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The Antarctic Peninsula is experiencing one of the highest warming rates
globally. In polar regions, macroalgae thrive under extreme environmental
conditions, which could worsen because of future climate change scenarios,
including increased ultraviolet exposure, extremely low light availability, and
fluctuating temperatures, particularly in the intertidal zones. To investigate the
potential role of photoprotective and antioxidant mechanisms in response to
future increases in sea surface temperatures caused by climate change, we
conducted laboratory experiments using three intertidal macroalgae model
species: Adenocystis utricularis (Ochrophyta, Phaeophyceae), Pyropia
endiviifolia (Rhodophyta, Bangiophyceae), and Monostroma hariotii
(Chlorophyta, Ulvophyceae). These algae were collected in Punta Artigas (King
George Island, Antarctica) and acclimated at 2°C for 48 h. They were then
assessed in laboratory experiments for up to 5 days under two treatments: (1)
control conditions at 2°C and (2) elevated tem.perature conditions at 8°C,
representing the most negative increment in SSTs estimated by the end of the
21st century. Carbon, nitrogen, pigments (chlorophylls and carotenoids),
mycosporine-like amino acids (MAAs), and phenolic compounds were
quantified after 3 and 5 days of exposure. For M. hariotii, elevated
temperatures led to an increase in the C/N ratio, total antioxidant capacity, and
levels of nitrogen, total carotenoids, chlorophyll-a, pigments (chlorophyll-b and
violaxanthin), and phenolic compounds. For A. utricularis, elevated temperatures
led to elevated C/N ratio and levels of chlorophyll-a and carotenoids
(fucoxanthin and B-carotene). For P. endiviifolia, elevated temperatures
resulted in elevated levels of carotenoids (lutein and B-carotene), phenolic
compounds, and MAAs (porphyra-334, shinorine, and palythine). Thus, our
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study suggests that increasing water temperatures due to global warming can
enhance the photoprotective abilities of three Antarctic intertidal macroalgae (M.
hariotii, A. utricularis, and P. endiviifolia), with each species showing
specific responses.
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1 Introduction

Since the pre-industrial revolution era, anthropogenic
greenhouse gas emissions have led to significant increases in
atmospheric concentrations of carbon dioxide (CO,), methane
(CH,), and nitrous oxide (N,0O), among other gases.
Consequently, average global temperatures have increased,
resulting in climate change. According to the Intergovernmental
Panel on Climate Change (IPCC, 2023), atmospheric CO,
concentrations are expected to reach 800-1,000 ppm by the end
of the 21st century. During the past 50 years, average sea surface
temperatures (SSTs) have increased by 0.13°C per decade, with
predictions varying from 2°C to 6°C by the end of the century
(Solomon et al., 2007). The Antarctic Peninsula’s warming rate has
been identified as one of the fastest events globally (Turner et al.,
2016; Cardenas et al., 2018).

Such anticipated environmental changes are thought to be key
aspects that determine the ecological responses of intertidal
Antarctic seaweeds. This includes investigating their tolerance to
desiccation under higher temperatures and understanding the
consequences at higher levels of biological organization (Gomez,
2015; Navarro et al., 2016; Celis-Pla et al., 2020; Gomez and
Huovinen, 2020). Therefore, it is essential to deepen our
understanding of the ecophysiological responses of intertidal
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macroalgae species under simulated (as close as possible)
conditions encountered in the future to assess their maximum
tolerance thresholds to upcoming environmental changes and
their potential effect on ecosystems (Gomez, 2015; Celis-Pla et al.,
2020). Additionally, increasing temperatures may influence future
levels of sea-ice cover levels, which play a role in attenuating
incident light and protecting subtidal (and maybe lesser in
intertidal) primary producers from excessive exposure to
ultraviolet (UV) irradiance (UV radiation, UVR: UVB, A = 280-
315 nm and UVA, 4 = 315-400 nm) and high photosynthetically
active radiation (PAR, A = 400-700 nm). The extent of underwater
variations in UV/PAR penetration will depend on changes in water
turbidity related to phytoplankton production and terrestrial
particles (Gomez and Huovinen, 2020). Therefore, the predicted
future increase in SSTs, combined with increased UVR exposure, is
expected to exacerbate the existing environmental challenges
experienced by polar macroalgae (Rautenberger et al., 2015; Celis-
Pla et al., 2020)—for example, during spring and summer,
macroalgae must endure high levels (540 + 84 pmol photons m™>
s7!) of PAR and short-wavelength radiation (10.7 £ 3.8 Wm™),
particularly UVR (Huovinen and Gomez, 2013).

