? frontiers ‘ Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY

Rafael R. Robaina,

University of Las Palmas de Gran Canaria,
Spain

REVIEWED BY

Carlos Angulo Preckler,

King Abdullah University of Science and
Technology, Saudi Arabia

Daniela Giordano,

Institute of Bioscience and Bioresources,
National Research Council (CNR), Italy

*CORRESPONDENCE
Nair S. Yokoya
nyokoya@hotmail.com

SPECIALTY SECTION

This article was submitted to

Marine Fisheries, Aquaculture and Living
Resources,

a section of the journal

Frontiers in Marine Science

RECEIVED 26 January 2023
ACCEPTED 22 March 2023
PUBLISHED 04 April 2023

CITATION

Pasqualetti CB, Carvalho MAM, Mansilla A,
Avila M, Colepicolo P and Yokoya NS
(2023) Variations on primary metabolites
of the carrageenan-producing red

algae Sarcopeltis skottsbergii from

Chile and Sarcopeltis antarctica

from Antarctic Peninsula.

Front. Mar. Sci. 10:1151332.

doi: 10.3389/fmars.2023.1151332

COPYRIGHT

© 2023 Pasqualetti, Carvalho, Mansilla, Avila,

Colepicolo and Yokoya. This is an open-

access article distributed under the terms of

the Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Marine Science

TvpPE Original Research
PUBLISHED 04 April 2023
Dol 10.3389/fmars.2023.1151332

Variations on primary
metabolites of the carrageenan-
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Sarcopeltis antarctica from
Antarctic Peninsula
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Several studies reported that gametophytes and tetrasporophytes of
Gigartinaceae produce different carrageenan types, as observed in Sarcopeltis
species although they have isomorphic haploid and diploid phases. Cystocarpic
and non-fertile plants of Sarcopeltis (ex Gigartina) skottsbergii produced kappa-
carrageenans, while tetrasporophytes produced lambda-carrageenans, and
yields were higher in cystocarpic and sterile specimens than in
tetrasporophytes. However, comparison on the other primary metabolites
among different life history phases still needed to be investigated. Then, we
tested the hypothesis if the variation on primary metabolites (pigments, proteins
and carbohydrates) are related to the life history phases of Sarcopeltis antarctica
and Sarcopeltis skottsbergii, and/or are influenced by abiotic factors. Primary
metabolites of S. antarctica varied according to the life-history phases: non-
fertile specimens presented higher phycobiliprotein concentrations,
tetrasporophytes presented higher chlorophyll a concentrations, and
cystocarpic specimens presented higher concentrations of proteins,
polysaccharides and floridean starch. However, primary metabolites of S.
skottsbergii varied in response to some abiotic factors (nutrients, temperature
and salinity), since principal component analysis evidenced two groups; one was
related by the higher nitrate and phosphate concentrations, and the other was
related to the higher temperatures and lower salinities. Concentrations of
floridean starch, low molecular weight carbohydrates, and polysaccharides are
higher in S. antarctica than in S. skottsbergii, which could be related to the
protective role of these compounds against salinity variation and low
temperatures faced in the Antarctic extreme environments.
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1 Introduction

Benthic marine algae (or seaweeds) are sources of a wide
spectrum of compounds of commercial interest, and have been
used for direct human consumption, phycocolloid production
(agar, carrageenan and alginate), industrial applications
(pharmaceuticals, cosmetic and nutraceuticals), and in agriculture
as fertilizers and biostimulants (Stirk et al., 2020; Bebianno et al,,
2021). Seaweed species adapted to extreme polar ecosystems
synthetize bioactive compounds as a result of a long and complex
evolutionary and ecological process, which may have several
biotechnological and pharmaceutical applications (Oliveira
et al.,, 2020).

