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®

Check for
updates

Lucas Berneira' - Caroline da Silva' - Tais Poletti' - Marina Ritter' - Marco dos Santos ' - Pio Colepicolo? -

Claudio Martin Pereira de Pereira’

Received: 28 March 2020 /Revised and accepted: 27 May 2020 / Published online: 19 June 2020

© Springer Nature B.V. 2020

Abstract

Fatty acids (FAs) and volatile organic compounds (VOCs) are among bioactive substances produced by macroalgae, which have
important reported biological activities. The aim of this work was to determine the diversity of FAs and VOCs in brown, green,
and red Antarctic macroalgae. Results showed that seaweeds contained 13 to 25 FAs with a predominance of palmitic, oleic,
linoleic, and eicosapentaenoic acids. Concerning VOCs, 28 to 55 distinct compounds could be detected, distributed among
aldehydes, hydrocarbons, furan derivatives, and ketones, for instance. Generally, hexanal (5.83%—25.51%), heptadecane
(0.92%—49.84%) and 2-pentylfuran (3.02%—12.57%) were found in considerable amounts in the analyzed specimens. It is worth
noting that, to the best of our knowledge, this was the first time that Antarctic macroalgae had their VOCs elucidated. Therefore,
Antarctic seaweeds were composed of several VOCs and FAs which could assist in the elucidation of secondary metabolites from

these organisms.
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Introduction

Seaweeds comprise a diverse group of approximately 10,000
aquatic organisms that can be divided depending on their pig-
mentation and biochemical and morphological aspects into
three main groups that include the Rhodophyta, Ochrophyta,
and Chlorophyta (Rodrigues et al. 2015; dos Santos et al.
2019). The biological potential of macroalgae has led to the
use of seaweeds as food, fertilizers, bioenergy resources, and
additives in cosmetics, for instance, mainly in Asiatic coun-
tries (Hamid et al. 2015; Passos et al. 2020). Despite their high
potential, macroalgae can still be considered largely
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unexplored as less than 5% of the known species have been
used commercially, making them feasible sources of novel
biological applications (Andrade et al. 2013; Rodrigues et al.
2015).

The high adaptive capacity of seaweeds to the most adverse
environments enabled their survival in severe habitats that
include Polar, sub-Antarctic, and Antarctic regions of the
planet (Graeve et al. 2002; Becker et al. 2010). Conditions,
such as water temperature, light exposure, nutrient availabili-
ty, and water salinity, can be extreme in the Antarctic region
inducing macroalgae to biosynthesize secondary metabolites
as survival mechanisms (Santos et al. 2017; Pacheco et al.
2018; Pacheco et al. 2018). Fatty acids (FAs), sterols, vita-
mins, carbohydrates, and volatile organic compounds (VOCs)
are among the secondary metabolites produced by seaweeds
(Santos et al. 2015; Maruti et al. 2018; Schmid et al. 2018).

Although constituting generally less than 5% of the chem-
ical composition of macroalgae, FAs are key secondary me-
tabolites produced by seaweeds in order to help maintain their
membrane fluidity, beyond other metabolic functions (Santos
et al. 2017). It is known that this biochemical mechanism is
one of the possible responses to extreme environmental con-
ditions, which leads to the production of essential FAs that
cannot be synthesized by humans (Martins et al. 2016). The
consumption of omega-3 (n3) FAs is associated to several
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biological activities, and the health benefits include antibacte-
rial, antitumor, antioxidant, and antiinflammatory effects as
well as prevention of coronary and neurologic diseases
(Larsen et al. 2011; Pereira et al. 2012).

VOC:s are another vast group of bioactive substances pro-
duced by seaweeds that have low molecular weight and are
mostly lipophilic compounds, including, for instance, alde-
hydes, ketones, hydrocarbons, furan derivatives, and alcohols
(Hosoglu 2018). Despite early studies dating back to the late
80s regarding VOCs, there are still few research works
concerning their determination in macroalgae (Hamid et al.
2015). It is worth noting that VOCs have shown antimicrobial
activity, highlighting their biological potential (Paul and
Pohnert 2011). However, their mechanism of biosynthesis
and action in seaweeds and environment are still largely un-
known up to this date.

According to the literature, seaweeds can be a vast source
of bioactive compounds, such as VOCs and FAs, that are still
largely unexplored to this date. Previous research works indi-
cated that Antarctic seaweeds contain important phytochemi-
cals including FAs (Martins et al. 2016; Santos et al. 2017)
and sterols (Pereira et al. 2017; Pacheco et al. 2018).
Considering that it is important to continuously develop stud-
ies regarding the extraction of compounds from Antarctic
macroalgae, the study aimed to highlight novel potential bio-
active substances and determine possible chemotaxonomic
relationships among the analyzed samples. Therefore, the ob-
jectives of this work were to evaluate the volatile composition
and the FA profile of seven Antarctic macroalgae
(Rhodophyta, Chlorophyta, and Ochrophyta) as well as to
differentiate species by their metabolites using statistical
approaches.