Exposure to increasing temperatures and dosage of UVR can
induce excess reactive oxygen species (ROS) and lead to the
overproduction of photoprotective compounds (Celis-Pla et al.,
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2020; Gomez and Huovinen, 2020). ROS overproduction associated
with excess UVR is primarily due to the disruption of electron
transport chains and excess energy transfer to oxygen in the
chloroplasts, while the effects of temperature-mediated oxidative
stress can occur through different processes such as photodamage
associated with the excess accumulation of ROS (Kim and
Portis, 2004).

The main photoprotective compounds produced by macroalgae
under environmental stress are chlorophylls, carotenoids,
phycobiliproteins, mycosporine-like amino acids (MAAs), and
phenolic compounds (PCs) (Celis-Pla et al., 2017; Gomez and
Huovinen, 2020). These compounds can harvest excess light and
act as efficient ROS scavengers under oxidative stress conditions
(Stahl and Sies, 2007; Celis-Pla et al., 2020). The xanthophyll cycle,
mediated by zeaxanthin and catalyzed by epoximerase, is
recognized as the most important photoprotective mechanism in
several algal divisions (Niyogi et al., 2001; Rodrigues et al., 2002),
and their importance in macroalgae underlies their ability to
dissipate excess thermal energy (Adams et al., 2008; Esteban et al.,
2008; Goss and Jakob, 2010). In brown algae, the xanthophyll cycle
involves a rapid reversible de-epoxidation of violaxanthin through
antheraxanthin to zeaxanthin (Marquardt and Hanelt, 2004).

While the specific response of polar seaweeds to global
temperature increases is not yet fully established, their survival
will be associated with metabolic adjustments, including the
synthesis of photoprotective and antioxidant compounds (Kremb
et al., 2012; Heinrich et al.,, 2015; Gomez and Huovinen, 2020).
MAAs have been extensively studied because of their
photoprotective ability as UV-screening compounds and
antioxidant properties, effectively absorbing UVR. In red algae,
MAA induction is dependent on radiation (Karsten et al., 2003;
Figueroa et al., 2014; Alvarez-Gomez et al., 2017), and they exhibit a
high antioxidant potential (De la Coba et al., 2009; Carreto and
Carignan, 2011). Similarly, phlorotannins, a heterogeneous group
of phenolics compounds (PCs) present primarily in brown
macroalgae (Pavia and Brock, 2000; Celis-Pla et al., 2022) and
some red and green algae (Alvarez-Gomez et al., 2017; Figueroa
et al.,, 2021), have various potential biological activities, including
ROS-scavenging potential (Saez et al., 2015; Celis-Pla et al., 2020).

In this study, we focused on three intertidal macroalgae species
that are abundant in Fildes Bay, Antarctic Peninsula—Pyropia
endiviifolia (red algae), Adenocystis utricularis (brown algae), and
Monostroma hariotii (green algae) —with relevant ecological roles
(Gomez, 2015). In this sense, A. utricularis covers 80% of the
substrate in King George Island and is associated with larger
algae such as Desmarestia spp. and fauna such as amphipods,
bivalves, and gastropods (Martin et al., 2016). The endemic
Antarctic algae, M. hariotii and P. endiviifolia, are among the
most abundant species as well, providing added niches where
fungal taxa can survive and coexist with their host in extreme
conditions (Furbino et al., 2014). However, M. hariotii has a great
richness of the fauna associated as mollusks, copepods, and
polychaetas, which would be related to its morphology as well as
oceanic circulation patterns (Elias-Piera et al., 2020). We aimed to
evaluate their ecophysiological and photoprotective responses by
subjecting them to environmentally controlled experiments at 6°C
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above the current average SST's for up to 5 days. We hypothesized
that seaweed responses to elevated SST conditions would result in
an exacerbated ecophysiological response, leading to increased
production of light-harvesting and photoprotective metabolites,
such as chlorophylls, carotenoids, PCs, and MAAs.