The geographic isolation of Antarctica from other continents
mainly by the Antarctic Circumpolar Current and extreme climate
conditions may explain the low diversity and high degree of
endemism observed in Antarctic marine macroalgae (Oliveira
et al., 2020). Antarctic marine macroalgae have distinct
biochemical and physiological strategies to survive in extreme
environments characterized by low temperatures and wide
seasonal variations in light with long dark periods during the
winter and prolonged light periods with high irradiation during
the spring and summer (Weykam et al., 1997). In red algae, these
conditions have led to the development of different survival
strategies based on the combined activity of several metabolites as
for examples: a) phycobilins (phycoerythrin, phycocyanin and
allophycocyanin) that act as accessory pigments, increasing the
light spectrum absorption for photosynthesis; b) proteins for
enzymatic activity, as well as structural and protective functions;
¢) polysaccharides, such as agar and carrageenan, which can play
structural and protective roles in the cell wall against wave action
and herbivory (Weykam et al., 1997); and d) reserve carbohydrates
(e.g. floridean starch) and low molecular weight carbohydrates (e.g.
heterosides, polyols) which act as osmoregulators under salinity
variations and desiccation (Wiencke et al., 2007).

The Chilean sub-Antarctic ecoregion of Magallanes (or
Magellan) hosts a coastal, benthic community that is highly
distinct from other temperate rocky shores on the South
American Continent in terms of species composition, richness
and structure. Such distinctions could be the result of several
factors, such as the geomorphology generated by the glacial
erosion during the advance and retreat of ice in the Quaternary
(Silva & Calvete, 2002); oceanographic gradients combining unique
current flows, salinity, and thermal (Dayton, 1985; Silva & Calvete,
2002), photoperiod and irradiance regimes; presence of glaciers
with predominant west-to-east gradients of winds and rainfall
(Aravena & Luckman, 2009) and freshwater coastal discharge;
variable substrate types with abrupt change in geomorphology of
the sub-Antarctic system of fjords and channels (Valdenegro &
Silva, 2003), resulting in unique physical and biogeochemical
seawater conditions (e.g., nutrient cycles, carbonate system
dynamics [Torres et al, 2014]) that generate a distinct algal
structure. The environmental heterogeneity governing sub-
Antarctic and Antarctic coastal ecosystems has shaped the
evolutionary history and physiological adaptations of the local
macroalgal flora.
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Sarcopeltis Hommersand (Gigartinaceae, Rhodophyta) is a new
genus proposed by Hughey et al. (2020), comprising two species: S.
skottsbergii (Setchell and N.L. Gardner) Hommersand, Hughey, Leister
and P.W. Gabrielson from the southern South America, and a new
species S. antarctica Hommersand, Hughey, Leister and P.W.
Gabrielson from Antarctic Peninsula. Both Sarcopeltis species have
large and peltate thalli (Hughey et al., 2020), and are previously named
as Gigartina skottsbergii Setchell and Gardner with geographic
distribution in austral region, including Argentina, Chile, Antarctic
Islands and Antarctic Peninsula (Ramirez and Santelices, 1991;
Wiencke and Clayton, 2002; Oliveira et al., 2020). However,
taxonomic studies on Gigartina skottsbergii based on reproductive
features (Hommersand et al., 1993), and DNA sequences
(Hommersand et al, 1994) suggested that G. skottsbergii may be a
new genus. Moreover, divergence on ribulose-bisphosphate
carboxylase (rbcL) gene sequences between specimens from Chile
and from Antarctic Peninsula indicated that they could be distinct
species (Hommersand et al., 1999; Hommersand et al., 2009). This
hypothesis was supported by other molecular studies, which reported
the genetic divergences between G. skottsbergii from sub-antarctic and
Antarctic populations (Billard et al., 2015; Guillemin et al,, 2018).
Finally, based on phylogenetic analysis of rbcL and the mitochondrial
cytochrome ¢ oxidase subunit 1 (cox 1) gene sequences of the lectotype
of G. skottsbergii from southern South America and Antarctica,
Hughey et al. (2020) described the new species Sarcopeltis antarctica,
which is morphologically similar to S. skottsbergii, but with genetic
divergences of 2.0 - 2.2% and 7.7% -7.9% for rbcL and cox
1, respectively.

