFA in the diet, they can contribute to a higher intake of
these fatty acids. The nutritional indices showed that fatty acid
distribution in A. esculenta can have protective effects towards
risk factors for coronary heart disease, especially the NL and
PL fractions. The fatty acid profile of A. esculenta has re-
ceived very little interest in the scientific community, espe-
cially compared with algae such as P. palmata. Our results
indicate that A. esculenta could be a valuable diet addition.
The omega-6/omega-3 ratios were low (< 1.05) in all the frac-
tions of the three species, implying that introduction of these
algal species in the diet can have a positive effect on lowering
the omega-6/omega-3 ratio. For all three algae, the highest
content of EPA and the other omega-3 fatty acids was found
in the NL fractions, followed by the PL and then the FFA
fractions, giving indications of their bioavailability.
Unsurprisingly, based on previous literature, the best source
of EPA was P. palmata. The NL and PL fractions of
P. palmata seem overall promising from a health perspective
due to high EPA content (10.1+0.5 and 6.6 +0.1%, respec-
tively) and very low omega-6/omega-3 ratios (<0.1).

@ Springer

However, the same two fractions also had high SFA content
(19.8£2.0 and 24.0£0.9%, respectively) and low (<0.2%)
LNA and ALA content. Comparison with published data il-
lustrated that within-species variation, even with the same
sampling location and season, can be larger than between-
taxon differences. In order to elucidate the causes of such
differences, and allow for easier comparison of results, algae
characterizations should ideally be accompanied by larger
datasets describing the environmental conditions during algae
growth and at time of harvesting.
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