2 Materials and methods

2.1 Macroalgae collection and
sampling site

The thalli of M. hariotii (Bory; intertidal pools), A. utricularis
(Gain; present in the mid-intertidal), and P. endiviifolia (A. Gepp
and E. Gepp; present in the top intertidal zones) (Gomez, 2015)
were sampled from Fildes Bay, King George Island, Antarctic
Peninsula (62°02°00” S; 58°21'00” W), on January 4, 2019
(Figure 1). The algal samples were transported to the research
laboratory at “Base Professor Julio Escudero,” operated by the
Chilean Antarctic Institute (INACH; 62°12°01” S to 58°57'34”
W). The samples were washed with seawater (filtered with 1-um
membrane filter) and acclimated to laboratory conditions in plastic
containers for 48 h, wherein seawater was under constant aeration
at 2°C at a photoperiod of 20:4 (day/night) and daylight conditions
of 140 pumol m2s? (fluorescent light TL12; Phillips, Amsterdam,
the Netherlands) of PAR (Celis-Pla et al., 2020).

2.2 Experimental design

After the acclimation period, different individuals of each
species (30 g of fresh biomass per vessel) were transferred to 1-L
containers (30 x 20 x 15) in triplicates for two treatments: control
environmental temperature at 2°C and control temperature + 6°C
(i.e, 8°C; upon worst IPCC predictions by the end of the 21st
century). The temperature maintenance and increase were achieved
using LAUDA Compact Low-Temperature Thermostat (RC 6 CP,
LAUDA, Germany). The remaining culture conditions were the
same as those described for the acclimation process.

The experiment was conducted for up to 5 days; in this regard,
investigations related to the exposure of macroalgae (also Antarctic)
to environmental stress (including elevated temperatures) suggest
that, when the macroalgae were exposed to environmental pressure
for more than 2 to 3 days, they demonstrated potential responses in
the long term (Cruces et al,, 2012; Flores-Molina et al., 2016;
Moenne et al., 2016; Celis-Pla et al., 2019; Rodriguez-Rojas et al.,
2019; Celis-Pla et al., 2020).

The samples were collected during the early days of the
experiment and initial time (on days 3 and 5 of the experiment),
immediately frozen in liquid nitrogen, and transported in a dry
shipper device (CXR500-0 Cryogenic Shippers; Worthington
Industries, Columbus, OH, USA) to the Laboratory of Aquatic
Environmental Research (LACER) at the HUB AMBIENTAL
UPLA Research Centre, in the University of Playa Ancha, where
the samples were maintained at —80°C until further analyses.

frontiersin.org


https://doi.org/10.3389/fmars.2023.1223853
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Saez et al.

10.3389/fmars.2023.1223853

¥ Punta Artigas
: Sampling area

oW 3V 5TW

| ]
40" 63°S

65°S
67°S

69°S

FIGURE 1

Sampling area in Punta Artigas, King George Island, Antarctic Peninsula (62°02" S, 58°21" W) on January 4, 2019 (black star). Macroalga species were
collected: (A) Monostroma hariotii, (B) Adenocystis utricularis, and (C) Pyropia endiviifolia

2.3 Quantification of total carbon
and nitrogen

Total carbon (C) and nitrogen (N) concentrations were
determined on dry weight (DW) basis using the element analyzer
CNHS-932 (LECO) (Celis-Pla et al., 2017). All biochemical
variables were expressed as mg g ' DW after determining the
fresh-weight-to-DW ratio, estimated as 4.79 for A. utricularis,
5.93 for M. hariotii, and 3.75 for P. endiviifolia.

2.4 Quantification of pigments

The concentrations of chlorophyll a (Chla) and pigments were
quantified using high-performance liquid chromatography (HPLC),
with modifications to the methods reported by Celis-Pla et al.
(2017). Chla and pigments were extracted overnight at 4°C from
20 mg (fresh weight) of samples using 500 pL of
dimethylformamide, and then the extract was filtered (using 0.22-
uM nylon filters). The concentrations were determined using
HPLC-mass spectrometry (MS; Ultimate 3000, Thermo Fisher
Scientific, Waltham, MA, USA).