Sarcopeltis antarctica occurs in the Antarctic Peninsula, the
South Shetland Islands and the South Orkney Islands (Billard et al.,
2015; Pellizzari et al., 2020), with a wide vertical distribution, from
the eulittoral and sublittoral zones, up to approximately 30 m depth
(Wiencke and Clayton, 2002), which corresponds to the lower
distribution limited by the compensation irradiance level (Kloser
et al, 1996; Deregibus et al., 2016; Gomez et al., 1997). The life
history of S. antarctica is triphasic, with isomorphic diploid
tetrasporophytes and haploid gametophytes, and its life strategy is
considered as season responder (Wiencke, 1990). Seasonal growth
and reproduction as well as culture experiments under daylength
variations on S. antarctica were reported by Wiencke (1990), and
physiological responses as temperature requirements for spore
germination and growth, and susceptibility of tetraspores and
carpospores to UV radiation were also investigated (Bischoff-
Basmann and Wiencke, 1996, Roleda et al., 2008). Due to its large
thallus, S. antarctica is commonly associated to invertebrates, and
abundance and species composition of gastropod assemblages was
reported by Amsler et al. (2022).

Sarcopeltis skottsbergii is a commercially important red alga
used as raw material for carrageenan production in Chile (Mansilla
etal, 2012; Buschmann et al., 2017), and the economic feasibility of
commercial cultivation of S. skottsbergii was evaluated based on
dynamic bioeconomic model proposed by Zuniga-Jara et al. (2022)
to reduce extractive pressure on natural habitats. Besides
carrageenan production, S. skottsbergii revealed to be a source of
R-phycoerythrin and antioxidant activity, with potential for
application as a bioactive ingredient for the food industry
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(Castro-Varela et al,, 2022). S. skottsbergii occurs frequently in the
sublittoral zone, forming beds which are important for the marine
biodiversity conservation by providing shelter and breeding places
for many species of invertebrates and fishes (Rosenfeld et al., 2015;
Rosenfeld et al., 2017). Similar to S. antarctica, the life history of S.
skottsbergii is also triphasic with isomorphic diploid
tetrasporophytes and haploid gametophytes (Avila et al, 1999).
Marambio et al. (2017) reported that photosynthetic rates and
pigment contents of S. skottsbergii varied seasonally and
according to reproductive stages, and these responses suggested
that this species has adopted a strategy allowing it to evolve through
selection pressure to survive in the austral polar region.

Several studies reported that gametophytes and
tetrasporophytes of Gigartinaceae produce different carrageenan
types (e.g., Chen et al,, 1973; McCandless et al., 1973; Waaland,
1975; Matulewicz et al., 1989; Usov, 2011). Piriz and Cerezo (1991)
reported that cystocarpic and sterile plants of Sarcopeltis skottsbergii
(cited as Gigartina skottsbergii) produced kappa-carrageenans,
while tetrasporophytes produced lambda-carrageenans, and yields
were higher in cystocarpic and sterile specimens than in
tetrasporophytes. Other example is Chondrus crispus Stackhouse,
which has gametophytes composed primarily of kappa- and iota-
carrageenan whereas tetrasporophytes have majority of lambda-
carrageenan in the cell walls (Chopin et al., 1987; Tasende et al.,
2012). Besides differences on carrageenan types, Westermeier et al.
(2021) reported differences between gametophytes and
tetrasporophytes of S. skottsbergii in relation to carrageenan yield
(15% higher in gametophytes than tetrasporophytes), and viscosity
(higher in tetrasporophytes than gametophytes). However,
comparison on other primary metabolites, as pigments, proteins
and carbohydrates among different life history phases of
Gigartinaceae species still needed to be investigated.

The purpose of the present study is to evaluate the variations on
primary metabolites (pigments, proteins and carbohydrates) in
different life history phases of Sarcopeltis antarctica and S.
skottsbergii from different collecting sites. Based on the previous
studies on carrageenan in Gigartinaceae species, we tested the
hypothesis if other primary metabolites vary according to the life
history phases, and/or in response to abiotic factors.