Materials and methods
Sampling
Ochrophyta representatives Desmarestia confervoides and

Adenocystis utricularis, Rhodophyta species Myriogramme
manginii, Gigartina skottisbergii, Curdia racovitzae, and

Georgiella confluens, as well as the Chlorophyta seaweed
Ulva intestinalis were collected in several points of the
Antarctic Peninsula or in the South Shetland Islands during
November and December of 2015 (Table 1). Generally, 6 to
10 individuals of representatives from each macroalgae were
manually collected at low tide. Subsequent to collection, the
samples were washed with seawater. Morphological identifi-
cation was performed by expert phycologists by comparing
the samples to a database of the Botanic Institute of the
University of Sao Paulo. Finally, individuals were lyophilized,
milled, and placed into dark plastic bags, stored at —20 °C.

Chemicals and materials

A methanolic solution of boron trifluoride (14%, v/v) and a
C8-C20 alkane solution were obtained from Sigma-Aldrich
(USA), while standards methyl nonadecanoate and a 37-mix
fatty acid methyl esters (FAMEs) were acquired from Sigma-
Aldrich and Supelco (USA), respectively. Lastly, 20 mL
boron-silicate vials and silicone septum were from Shimadzu
(Japan) and HPLC-grade n-hexane was obtained from J.T.
Baker (USA). All solvent and other chemical reactants were
of analytical grade (<98.5%).

Analysis of fatty acids
Extraction

Extraction of FAs from the samples was carried out in tripli-
cate (n = 3) and followed the modified methodology proposed
by Bligh and Dyer (1959). Briefly, 1 g of algal biomass,
10 mL of chloroform, 20 mL of methanol, and 10 mL of an
aqueous solution of sodium sulfate (1.5%, w/v) were mixed
and stirred for 30 min at ambient temperature. Subsequently,
10 mL of chloroform and 10 mL of an aqueous solution of
sodium sulfate (1.5%, w/v) were added to the system, and the
samples were centrifuged at 3000 rpm for 30 min and, after-
wards, had their non-polar organic layer separated and filtered
under anhydrous sodium sulfate and evaporated under re-
duced pressure.

Table 1 Specimens, collection data, and phylum of the studied Antarctic macroalgae

Species Collection site Geographical coordinates Phylum
Desmarestia confervoides Hennequim Point 62°7" S x58°23' W Ochrophyta
Adenocystis utricularis Greenwich Island 62°29" S x59° 45 W Ochrophyta
Myriogramme manginii Snow Island 62°46'Sx61° 17 W Rhodophyta
Gigartina skottisbergii Hennequim Point 62° 7" S x58°23' W Rhodophyta
Curdia racovitzae Punta Plaza 62° 5" S x58° 24" W Rhodophyta
Georgiella confluens Hennequim Point 62° 7" S x58°23' W Rhodophyta
Ulva intestinalis Robert Island 62°22'Sx59°41' W Chlorophyta
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Derivatization

Derivatization of the extracted FAs was performed in tripli-
cate (n=3), and the procedure described by Moss et al.
(1974) was followed. Briefly, the extracted material and
5 mL of a methanolic solution of sodium hydroxide (2%,
w/v) were refluxed and stirred for 5 min. Subsequently,
5 mL of a methanolic solution of boron trifluoride (14%,
v/v) was added, and the system was allowed to stir under
reflux for another 5 min. Then, 20 mL of n-hexane was used
to retrieve the non-polar organic layer that was further evap-
orated to dryness under reduced pressure and nitrogen flow
(Moss et al. 1974).

Analysis of volatile organic compounds
Extraction

Headspace extraction of VOCs followed the method de-
scribed by de Alencar et al. (2017). Briefly, 1 g of algal bio-
mass was introduced into 20 mL boron-silicate vials and
wrapped using silicone septum. Samples were incubated at
100 °C for 1 h, and, subsequently, VOCs were injected into
a gas chromatograph coupled to a mass spectrometer.

Chromatographic analysis

Chromatographic analysis of FAs was carried out using gas
chromatography coupled to a flame ionization detector (GC-
FID) model GC-2010 (Shimadzu, Japan). The capillary col-
umn used was SP-2560 (100 m x 0.25 mm % 0.2 pum; Supelco,
USA), while nitrogen at a gas flow of 1.20 mL min ™' was used
as the carrier gas. For the analysis, 1 uL of the samples was
injected in split mode (1:100) and subjected to an initial oven
temperature of 140 °C increasing 4 °C min” ' to a final oven
temperature of 240 °C maintained for 10 min. The injector
port was retained at 260 °C. Identification and quantification
of the detected FAs were made using a 37-mix standard of
FAMEs Mix and the GC Solution software (Shimadzu,
Japan).

Chromatographic analysis of VOCs was conducted by
Gas Chromatography-Mass Spectrometry (GC-MS) using
an equipment model GCMS-QP2010 (Shimadzu). The cap-
illary column used was Rtx-5MS (30 m % 0.25 mm X
0.25 um; Restek, USA) with helium at a gas flow of
1.28 mL min~' as carrier gas. For the analysis, 1000 pL of
the extracted VOCs was injected in direct mode in the GC—
MS system using an initial oven temperature of 30 °C for
2 min growing 4 °C min "' to 180 °C and then increasing to
20 °C min ' until reaching the final oven temperature of
280 °C, maintaining this condition for 5 min. The ion
source and the injection port were operated at 290 and
250 °C, respectively. Fragments were analyzed from m/z

30 to 450, and identification of the compounds was carried
out using NIST-08 library comparing retention indexes to a
C8-C20 alkane standard.