The concentrations of carotenoids were determined using
commercial standards [chlorophyll & (Chlb), chlorophyll ¢ (Chlc),
fucoxanthin (Fuco), lutein (Lut), violaxanthin (viola), zeaxanthin
(Zea), and B-carotene (B-Car)] of DHI LAB Products
(Horsholm, Denmark).
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2.5 Quantification of
photoprotective compounds

PCs were extracted from 0.25 g of frozen fresh tissue with 2.5
mL of a mixture solution containing 80% methanol and 20% water
and incubated overnight at 4°C in the dark under agitation (Abdala-
Diaz et al., 2006; Cérantola et al., 2006; Figueroa et al., 2014; Celis-
Pla et al., 2016). After extraction, the samples were centrifuged at
2,253 xg for 30 min at 4°C. The supernatant was collected to
measure the PC content colorimetrically using the Folin-Ciocalteu
reagent (Sigma-Aldrich, St. Louis, MO, USA), with phloroglucinol
(1,3,5-trihydroxybenzene; P-3502; Sigma St. Louis, MO, USA) as
the standard. Finally, the absorbance was determined at 760 nm
using a microplate reader. The concentration of PCs was expressed
as mg g ' DW. Using the same extract, phenolic single compounds
were determined in the spectral sweep from 250 to 500 nm using
commercial standards.

The composition of PCs (single phenolics, SP) was determined
using HPLC, according to the method described by Celis-Pla et al.
(2018). SP was extracted from 0.25 g of frozen fresh tissue at 4°C in the
dark under agitation. The extract was mixed with 2.5 mL of 80%
methanol and then filtered (using a 0.22-uM nylon filter). The
components were analyzed using HPLC (Shimadzu, Kyoto, Japan),
equipped with a UV detector set at 260 nm (254-340 nm; SPD M20A;
Shimadzu). SP composition was determined using commercial
standards (p-coumaric acid, rutin, 3,4-dihydroxy benzaldehyde, 4-
hydroxybenzoic acid, esculetin, trans-cinnamic acid, protocatechuic
acid, and phloroglucinol; Sigma-Aldrich, St. Louis, MO, USA).
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The PCs were determined in the spectral sweeps for the three
species and for all treatments using a microplate spectrophotometer,
and the results were compared with commercial standards of phenols
(p-coumaric acid, rutin, 3,4-dihydroxy benzaldehyde, 4-
hydroxybenzoic acid, esculetin, trans-cinnamic acid, protocatechuic
acid, and phloroglucinol; Sigma-Aldrich, St. Louis, MO, USA).

The concentrations of total and individual MAAs were
determined from the extract prepared using 20 mg of DW
material mixed with 1 mL of 20% methanol (Korbee-Peinado
et al.,, 2004). MAAs present in methanolic extracts were
quantified using HPLC-MS (Ultimate 3000; Thermo Fisher
Scientific, Waltham, MA, USA) according to the protocols
described by Korbee-Peinado et al. (2004) and Alvarez-Gomez
et al. (2017) in the extracts of the red algae P. endiviifolia. The
HPLC system was coupled to an MS (Orbitrap Q Exactive) with an
atmospheric pressure ionization system and heated electrospray H-
ESI (Thermo Fisher Scientific, Waltham, MA, USA).

The HPLC was equipped with a thermostat autosampler
(operating at 5°C) and a 4 uM, 250 mm x 4.6 mm C8 column
(Luna Phenomenex, Aschaffenburg, Germany). The fluxes of the
mobile phases (A: H,O + 5 mM of NH, at pH 4.5; B: acetonitrile) and
the MS parameters were adjusted as follows: resolution = 70.000 full
width at half-maximum (FWHM), sheath gas = 40, spray voltage = 4
kV, capillary temperature = 320°C, and S-Lens level = 55. Mass
spectra were acquired at an interval of 100-1,200 m/z in positive and
negative ion modes. Quantification calculations were performed
using previously reported extinction coefficients (Korbee-Peinado
et al,, 2004), and the results were expressed as mg g~ DW.

2.6 Total antioxidant capacity

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) method was used as
a proxy for determining total antioxidant capacity; the same
extracts used for PC determination were used for the total
antioxidant capacity assessment (Celis-Pla et al., 2022). Each
extract (150 pL) was added to a stock solution of DPPH (1.27
mM concentration; 90 MeOH:10 H,0), and the reaction was
completed after 30 min in the dark at an ambient temperature
(~20°C); the absorbance was read at 517 nm using a microplate
reader. The calibration curve constructed based on the DPPH assay
was used to calculate the remaining concentration of DPPH in the
reaction mixture after incubation. Finally, Trolox (6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid; 0-50 uM) was
used as the reference antioxidant. The results obtained were
expressed as micromole of Trolox equivalent antioxidant capacity
per gram of DW (Alvarez-Gomez et al., 2017).