2 Materials and Methods

2.1 Collection and processing of
algal samples

Tetrasporophytic, cystocarpic and non-fertile specimens of
Sarcopeltis antarctica from South Shetland Islands, and S.
skottsbergii from the southern Chile were collected during low
tidal periods. Three specimens (n = 3) of each site and life-history
stage were collected in seven sites in the Antarctic Peninsula (from
62°58'44.4” S 60°33°48.6” W to 62°43’54.9” S 61°12’17.1” W), and
four sites in the southern Chile (from 43°12’19.12” S 73°31°21.96”
W to 43°12°19.12” § 73°31°21.96” W) (Figures 1A-C). Specimens of
each life history stage were separated under microscope and
stereomicroscope, and samples were stored at -20°C until
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biochemical analyses. Voucher specimens were deposited in the
Herbarium of the Institute of Botany (SP), Sdo Paulo, Brazil
(Supplementary Material, Table SI).

2.2 Determination of water content

Samples of approximately 1g of fresh weight (FW) were dried in
an oven at 105°C until reaching constant dry weight (DW).
Percentage of water content (WC) was determined using the
equation WC= (DW.FW™) x 100. Results of pigments, proteins,
total soluble sugars (ethanolic and aqueous fractions) and reducing
sugars were expressed by DW and calculated using the equation
DW = (FW x100).WC™.

2.3 Extraction and quantification of
photosynthetic pigments and total
soluble proteins

For pigment analysis, fresh algal biomass (FW) was powdered
in liquid nitrogen (75 mg FW, n=3), and 1 ml phosphate buffer 50
mM (pH 5.5) was added. Solutions were maintained at 4°C in the
dark for 24h. Extracts were centrifuged for 20 min (14,000 xg at 4°
C), and the supernatant containing the phycobiliproteins was
withdrawn and kept in the dark until spectrophotometric analysis
(Shimadzu - 1800 UV, A = 498.5, 615 and 651 nm). To extract
chlorophyll a, 20 mg of the powdered material were suspended in N,
N-Dimethylformamide (DMF) (99.8%). Solutions were maintained
at 4°C in the dark for 24h. The supernatant containing chlorophyll a
was analyzed in a spectrophotometer at wavelengths 630, 647 and
664 nm. Concentrations of phycobiliproteins (phycoerythrin,
phycocyanin and allophycocyanin) and chlorophyll a were
determined using equations described by Kursar et al. (1983) and
Inskeep and Bloom (1985), respectively.

For total soluble protein (TSP) analysis, the algal biomass (75
mg FW for each replicate, n=3) was powdered in liquid nitrogen,
and extractions were carried out at 4°C using 0.2 M phosphate
buffer (pH 8) containing 5 mM EDTA and 1 mM DTT. Buffer was
added in the proportion of 10 mL g™ fresh biomass, and solutions
were maintained at 4°C in the dark for 24h. The homogenates were
centrifuged at 12,000xg for 15 min and 4°C. TSP contents were
determined by spectrophotometry at 595 nm after addition of
Coomassie Blue solution (Bio-Rad) using BSA as standard,
according to the method of Bradford (1976).

2.4 Extraction and quantification of
carbohydrate contents

The extraction of soluble carbohydrates (n=3) was performed
according to Carvalho et al. (1998) with modifications. The
ethanolic supernatant and aqueous filtrate were stored separately,
concentrated, and then resuspended in deionized water.
Quantification of total soluble sugars of ethanolic and aqueous
extracts was carried out using the colorimetric method (490 nm) of
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(A=C). Sampling sites of Sarcopeltis skottsbergii in the southern Chile (A, B), and S. antarctica in the South Shetland Islands, Antarctica Peninsula (C).

phenol-sulfuric acid, according to Dubois et al. (1956), and the
reducing sugars were quantified using the Somogyi-Nelson
colorimetric method (520nm) (Somogyi, 1945). Both analyses
used spectrophotometry and glucose as standard. The remaining
residues from the extraction of the total soluble sugars were
lyophilized and subjected to the quantification of floridean starch
by the enzymatic method (Amaral et al,, 2007), and the glucose
content was determined on an ELISA microplate reader at 490 nm.