Statistical analysis

Two-way analysis of variance (ANOVA) was carried out
using GraphPad version 7 (USA), and Tukey’s test
(p < 0.05) was used to differentiate FAs from the studied sam-
ples. Principal component analysis (PCA) and Ward hierar-
chical clustering using squared Euclidean distance were con-
ducted by means of Minitab software version 17 (State
College, USA) in order to evaluate similarity patterns among
FAs and VOCs produced by the studied macroalgae.

Results
Fatty acids

Chromatographic analysis of the FAs extracted from brown,
green, and red Antarctic macroalgae (Table 2) revealed that
the samples were constituted of 13-25 distinct compounds
that varied in aliphatic chain length from 10 to 24 carbons.
Qualitatively, D. confervoides had the most diverse FA con-
stitution than the other seaweeds being comprised of 10 sat-
urated FAs (SFAs), 6 monounsaturated FAs (MUFAs), and 9
polyunsaturated FAs (PUFAs). It is worth noting that
A. utricularis and G. confluens had more different types of
PUFAs and MUFAs, respectively, than G. skottisbergii
which was composed of lesser types of FAs than the other
species.

As can be observed in Table 2, palmitic acid (C16:0) was
the prevalent FA in the majority of the studied samples
reaching as much as 65.87+£0.97% in G. skottsbergii. On
the other hand, D. confervoides mostly contained oleic acid
(C18:1n9c¢) in the concentration of 24.50 =0.31% while the
other samples had amounts that ranged from 4.64 + 0.62% to
22.11+£0.32%. Other FAs can also be highlighted from the
results, including linoleic (C18:2n6¢), x-linolenic (C18:3n3),
arachidonic (C20:4n6), and eicosapentaenoic acid (C20:5r3).
Several macroalgae also had unusual FAs in their constitution,
such as heptadecanoic (C17:0), heptadecenoic (C17:1), and
heneicosanoic acid (C21:0), as well as trans-FAs elaidic
(18:119t) and linolenaidic acid (18:2n6t).

Generally, the studied macroalgae mainly contained
C18-FAs (19.25+0.74%-37.92 +0.45%), except for
C. racovitzae that had a dominance of C20-FAs (15.26 +
1.16%). It is worth noting that C20-FAs were also found in
higher amounts in brown macroalgae (26.83 +0.48%—
26.62 £1.14%) than the other samples (0.22 4+ 0.06%—
15.26 £1.16%), while C22-FAs were found in minor con-
centration in the studied seaweeds (0.36 £0.05%—-2.97 +
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Table 2 Fatty acid profile (% of area) of brown, green, and red Antarctic macroalgae