2.7 Statistical analyses

The effects of treatments on the photoprotective responses of M.
hariotii, A. utricularis, and P. endiviifolia were assessed using two-
way analysis of variance (ANOVA) (Underwood, 1997). Two fixed
factors were considered: time (third and fifth days) and temperature
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(2°C—control and 8°C—elevated). This design allowed us to test the
interactive and additive effects of the variables on photoprotective
responses after the 5-day experimental period (Underwood, 1997).
Student-Newman-Keuls tests were performed on significant
interactions in ANOVA. Homogeneity of variance was tested
using Cochran’s C test statistic and by visual inspection of the
residuals. All data conformed to the homogeneity of variance (n =
3). Analyses were performed using RStudio (R Core Team, 2023,
Vienna, Austria). The general variation patterns between
biochemical and photoprotective variables measured in M.
hariotii, A. utricularis, and P. endiviifolia were explored using a
multivariate approach. Principal component analysis (PCA) was
performed based on Euclidean distance, using the PERMANOVA+
for PRIMER 6 package (Anderson et al., 2008). This multivariate
ordination was applied because it reveals the variation in the
concentration of biochemical and photoprotective compounds
concurrently from observing the ordination plot. Each variable
was represented by an arrow in the ordination plot to point the
samples with the highest concentration of that compound. Each
replicate represented the concentration of all compounds calculated
from the replicate thalli (n = 3) collected at any time during the
sampling period for each time point or temperature, and grouping
was performed per seaweed species.

3 Results

3.1 Carbon and nitrogen concentrations
and C/N ratio

In the initial samples (48 h after acclimatization), C
concentration was the highest in P. endiviifolia (350.99 + 1.78 mg
¢! DW), followed by M. hariotii (285.26 + 12.28 mg g ' DW) and
then A. utricularis (225.15 + 2825 mg g ' DW). A significant
difference in the total C concentration was observed in M. hariotii
for both factors, with high values under control temperature at 3
days (Figure 2A; Supplementary Table S1). In A. utricularis, the
total C concentration was significantly lower at 8°C at both
sampling time points (Figure 2B; Supplementary Table S1). By
contrast, no significant changes in the C concentration were
observed in P. endiviifolia during the experiment (Figure 2C;
Supplementary Table S1).

The internal N concentration in P. endiviifolia, M. hariotii, and
A. utricularis in the initial samples was 45.34 + 2.40, 36.93 + 2.75,
and 19.75 + 2.86 mg g~ DW, respectively. Significant differences in
the internal N concentration existed for both factors in M. hariotii
and P. endiviifolia. By contrast, the N concentration in A. utricularis
was affected only by temperature (Figure 2; Supplementary Table
S2). Finally, the C/N ratio was the highest in the thallus of A.
utricularis at elevated temperatures (Table 1), whereas the C/N ratio
was significantly lower at the same temperature in M. hariotii
(Table 1). No significant differences were observed in P.
endiviifolia between both factors (Table 1 and Supplementary
Table S3).
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Time

Total Carbon concentrations in (A) Monostroma hariotii, (B) Adenocystis utricularis, (C) Pyropia endiviifolia, and total nitrogen content in (D)
Monostroma hariotii, (E) Adenocystis utricularis, (F) Pyropia endiviifolia, exposed to 2°C (dark bars) and 8°C (gray bars) on days 3 and 5 of the
experiment. Different letters indicate significant differences obtained using the Student Newman-Keuls test (lowercase letters), within 95%
confidence intervals (p < 0.05). Error bars show the standard error of the mean of three independent replicates

3.2 Pigment concentration

In the initial samples, the Chla in relative contents was 39.49% +
3.17%, 62.56% + 1.76%, and 27.59% + 0.91% for M. hariotii, A.
utricularis, and P. endiviifolia, respectively (Table 2). The Chla
relative contents showed significant differences between both
factors in M. hariotii and A. utricularis, and the Chla relative
contents increased at elevated temperatures (Figures 3A, B;
Supplementary Table S4). By contrast, in P. endiviifolia, the Chla
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relative contents decreased significantly at elevated temperatures
(Figure 3C; Supplementary Table S4).

The concentration of total carotenoids (TC) was 0.31 + 0.01,
0.27 + 0.01, and 0.04 + 0.01 mg g ' DW for M. hariotii, A.
utricularis, and P. endiviifolia, respectively (Table 2). The
concentration of TC showed significant differences between the
factors in all three species (Table 3). In M. hariotii and A.
utricularis, the TC concentration increased at elevated
temperatures, whereas in P. endiviifolia the TC concentration
decreased in smaller proportions (Table 3). Similarly, the
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TABLE 1 C/N ratio (mean + standard error, n = 3) in Monostroma hariotii, Adenocystis utricularis, and Pyropia endiviifolia in the initial samples.