2.4.1 Abiotic factors

Data of environmental factors were obtained from the Bio-
Oracle database platform, and Supplementary Material, Table S2
shows the averages from 1997 to 2015 at the seawater surface in

Frontiers in Marine Science 04

Antarctic Peninsula and the southern Chile (Tyberghein et al., 2012;
Assis et al., 2018).

2.5 Statistical analyses

The dry weight, photosynthetic pigments, proteins and sugar
contents were statistically analyzed by two-way ANOVA, followed
by the Student-Newman-Keuls post-hoc test (p<0.05). The Kruskal-
Wallis non-parametric test was applied for variables without
normal distribution (total soluble proteins, phycocyanin and
allophycocyanin). Both tests were performed with Statistica 10.0
software. Principal component analyses (PCA) were performed
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with all metabolites studied and abiotic data using PCOrd 6.0
software. Data were transformed to log(x+1) to reduce the
variability of different metabolites and abiotic factors, and this
transformation evidenced the effects of predictor variables on the
clusters produced by PCA.

3 Results
3.1 Sarcopeltis antarctica

Non-fertile specimens of Sarcopeltis antarctica from Snow
Island and Plaza Point had the highest phycoerythrin
concentrations, while tetrasporophytes from Dee and Jorge
Islands and cystocarpic specimens from Greenwich and Dee
Islands presented lower phycoerythrin contents (Figure 2A,
Supplementary Material Table S3). In general, non-fertile
specimens showed also higher phycocyanin (Figure 2B) and
allophycocyanin concentrations (Figure 2C) than tetrasporophytes
and cystocarpic specimens, except for tetrasporophytes from Snow

10.3389/fmars.2023.1151332

and Dee Islands. The highest concentration of chlorophyll a was
found in tetrasporophytes and non-fertile samples from Snow and
Dee Islands, respectively (Figure 2D).

Higher protein concentrations were found in cystocarpic and
non-fertile specimens from Snow Island than other collecting sites
(Figure 3A, Supplementary Material Table S3). Low molecular weight
carbohydrates (LMCWSs) were found in higher concentrations in
tetrasporophytes from Halfmoon Island when compared to non-
fertile and cystocarpic thallus from the same site (Figure 3B). The
tetrasporophytes collected at Snow Island showed higher
concentrations of LMWCs than non-fertile thallus from the same
site. A similar situation was found in samples from Greenwich Island.
Polysaccharide concentrations varied according to the collection sites
and life cycle phases (Figure 3C). The cystocarpic thallus from Snow
and Jorge Islands presented the highest concentrations of
polysaccharides among the S. antarctica samples. In addition,
tetrasporophytes showed lower concentrations of polysaccharides
than other life history phases from the same sites. The non-fertile
thallus of S. antarctica had lower concentration of floridean starch
than fertile thallus (Figure 3D).
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(A—D). Concentrations of Phycoerythrin (A), Phycocyanin (B), Allophycocyanin (C), and Chlorophyll a (D) in Sarcopeltis antarctica from the South
Shetland Islands (DC, Deception Island; SN, Snow Island; GW, Greenwich Island; HM, Halfmoon Island; DE, Dee Island; JG, Jorge Island; HQ,
Hennequin Point, King George Island and PP, Plaza Point, King George Island). Mean + SD (n = 3). Data with distinct letters are significantly different
among the sites, following Student-Newman-Keuls post-hoc test (p<0.05).
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Island; JG, Jorge Island; HQ, Hennequin Point, King George Island and PP, Plaza Point, King George Island). Mean + SD (n = 3). Data with distinct
letters are significantly different among the sites, following Student-Newman-Keuls post-hoc test (p<0.05).