Fatty acid Ochrophyta Chlorophyta Rhodophyta

D. confervoides A. utricularis U. intestinalis M. manginii G. skottisbergii C. racovitzae G. confluens
10:0 1.04 £0.74% 0.70 £0.06* 0.15+0.05 nd? 1.12+0.04% 0.46+0.24 1.48 £0.49"
12:0 0.23+£0.06* 0.16+0.04% 0.88+0.34° 0.59+0.04° nd® 5.74+0.18° 0.61£0.10°
14:0 8.04+0.17° 8.34+0.33¢ 2.22+0.20¢ 5.29+0.13% 4.09 +0.05 5.84+0.24° 3.84+0.05
14:1 0.09 +0.02° nd® 0.27+0.01° nd® nd® nd® nd®
15:0 0.39+0.03 0.38+£0.04% nd® 0.70 £0.09* 0.99+£0.02* 0.76 £0.05 0.76+0.17*
16:0 20.80 +0.69° 2642+1.119  53.06+£1.06™  38.61+1.31¢ 65.87+0.97* 53.46+1.44°  51.62+131°
16:1 2.71+0.02% 1.76 £0.11% 10.29 +1.55¢ 6.78 +1.87" 2.12+0.07* 0.50+0.06° 16.58 £0.63¢
17:0 0.25+0.06 0.55+0.05° 0.15+0.01° 0.25+0.07° nd® 0.30+0.02° 0.48+0.11°
17:1 0.20+0.07* nd® nd® nd® nd® nd* 0.73+0.17%
18:0 nd® 1.93+0.11° 227+0.24° 2.28+0.30° 8.10+0.06° 3.10+0.63° 2.69+0.34°
18:119t nd® nd® 0.40+0.18" nd® nd® nd* nd®
18:11n9¢ 24.50+031° 14.89+0.33*  22.11+0.32¢ 20.93 +0.39° 13.91 +0.06™ 4.64+0.62° 12.94+0.19¢
18:2n6t 0.26+0.07° nd® 1.02+0.01* 0.89+0.24° nd® nd® 0.96+0.17°
18:2n6¢ 8.16+0.07° 9.63 +0.04° 1.13+0.01%° 3.08+0.18¢ nd® 247+0.12% 1.30+0.24%
18:3n3 446+0.11° 6.34+0.11° 3.28+0.19° 1.03+0.15" nd® 0.32+0.14% 1.35+0.14%
18:3n6 0.52+0.04° 0.54+0.03 nd® 0.48 £0.09° nd® 0.41+0.11* nd®
20:0 2.28+0.08" 0.64+0.16* 0.22+£0.06* nd® nd® nd® nd®
20:1 0.42+0.03° nd® nd® 0.62 £0.24° 0.35+0.02° 0.50+0.15 0.44+0.10°
20:2 2.70+0.17° 7.21+0.22° nd® nd® nd® 1.64+0.14° nd®
20:3n6 0.91+0.06" 0.69+0.14% nd® 0.68+0.19° nd® 1.37+0.11° nd®
20:313 0.52+0.02° 0.32+0.12° nd® nd® nd® nd® nd®
20:4n6 14.47+0.16° 5.68+0.22° nd® 277+027° 0.67+0.10 425+0.24° nd®
20:513 5.54+0.39° 1206+0309  nd® 7.95+0.31° 0.47+0.23* 7.48+0.54° 220+0.18
21:0 0.12+0.02% nd® nd® nd® nd® nd* nd®
22:0 0.36+0.05 nd® 0.82+0.08° 0.63+0.29° nd® 0.27+0.16" 0.24+0.14°
22:1n9 0.31+0.04a° nd® 1.61+0.10° 0.55+0.22% 0.37+0.01*° 1.06+0.19% 0.36+0.09°°
22:2 nd® 1264020  nd® nd® nd® 1.63+0.24° nd®
24:0 0.52+0.02° nd® nd® 0.97+0.17° 0.34+0.16 0.73+0.12° 0.42+0.16°
24:1 nd® nd® nd® 447+0.26° 1.50+0.35% 2.86+0.26" 0.61+0.20°
>C18 37.92 +£0.45° 3334+025°  30.22+043¢ 28.70+0.32¢ 22.01+0.12¢ 10.96+0.22°  19.25+0.747
3C20 26.83 +0.48" 26.62+1.14>  0.22+0.06° 12.58 +0.99¢ 1.49+0.31° 1526+ 1.16°  2.64+0.28°
>C22 0.36+0.05% 1.26+0.20%¢ 2.43+0.13%¢ 1.19+0.51%%  037+0.01% 2.97+0.59° 0.63+0.24¢
Y'SFA 35.81+0.16 42.47+458  59.78+131° 49.23+1.37¢ 79.87 +1.19° 70.70+2.05°  62.16+1.15°
YMUFA 27.94+0.30° 16.66+0.23*  34.70+1.57° 33.36+1.85° 17.75+0.912 9.57+0.68° 31.67 +0.36°
YPUFA 36.13+0.18° 40.83+4.40°  551+0.25° 17.40 +2.46° 237+029* 19.72+1.61°  6.16+0.93°
Sn6 24.33+0.23° 16.55+036°  2.15+0.10% 7.91+0.92¢ 0.67+0.10° 8.52+0.56° 226+0.41°
Sn3 10.53+0.31° 18.73+£0.509  3.28+0.19° 9.18+0.51% 0.47+0.23% 7.81+0.69° 3.55+0.32°
Sn6/yn3 230+0.09° 0.87+0.00°  0.65+0.04 0.85+0.06™ 1.63+0.66 1.09+£0.02®  0.62+0.06°
SSFA/YPUFA  0.98+0.00 1.07+0.22¢ 10.85+0.26° 2.86+0.43° 34.07+£5.12° 3.60+0.38° 11.98+2.06°

Results in triplicate (n = 3) represented as mean + standard deviation

Results with distinct superscript letters within the same macroalgae development phases are significantly different (» <0.05)

SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; nd, not detected

0.59%). Analyzing the classes of FAs (Fig. 1S), it can be
observed that SFAs showed predominance in most of the
samples varying from 35.81 £0.16% to 79.87 + 1.19% with
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the exception of D. conferovoides that was dominated by
PUFAs (36.13+0.18%). MUFAs were found in middle-
ranged concentrations (9.57 £ 0.68%-34.70 £ 1.57%).
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10:1. In this sense, results showed that all the studied
macroalgae had acceptable ) n6/) n3 ratios varying from
0.62+0.06 to 2.30 +0.09.

Moreover, n3-PUFAs were found in considerable con-
centrations in D. confervoides (10.53 £0.31%),
A. utricularis (18.73 £0.50%), and M. manginii (9.18
0.51%) while the other samples had amounts that varied
from 0.47+0.23% to 7.81 £0.69%. Similarly, n6-PUFAs
also had their highest concentrations in the brown
macroalgae reaching as much as 24.33+0.23% in
D. confervoides, while G. skottsbergii only had 0.67

Volatile organic compounds

Chromatographic analysis of the VOCs from brown,
green, and red Antarctic macroalgae (Table 1S) indicated

0.10%. The Y n6/yn3 ratio is an important parameter to
evaluate the nutritional value of a sample, in which the
World Health Organization recommends a ratio of less than

the presence of several chemical classes among the sam-
ples varying from 28 (A. utricularis) to 55 (G. confluens).
Aldehydes (8-12), ketones (5-12), alcohols (2—-6), furan
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Fig. 2 Dendrogram of the
hierarchical analysis of red, green,

1 — G. skottsbergii

. 0.00
and brown Antarctic macroalgae

2 — C. racovitzae
3 - G. confluens
4 — U. intestinalis

33.33

Similarity (%)

66.67

100.00

derivatives (2-3), hydrocarbons (7-16), and FAs (0-5)
were among the chemical classes detected (Fig. 2S).
VOCs were mainly found in the form of hydrocarbons
(7.28-51.52%) or aldehydes (15.61-45.64%) although ke-
tones (4.86—32.49%) and furan derivatives (4.11-18.51%)
were also found in considerable amounts.