Species Treatments C/N ratio
M. hariotii Initial time 791 +0.19
Day 3, 2°C 9.14 + 0.31b
Day 3, 8°C 7.96 + 0.28a
Day 5, 2°C 10.31 £ 0.18¢c
Day 5, 8°C 7.28 £ 0.45a
A. utricularis Initial time 12.18 + 0.01
Day 3, 2°C 10.36 + 0.28a
Day 3, 8°C 12.36 + 0.78b
Day 5, 2°C 10.41 + 0.24a
Day 5, 8°C 11.90 + 0.22b
P. endiviifolia Initial time 7.77 £ 0.15
Day 3, 2°C 6.84 £0.17
Day 3, 8°C 7.83 +0.22
Day 5, 2°C 7.75 £ 0.31
Day 5, 8°C 7.68 +0.33

Lowercase letters indicate significant differences obtained using the Student-Newman-Keuls test.

proportion of carotenoids showed difterences in M. hariotii, with
the highest levels for viola and B-carotene at day 3 under elevated
temperature levels, and the proportion of Chlb was lower at an
elevated temperature for both days 3 and 5 (Figure 4A). In A.
utricularis, the proportion of Fuco was approximately 80%-90% of
TC at elevated temperatures on days 3 and 5; smaller proportions of
[-carotene, violaxanthin, and zeaxanthin were also found in A.
utricularis (Figure 4B). In P. endiviifolia, the proportions of B-
carotene increase under elevated temperatures on day 3 but

decrease at 5 days. In contrast, the reverse behavior occurs for
lutein, with smaller proportions of Chlb (Figure 4C).

3.3 Photoprotective responses
(PCs and MAA:s)

The PC concentrations at day 0 for M. hariotii, A. utricularis,
and P. endiviifolia were 8.32 + 0.70, 25.2 + 3.08, and 8.80 + 0.13 mg

TABLE 2 Concentrations of pigments (mg g~ DW), carotenoids (%), and total carotenoids (mg g* DW) (mean + standard error, n = 3) detected by
using HPLC in Monostroma hariotii, Adenocystis utricularis, and Pyropia endiviifolia in the initial samples.

Carotenoids M. hariotii A. utricularis P. endiviifolia
Chla 1.07 £ 0.19 1.58 + 0.08 2.56 +0.21
Chlb 0.96 + 0.21 nd nd
Chlcl+c2 nd 0.16 + 0.01 nd
Chld nd nd 0.02 = 0.01
Fucoxanthin (%) nd 31.78 +2.13 nd
Violaxanthin (%) 1.18 + 0.02 1.65 + 0.36 nd
Zeaxanthin (%) nd 0.86 + 0.44 nd
Lutein (%) 311 +0.25 0.41 £ 0.01 31.24 + 0.81
Chlorophyll a (%) 39.49 +3.17 62.56 + 1.76 27.59 £ 091
Chlorophyll b (%) 53.1 £0.15 0.06 + 0.01 4.95 + 248
Beta-carotenoid (%) nd 2.66 +0.18 36.21 + 0.76
Total carotenoids (mg g~*) 0.31 + 0.01 0.27 + 0.01 0.04 +0.01

DW, dry weight; HPLC, high-performance liquid chromatography; nd, not detected.
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Chlorophyll a relative content (%) in (A) Monostroma hariotii, (B) Adenocystis utricularis, and (C) Pyropia endiviifolia, exposed to 2°C (dark bars) and
8°C (gray bars) on days 3 and 5 of the experiments. Different letters indicate significant differences obtained using the Student Newman-Keuls results
(lowercase letters), within 95% confidence interval (p < 0.05). Error bars show the standard error of the mean of three independent replicates.

g ' DW, respectively. The PCs showed significant differences in all
species (Figure 5; Supplementary Table S5). In M. hariotii
(Figure 5A), the PC concentrations were higher at elevated
temperatures in time factor; in A. utricularis (Figure 5B), the PC
concentration decreased at higher temperatures independent of the
time factor; and in P. endiviifolia, the PC concentration increased
under elevated temperatures (Figure 5C).