3.2 Sarcopeltis skottsbergii

Tetrasporophytes from Tortuoso Channel, followed by
cystocarpic thallus from the same site and non-fertile thallus from
San Isidro showed higher phycoerythrin concentrations compared
to the other phycobiliproteins (Figures 4A-C, Supplementary
Material Table S4), while tetrasporophytes and cystocarpic thallus
from Cailin Island presented the lowest concentrations. In general,
samples from Cailin Island had the lowest phycobiliprotein
concentrations (Figures 4A-C), except for chlorophyll a
concentration (Figure 4D). On the other hand, S. skottsbergii
tetrasporophytes showed lower concentrations of total soluble
proteins than the other phases (Figure 5A, Supplementary
Material Table S4). Highest concentrations of LMWC were
observed in non-fertile and cystocarpic thallus from Port Famine
and Cailin Island, respectively (Figure 5B). Concentrations of
polysaccharides varied according to life history phases:
cystocarpic samples from Cailin Island and San Isidro presented
the highest concentrations while tetrasporophytes presented lower
concentrations (Figure 5C). Concentrations of floridean starch were
higher in all samples from Tortuoso Channel, but also in non-fertile
samples from San Isidro and Port Famine as well as in cystocarpic
samples from Cailin Island (Figure 5D).
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3.3 Principal component analyses

Three principal components analyses (PCA) were performed to
evaluate the correlation of variables measured (metabolite
concentrations) and abiotic factors of collecting sites
(Supplementary Material Table S2). For the PCA with Sarcopeltis
antarctica data (Figure 6), the first two principal components
accounted for 73.602% of total variance (44.132% and 29.470% for
axis 1 and 2, respectively). The axis 1 was related to total soluble
proteins and polysaccharides, while axis 2 was related to floridean
starch, low molecular weight carbohydrates and phycobiliproteins
(phycoerythrin, PE; phycocyanin, PC; allophycocyanin, APC),
resulting in three groups according to their life history phase:
cystocarpic specimens were grouped on the negative side of axes 1
and 2 due to the higher concentrations of LMWC and floridean
starch than non-fertile specimens, which were grouped on the
positive side of axis 2; tetrasporophytes were grouped in the
positive side o axis 1 due to the higher contents of
phycobiliproteins. Therefore, primary metabolites of S. antarctica
varied according to the life-history phases (Figure 6).

For the PCA with Sarcopeltis skottsbergii data (Figure 7), the
first two principal components accounted for 79.234% of total
variance (54.193% and 25.041% for axis 1 and 2, respectively,
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(A-D). Concentration of Phycoerythrin (A), Phycocyanin (B), Allophycocyanin (C) and Chlorophyll a (D) in Sarcopeltis skottsbergii from the southern
Chile (SI, San Isidro; PF, Port Famine; TC, Tortuoso Channel and CA, Cailin Island). Mean + SD (n = 3). Data with distinct letters are significantly
different among the sites, following Student-Newman-Keuls post-hoc test (p<0.05).

Supplementary Material Table S5). The axis 1 was related to nitrate
and phosphate concentrations and floridean starch in the opposite
side; the axis 2 was also related to temperature and total soluble
proteins in the opposite side. This PCA evidenced two groups based
on collecting sites: specimens from San Isidro and Port Famine were
grouped on the negative side of axis 1 due to the higher nitrate and
phosphate concentrations when compared to Cailin Island and
Tortuoso Channel, which were grouped on the positive side of axis
1 (Figure 7). In addition, Cailin Island differed from the other
Chilean collecting sites by higher temperatures and lower salinities,
dissolved oxygen and pH (Supplementary Material Table S5).
Therefore, primary metabolites of S. skottsbergii varied in
response to some abiotic factors (nutrients, temperature and
salinity levels).