Hexanal (5.83%—-25.51%), 2-pentylfuran (3.02%—
12.57%), and heptadecane (0.92%-49.84%) were the
compounds detected in higher concentrations in the stud-
ied samples. It is worth noting the presence of heptanal
(0.30%—-13.07%), 2-heptanone (2.21%-7.41%), 2-
pentenylfuran (0.53%-8.65%), and palmitic acid (nd—
10.02%) found in the macroalgae. Each seaweed had
heptadecane as a major compound although other sam-
ples, including A. wutricularis, for instance, had hexanal
as the predominant VOC.

The VOC profile of the studied samples revealed that
seaweeds had particular compounds in their constitution,
such as 2-propyl-2-heptenal, 3-homocyclocitral, and
hexan-2-one in G. confluens, 2,5-dimethyl-5-heptenal,
and 6-methyl-5-heptene-2-one in D. confervoides, and
dodecanol in A. utricularis. Besides, some VOCs were
particular to each phylum as 5-methyl-2-furaldehyde was
only found in Ochrophyta samples, 4-oxoisophorone was
present in the Chlorophyta representative, and 2-octenal,
«-tolualdehyde, and 1-octen-3-one in the Rhodophyta
species.

Multivariate analysis

Differences or similarities among the constituents of the
Antarctic macroalgae were assessed using PCA (Fig. 1).
In this sense, FAs (e.g., C16:0, C18:1n9c, and C20:5#13)
that were significantly different in the profile of the
samples and VOCs (e.g., heptadecane, hexanal, and 2-
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5 — M. manginii
6 — A. utricularis
7 — D. confervoides

pentylfuran) found in noticeable amounts in the sea-
weeds were chosen as variables. Moreover, parameters,
such as Y C18, YPUFAs, and Y n3, were also used in
the statistical analysis due to their significant variations
among the samples. The multivariate analysis showed
that the chosen variables generated a statistical model
that explained 51.19% of differences in the first compo-
nent (PC1) and 35.48% in the second component (PC2)
corresponding to 86.67% of the overall distinction
found in the seaweeds.

From Fig. 1b, it can be observed that FAs and their corre-
sponding classes were reasonably distributed in the loading
plot as SFAs and PUFAs were found in the negative or pos-
itive axis of PC1 while MUFAs were in the positive axis of
PC2. As for VOCs, similar patterns could be noticed since
compounds of the same class were generally found in the
same positions of PC1 and PC2. Regarding the score plot,
Ochrophyta representatives were placed in positive regions
of PC1 differencing in PC2 as D. confervoides and
A. utricularis were in the corresponding positive or negative
axis. On the other hand, Rhodophyta species clustered in the
negative axis of PC1 with the exception of M. manginii found
in the origin of PC1. Similarly to the other phylum, red
macroalgae had distinct positions in PC2. U. intestinalis was
found near Rhodophyta samples along the negative axis of
PC1 and positive PC2.

Hierarchical analysis (Fig. 2) was used to assess possible
similarities among the macroalgae based on their FA and
VOCs profile following the same variables used in the PCA
analysis. The five species were differentiated into two main
clusters that were each composed of green and red seaweeds
or brown macroalgae. Besides phyla, macroalgae were gener-
ally further subdivided up to the same subclass
(G. skottsbergii and C. racovitzae of the
Rhodymeniophycidae subclass; A. utricularis and
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D. confervoides of Fucophycidae subclass) or order
(G. confluens and M. manginii of the Ceramiales order).

Discussion
Fatty acids

The FA profile of Antarctic macroalgae showed significant
differences among their constituents. Genetic and environ-
mental factors, such as species, water temperature, photoperi-
od, nutrient availability, salinity, and pH, are among the rea-
sons that can explain variations in the concentrations and
types of FAs between algae species (Rautenberger and
Bischof 2006; Becker et al. 2010). Indeed, analysis of the
FA content of Antarctic macroalgae Iridaea cordata,
Palmaria decipiens, Plocamium cartilagineum, and Pyropia
endiviifolia by Santos et al. (2017) also revealed significant
variations among the samples, which highlighted the influ-
ence of abiotic parameters in the production of biomolecules
in seaweeds.

Given the extreme environmental conditions found in the
Antarctic continent, it is thought that macroalgae adjust their
biosynthesis metabolism accordingly with a higher production
of PUFAs. Although susceptible to lipid peroxidation, PUFAs
are essential molecules to maintain membrane’s fluidity of
seaweeds in cold temperatures, allowing their survival
(Becker et al. 2010; Pacheco et al. 2018). It is worth noting
that PUFAs can also participate in the photosynthetic mecha-
nism as they can act as electron carriers assisting in the en-
dogenous production of energy (Sanina et al. 2008). The oc-
currence of this phenomenon was observed in the Ochrophyta
representatives, as well as in M. manginii and C. racovitzae in
lesser proportions.