For the PCA with both S. antarctica and S. skottsbergii data
(Figure 8), the first two principal components accounted for
84.271% of total variance (71.199% and 13.072% for axis 1 and 2,
respectively, Supplementary Material Table S5). The axis 1 was
influenced by temperature, and nitrate concentrations and floridean
starch in the opposite side, while axis 2 was influenced by nitrate
concentrations and floridean starch in the opposite side. This PCA
evidenced two groups corresponding to each species: S. antarctica

Frontiers in Marine Science

samples were grouped on the positive side of axis 1 related to the
abiotic factors: lower temperature and higher nitrate concentrations
of Antarctic collecting sites than Chilean ones, and higher
concentrations of floridean starch than S. skottsbergii samples,
which were grouped in the opposite site.

4 Discussion

Primary metabolites of Sarcopeltis antarctica varied according
to the life-history phases: non-fertile specimens presented higher
phycobiliprotein concentrations, tetrasporophytes presented higher
chlorophyll a concentrations, and cystocarpic specimens presented
higher concentrations of proteins, polysaccharides and floridean
starch. These findings are unprecedented since no comparative
study has looked into the primary metabolites of different life
history phases in S. antarctica. Comparing our data to those
reported by Peters et al. (2005), S. antarctica (cited as Gigartina
skottsbergii) collected during early November to late December
from Anvers Island presented protein and carbohydrates
concentrations similar to those found in cystocarpic and non-

fertile samples collected in December from Snow Island. Higher
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FIGURE 5

(A-D). Concentrations of total soluble proteins (A), low molecular weight carbohydrates (LMWC) (B), polysaccharides (C) and floridean starch (D) in
Sarcopeltis skottsbergii from the southern Chile (S, San Isidro; PF, Port Famine; TC, Tortuoso Channel and CA, Cailin Island). Mean + SD (n = 3). Data
with distinct letters are significantly different among the sites, following Student-Newman-Keuls post-hoc test (p<0.05).

chlorophyll a concentrations of S. antarctica tetrasporophytes can
confer higher photosynthetic performance for this diploid phase,
corroborating results that carpospores of S. antarctica (cited as G.
skottsbergii) presented higher photosynthetic parameters than
tetraspores (Roleda et al., 2008). On the other hand, cystocarpic
specimens of S. antarctica showed lower pigment concentrations
(phycobiliproteins and chlorophyll a) and higher floridean starch
concentrations, and this metabolite regulation could be considered
as a life strategy. Similarly, Weykam et al. (1997) and Liider et al.
(2001) observed that carbohydrate concentrations (floridean starch)
of the red alga Iridaea cordata (Turner) Bory de Saint-Vincent
(Gigartinales) were inversely proportional to the chlorophyll a
content, and carbohydrates were synthetized during periods of
light to be used as energy source during extended periods of
darkness. S. antarctica and I. cordata are considered season
responders, and both species grow during the favorable light
conditions (spring and summer), showing an opportunistic life
strategy (Wiencke et al., 2007).

Unlike S. antarctica, the primary metabolites of S. skottsbergii
varied in response to abiotic environmental conditions of collecting
sites of the southern Chile. Samples from San Isidro and Port
Famine were grouped due to the higher nitrate and phosphate
concentrations when compared to samples from Cailin Island and
Tortuoso Channel. In addition, samples collected in Cailin Island
showed the lowest concentrations of phycobiliproteins and proteins
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than the other Chilean collecting sites. Besides, this collecting site
had higher temperatures and lower salinities, dissolved oxygen and
pH than the other sites.

Differences between life history phases were observed in S.
skottsbergii collected in Tortuoso Channel, and tetrasporophytes
showed higher concentrations of phycoerythrin, phycocyanin and
allophycocyanin than cystocarpic and non-fertile samples. Similar
results were reported by Marambio et al. (2017), who found higher
concentrations of phycocyanin and allophycoccyanin in
tetrasporophytes than gametophytes and carposporophytes in S.
skottsbergii collected during the winter in Puerto Hambre. However,
these differences were not observed in our samples collected at the
same site but in the late spring due to the seasonal variations of
environmental factors as photoperiod and irradiance (Marambio
et al., 2014; Marambio et al., 2017).