Comparing the results for the red macroalgae
G. skottsbergii, G. confluens, and C. racovitzae to the re-
ported in the literature, it can be noted that, qualitatively,
the composition of the samples did not vary considerably.
Nonetheless, the concentration of PUFAs found in the cur-
rent work was lower than that indicated by Graeve et al.
(2002) and Pacheco et al. (2018), who also reported the
analysis of Antarctic seaweeds. Variations of environmen-
tal conditions from 2002 to 2015 may be associated to dif-
ferences in the FA profile, since aspects regarding sample
preparation, extraction, and derivatization methods were
similar. To the best of our knowledge, this was the first time
that the profile of M. manginii has been described with the
results being similar to other representatives from the
Ceramiales (Schmid et al. 2018).

Regarding brown macroalgae, A. utricularis had similar
patterns to that observed in the literature, in which high con-
centrations of PUFAs were also reported. The presence of
other types of FAs is worth noting, for instance, capric

(C10:0), lauric (C12:0), and docosadienoic acid (C22:2) that
were not observed in a previous study (Pacheco et al. 2018).
The profile of D. confervoides was not described in previous
works; however, other specimens from Desmarestiales, such
as Desmarestia muelleri and Desmarestia antarctica, also had
a similar FA composition (Graeve et al. 2002).

Concerning Chlorophyta, the FA composition of
U. intestinalis partially agreed with the results reported by
Horincar et al. (2014), who analyzed the same alga collected
in the Romanian coast. Qualitatively, it can be observed that
the Antarctic representative had a higher diversity of detected
FAs although the same majoritarian components, such as
C16:0 and C18:1n9c, were observed in both seaweeds. The
foremost difference among the samples regarded the overall
content of PUFAs as one third of the total composition of FAs
were PUFAs for the Romanian representative, while the
Antarctic representative was only composed of 5.51 £
0.25%. Fluctuations in the results could be associated to sev-
eral factors, including environmental conditions, sample treat-
ment, extraction, and derivatization methods. Martins et al.
(2016) reported the analysis of U. intestinalis from the sub-
Antarctic region resulting in a FA profile similar to the current
work.

Generally, the PUFAs found in the studied macroalgae
were mainly C18:3n3, C20:51#3, and C20:4n6 with minor
contributions of linoleic (C18:2n6¢), dihomo-linoleic (20:2),
and dihomo-y-linolenic acid (C20:3n6). The presence of these
compounds highlights the importance of seaweeds as natural
reservoirs of nutraceutical substances since some PUFAs and
their long-chain counterparts cannot be synthesized by
humans or terrestrial plants (Pacheco et al. 2018). Moreover,
PUFAs also have several pharmaceutical and biotechnologi-
cal applications for the treatment of coronary, inflammatory,
autoimmune, and tumor-related conditions as well as assisting
in drug delivery (Pereira et al. 2012; Santos et al. 2016).

o-Linolenic acid (C18:3n3) was among the PUFAs found
in greater amounts and is an important compound with report-
ed biological activities reported in the literature, including
antioxidant, neuronal protective, anticancer, and
antiosteoporotic, for instance (Pereira et al. 2012; Wang
et al. 2017). This FA serves as substrate to the synthesis of
other relevant PUFAs, such as C20:51#3 and C20:4n6, by
mechanisms of elongation and desaturation. Alongside
C18:3n3, FAs with higher carbon-chain also have important
biological roles acting on brain development, maintenance of
cardiovascular health, and inflammatory processes (Larsen
et al. 2011; Santos et al. 2016).

MUFAs detected mostly in the forms of palmitoleic
(C16:1) and oleic (18:1n9c) acids were among other lipid
classes of interest. Generally, MUFAs were found in interme-
diate concentrations (9.57 +£0.68-34.70 + 1.57) of PUFAs and
SFAs in the studied macroalgae, reaching higher amounts in
U. intestinalis, M. manginii, and G. confluens. These
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compounds are building blocks to the further production of
PUFAs and have biological activities associated to human
health on the regulation of insulin sensitivity and decrease of
inflammatory responses (Pacheco et al. 2018).

Finally, SFAs were also important contributors in the pro-
file of the Antarctic macroalgae detected as the main types of
FAs in almost all of the studied samples, except for
D. confervoides. Higher uptakes of SFAs have been associat-
ed with increased risks for the development of coronary dis-
eases, such as myocardial infarction, angina, and arterioscle-
rosis (Sanchez-Machado et al. 2004). However, since C16:0
was the SFA detected in higher quantity, further risks of con-
suming these macroalgae would be low as the enzyme A9-
desaturase found in humans can convert it to C16:1, which
itself is not associated with such biological complications
(Martins et al. 2016).

Summarizing the obtained results, there is nutraceutical,
pharmacological, and biotechnological potential in the studied
seaweeds given that they are constituted of important 73 and
n6-PUFAs within their FA profile that are linked to health
benefits (dos Santos et al. 2019). Pereira et al. (2012) reported
that PUFAs could act as drug deliverers as they can penetrate
membranes due to their lipophilicity. Moreover, lipophilic
extracts of these organisms had biological potential highlight-
ing that FAs could play important roles in antimicrobial and
anticancer activities. Even though Antarctic macroalgae have
not been explored for commercial purposes, their chemical
composition demonstrates the effects of the natural habitat
on them, providing a better understanding on the development
of these organisms under extremely cold, inhospitable envi-
ronments (Martins et al. 2018; Pacheco et al. 2018).

Volatile organic compounds

For the first time, macroalgae collected in the Antarctic region
had their VOCs profile determined, revealing the presence of
several chemical classes that included mostly aldehydes, hy-
drocarbons, ketones, alcohols, and furan derivatives. The oc-
currence of these components in seaweeds has been previous-
ly reported in organisms analyzed in other regions of the plan-
et (Le Pape et al. 2004; Kamenarska et al. 2006; El Hattab
et al. 2007). Concerning the number of compounds detected
by the association of headspace extraction with GC-MS, there
was a similarity to the ones found in the literature as
Osmundaria obtusiloba and Ceramium virgatum were com-
posed of 21 and 36 VOCs, respectively (Horincar et al. 2014;
de Alencar et al. 2017). It is worth noting that the application
of headspace sorptive extraction could enhance the total num-
ber of substances detected as previous research works indicat-
ed the presence of 152 VOCs in a mixture of Ulva sp. and
Gracilaria sp. (Maruti et al. 2018).

Aldehydes in the forms of hexanal, heptanal, nonanal, and
benzaldehyde were found in major proportions among the
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chemical classes prevalent in the profile of the studied sam-
ples. Previous works have also highlighted higher concentra-
tions of these compounds in seaweeds, agreeing with the re-
sults found for the Antarctic samples (Nor Qhairul Izzreen and
Vijaya Ratnam 201 1; Ferraces-Casais et al. 2013). The occur-
rence of aldehydes in seaweeds can be attributed either to the
metabolization of MUFAs and PUFAs (mainly linoleic acid or
arachidonic acid) by the enzymes lipoxygenase/fatty acid hy-
droperoxide lyase or to the biosynthesis process of amino
acids (Yamamoto et al. 2014; Balbas et al. 2015). Indeed,
U. intestinalis, G. skottsbergii, and G. confluens, for instance,
had decreased concentrations of C18:216 and C20:4n6 while
higher concentrations of aldehydes compared to the other
samples possibly indicating the consumption of FAs to pro-
duce VOCs.

Aldehydes are known for being part of the many constitu-
ents that influence odor and flavor aspects in macroalgae. In
this sense, hexanal and benzaldehyde, for instance, have
grassy-green and almond odor, respectively, conferring pleas-
ant aromas to them. In this sense, these components could
potentially be used in the flavor industry (Horincar et al.
2014). The presence of unsaturated aldehydes, including
2.4-decadienal and hexadecenal, is associated with undesir-
able flavors due to their fishy aroma (Peinado et al. 2014).
On the other hand, aldehydes extracted from seaweeds have
been reported for their antimicrobial activity against Erwinia
carotovora and Escherichia coli indicating these substances
could also have biological applications (Kamenarska et al.
2006).

Hydrocarbons represented mainly as heptadecane were an-
other important group of VOCs detected, although other ali-
phatic, branched, and cyclic alkanes, alkenes, and aromatic
compounds, for instance, were found in minor concentrations.
Higher concentrations of heptadecane have also been reported
in Ulva prolifera and Ulva linza, while the presence of alkanes
has been highlighted in Undaria pinnatifida (Yamamoto et al.
2014; Balbas et al. 2015). Generally, hydrocarbons are pro-
duced from degradation processes that occur in FAs and ca-
rotenoids. Nonetheless, abiotic factors that include water tem-
perature, photoperiod, and species also play crucial roles in
the production of hydrocarbons (Lopez-Pérez et al. 2017). It is
thought that these compounds are biosynthesized to act as
chemical messengers of male gametes to assist on the repro-
ductive cycle of the organism (de Alencar et al. 2017).

Several ketones were also detected in red, brown, and green
Antarctic macroalgae, in which the most predominant sub-
stances found in the studied species were 2-heptanone and
2,3-octanedione. 2-Heptanone is produced naturally in several
foodstuffs, and it is used as additive in food for human con-
sumption (de Alencar et al. 2017). The presence of ketones
was also detected in Ceramium virgatum and Monostroma
nitidum (Horincar et al. 2014; Yamamoto et al. 2014).
Similarly to the other chemical classes, ketones are mainly
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produced from metabolization processes of FAs, carotenoids,
and amino acids within the seaweed (Horincar et al. 2014,
Balbas et al. 2015). In aquatic organisms, the role of ketones
has still been unknown, although they can act as repellent or
attractive compounds to insects in terrestrial plants
(Kamenarska et al. 2006). This can be associated to the low
odor thresholds of most ketones that, alongside aldehydes, are
important contributors to the aroma of macroalgae, in which
«-ionone and 6,10-dimethyl-5,9-undecadien-2-one can be cit-
ed as examples linked to violet-like and green odors, respec-
tively (Yamamoto et al. 2014; Balbas et al. 2015).

In diminished concentrations when compared to the other
classes, alcohols were detected in the studied seaweeds mainly
as l-octen-3-ol and p-ethylphenol. These compounds were
also present in the macroalgae Dictyopteris membranacea
and Palmaria palmata from Algeria and France, respectively
(Le Pape et al. 2004; El Hattab et al. 2007). Alcohols can be
biosynthesized by several mechanisms that include secondary
decomposition of PUFAs, glycolysis of carbohydrates, reduc-
tion of aldehydes, and from amino acids (Zhou et al. 2017;
Jerkovi¢ et al. 2018). The main role of alcohols is still little
understood; however, it is thought that these compounds can
assist in defense mechanisms of macroalgae (Kamenarska
et al. 2006; Sun et al. 2012). Moreover, alcohols, such as 1-
octen-3-ol, can also contribute to the aroma of the aquatic
organism as they have low odor thresholds (Peinado et al.
2014).