Sarcopeltis antarctica and S. skottsbergii are separated by
pigment contents, LMWCs and floridean starch. Therefore, some
types of LMWCs may be involved in antifreeze processes in S.
antarctica, as described for Antarctic diatoms (Gwak et al., 2010)
and other organisms, such as fish, fungi and bacteria (Kim et al,
2017). The LMWGCs are also involved in osmoregulation processes
in red algae (Karsten et al., 1996; Karsten et al., 2005). Floridean
starch concentration, LMWC, and, generally, polysaccharides are
higher in S. antarctica, which could be related to the Antarctic
environmental conditions (higher salinity, higher concentrations of
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FIGURE 6

Scatter diagram of plots of the first two axis of the principal components analysis (of abiotic data and metabolites of Sarcopeltis antarctica from the
South Shetland Islands (DC, Deception Island; SN, Snow Island; GW, Greenwich Island; HM, Halfmoon Island; DE, Dee Island; JG, Jorge Island; HQ,
Hennequin Point, King George Island and PP, Plaza Point, King George Island). Metabolites: FST, Floridean starch; PE, phycoerythrin; PC,
phycocyanin; APC, allophycocyanin; ClLa, chlorophyll a; TSP, total soluble protein; LMWC, low molecular weight carbohydrate; POLY,
Polysaccharides. Abiotic data: TEM, Temperature; SAL, Salinity; NIT, Nitrate; PHO, Phosphate; DOX, Dissolved oxygen; PAR, Photosynthetic active

radiation; pH, pH.
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nitrate and phosphate, higher dissolved oxygen and lower J. Agardh cultured in sea water enriched with nitrate and phosphate.
temperatures), when compared to S. skottsbergii from the  These results showed that carbohydrate metabolism is an important
southern Chile. Similarly, Fournet et al. (1999) reported high  pathway to survival strategies of Sarcopeltis species in

concentrations of floridean starch in Soliera chordalis (C. Agardh)  extreme environments.
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Scatter diagram of plots of the first two axis of the principal components analysis (PCA 2) of abiotic data and metabolites of Sarcopeltis skottsbergii
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Scatter diagram of plots of the first two axis of the principal
components analysis (PCA 3) of abiotic data and metabolites of
Sarcopeltis antarctica and S. skottsbergii. Collecting sites: South
Shetland Islands (DC, Deception Island; SN, Snow Island; GW,
Greenwich Island; HM, Halfmoon Island; DE, Dee Island; JG, Jorge
Island; HQ, Hennequin Point, King George Island and PP, Plaza
Point, King George Island), and the southern Chile (SI, San Isidro; PF,
Port Famine; TC, Tortuoso Channel and Cl, Cailin Island),
respectively. Metabolites: FST, Floridean starch; PE, phycoerythrin;
PC, phycocyanin; APC, allophycocyanin; ClLa, chlorophyll a; TSP,
total soluble protein; LMWC, low molecular weight carbohydrate;
POLY, Polysaccharides. Abiotic data: TEM, Temperature; SAL,
Salinity; NIT, Nitrate; PHO, Phosphate; DOX, Dissolved oxygen; PAR,
Photosynthetic active radiation; pH, pH.

Conclusions

In conclusion, our hypothesis based on the previous studies on
carrageenan in Gigartinaceae species was confirmed since primary
metabolites of Sarcopeltis antarctica varied according to the life-
history phases: non-fertile specimens presented higher
phycobiliprotein concentrations, tetrasporophytes presented higher
concentrations of chlorophyll a, and cystocarpic specimens presented
higher concentrations of proteins, polysaccharides and floridean
starch. Primary metabolites of S. skottsbergii varied in response to
some abiotic factors (nutrient, temperature and salinity), with
relation to higher nitrate and phosphate concentrations, and higher
temperatures and lower salinities. Concentrations of floridean starch,
low molecular weight carbohydrates, and polysaccharides are higher
in S. antarctica than in S. skottsbergii, which could be related to the
protective role of these compounds against salinity variation and low
temperatures faced in the Antarctic extreme environments.
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