Previous works regarding halogenated VOCs from
Antarctic macroalgae highlighted the presence of
diiodomethane, bromoform, dibromomethane,
dibromochloromethane, chloroiodomethane, and
bromodichloromethane in seaweeds (Laturnus et al. 1996,
1998). Although G. skottsbergii contained decyl chloride
and «-chlorotoluene, generally halogenated hydrocarbons
were not observed for the studied macroalgae. Among the
reasons that could explain differences between the results
are the distinct harvest approaches, algae treatment, and chro-
matographic settings. In general lines, halogenated VOCs are
produced by the enzyme haloperoxidase that can fix halide
ions into organic molecules. This leads to the production of
halogenated metabolites that assess defensive mechanisms in
macroalgae against microorganisms and competitive sea-
weeds (Kamenarska et al. 2006; Sun et al. 2012).

Other types of VOCs were also detected in Antarctic
macroalgae, including sulfur metabolites, furan derivatives,
FAs (low carbon-chain), and phthalates. Compounds contain-
ing sulfur have often been reported in seaweeds, mainly as
dimethyl trisulfide, dimethyl sulfide, and dimethyl sulfoxide
(Hosoglu 2018; Maruti et al. 2018). Furan derivatives com-
pose several chemicals that influence the aroma of
macroalgae, being produced from the degradation of linoleic
acid or carbohydrates (Sun et al. 2012; de Alencar et al. 2017).
Phthalates mainly as diisobutyl phthalate, diethyl phthalate,

and dimethyl phthalate were also observed in the studied or-
ganisms. These substances are not associated to endogenous
processes in macroalgae, but they could be found in seaweeds
as a result of environmental pollution, such as those reported
for Capsosiphon fulvescens collected in South Korea (Sun
etal. 2012).

According to reports from the literature, VOCs produced
by macroalgae are considerably affected by environmental
factors and species, which could also be observed in the pres-
ent work. Nonetheless, few seaweeds have had their profile of
VOCs elucidated, indicating further research studies need to
be conducted for the identification of aquatic components
(Maruti et al. 2018). In this manner, it would be possible to
detect chemicals with commercial or biological applications in
the food, biotechnological, and pharmaceutical industries, for
instance, as it has been demonstrated that seaweeds compre-
hend a vast and biorenewable source of interesting substances
(Horincar et al. 2014; de Alencar et al. 2017).

Multivariate analysis

According to the PCA results, FA and VOCs profiles could be
used to differentiate macroalgae in their respective phylum. In
this sense, higher concentrations of variables that included
C18-FAs, C20-FAs, PUFAs (C20:4n6 and C20:513), and 1-
octen-3-ol assisted in the distinction of Ochrophyta represen-
tatives from the other phyla. Moreover, distinct amounts of 2-
pentylfuran and C18:1n9c differentiated the brown algae
D. confervoides and A. utricularis. Similar patterns were ob-
served for Rhodophyta as samples of this phylum could be
distinguished by the presence of SFAs (mainly C16:0),
MUFASs (mainly C16:1), 2-heptanone, 2-pentenylfuran, benz-
aldehyde, 2,3-octanedione, and hexanal. Further differences
in the concentrations of these variables also allowed the dis-
tinction of species on the score plot.

Using PCA, Van Durme et al. (2013) also observed that
distinct concentrations of VOCs could differentiate several
species of microalgae. Multivariate analysis was also
employed by Bravo-Linares and Mudge (2009) who showed
that physico-chemical and environmental conditions, includ-
ing wind speed, water temperature, and seasoning, influenced
the biosynthesis of VOCs in marine organisms. Moreover, the
use of FAs as means to establish distinctions among seaweeds
and their phyla has also been reported in the literature (Kumari
et al. 2009).

The application of hierarchical analysis reinforced the re-
sults obtained in the PCA analysis as similar macroalgae
tended to cluster in the dendrogram. In this sense, it was ob-
served that the distinct FA and VOC profiles present mostly in
brown and red seaweeds could differentiate them into two
main groups. Similarities among the variables also caused
the clustering of red and green macroalgae, which could be
associated to their genetic closeness compared to brown
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seaweeds. Analyzing the FA profile of 27 macroalgae,
Kumari et al. (2009) successfully differentiated or clustered
samples based on their chemical composition agreeing with
the results of the current research work.

Conclusions

In the present study, the FA and VOC profiles of red, brown,
and green Antarctic macroalgae were successfully analyzed.
Results showed that palmitic, oleic, linoleic, and
eicosapentaenoic acids were the predominant FAs while he-
xanal, heptadecane, and 2-pentylfuran were the major types of
VOCs in the samples. Furthermore, statistical analysis of the
algal chemical components indicated distinct degrees of sim-
ilarities among them. Therefore, this study elucidated that
Antarctic macroalgae had a wide range of constituents which
are associated to defense mechanisms and could lead to the
development of novel bioactive compounds for applications
in food, pharmaceutical, and biotechnological industries.
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