SP in A. utricularis showed significant differences among all
factors (Table 4). Indeed in A. utricularis, phloroglucinol was
detected in both treatments, whereas gallic acid was not detected
at the end of the experimental period at elevated temperatures. The

concentration of total PCs was higher on day 3 at the control
temperature (2°C). However, in M. hariotii, phloroglucinol was
present only on day 3 at 8°C, and kaempferol was detected on day 3
at 2°C (Table 4), whereas in P. endiviifolia, these PCs were not
detected (Table 4).

In the spectral sweeps for phenolic single compounds
(Supplementary Figure S1), the presence of phloroglucinol was
observed in M. hariotii and A. utricularis but not in P. endiviifolia.

The total MAA concentration in P. endiviifolia showed
significant differences for both factors (Figure 6A; Supplementary
Table S7). As a general pattern, a significant decrease existed in the

TABLE 3 Total carotenoids (expressed as mg g~* DW) (mean + standard error, n = 3) detected using HPLC and DPPH (umol TEAC g-1 DW) in

Monostroma hariotii, Adenocystis utricularis, and Pyropia endiviifolia on days 3 and 5.

Species Treatment Total carotenoids DPPH
M. hariotii Day 3, 2°C 0.22 £ 0.02a 6.66 * 0.43a
Day 3, 8°C 0.26 + 0.02b 6.23 + 0.36a
Day 5, 2°C 0.34 + 0.01c 721 + 0.59a
Day 5, 8°C 0.43 + 0.03d 10.41 + 0.59b
A. utricularis Day 3, 2°C 0.39 £ 0.01a 6.28 £ 0.25
Day 3, 8°C 0.41 + 0.01b 6.51 + 0.15
Day 5, 2°C 0.35 + 0.02a 6.54 + 0.49
Day 5, 8°C 0.37 + 0.02a 6.03 +0.26
P. endiviifolia Day 3, 2°C 0.05 + 0.02d 6.86 + 0.22
Day 3, 8°C 0.04 + 0.01c 6.48 + 0.66
Day 5, 2°C 0.02 + 0.01a 621 + 0.37
Day 5, 8°C 0.03 + 0.01b 5.81 + 0.49

Lowercase letters indicate significant differences obtained using the Student-Newman-Keuls test.
DW, dry weight; HPLC, high-performance liquid chromatography.
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Determination of the carotenoid pigment (%) using high-performance liquid chromatography in (A) Monostroma hariotii, (B) Adenocystis utricularis,
and (C) Pyropia endiviifolia, exposed to 2°C (dark bars) and 8°C (gray bars), on days 3 and 5 of the experiment

total MAA concentration for both time and temperature factors
(Figure 6A). As for the identified single MAAs, four compounds
were identified: porphyra-334, shinorine, palythine, and palythinol.
Porphyra-334 constituted the highest proportion (83.28% on day 3
and 82.81% on day 5) at 8°C. By contrast, palythine and palythinol
(detected only on day 3) constituted the least abundance under all
treatments (Figure 6B).

The DPPH concentration was significantly higher in M. hariotii
(p < 0.05, Supplementary Table S6) on day 5 at 8°C.
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3.4 Multivariable analyses

The principal component analysis of the experimental results
demonstrated a positive correlation, suggesting 50.1% of total
variation in the first axis and 79.5% of the total variation in both
axes. The first dimension had correlations with higher values of Car,
B-Car, PC, and Lut in A. utricularis (Figure 7); similarly, the second
dimension had a positive correlation with the variables carbon,
Fuco, Zea, nitrogen, and Chla (%), with higher concentrations in P.
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Total phenolic compounds concentrations in (A) Monostroma hariotii, (B) Adenocystis utricularis, and (C) Pyropia endiviifolia exposed to 2°C (dark
bars) and 8°C (gray bars) on days 3 and 5 of the experiments. Different letters indicate significant differences obtained with the Student Newman-
Keuls results (lowercase letters), within 95% confidence interval (p < 0.05). Error bars show the standard error of the mean of three independent

replicates

endiviifolia than in the other alga. Finally, the PCA results showed
that M. hariotii had higher concentrations of Chlb, viola, and
DPPH (Figure 7).

4 Discussion

In this study, we investigated the ecophysiological responses of
three intertidal Antarctic macroalga and evaluated their different
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bioactive compounds and photoprotective responses to understand
their behavior under temperature stress and its potential positive or
negative effects. Recent research indicates that climate change is
gradually leading to species-specific responses in macroalgae,
especially in Antarctica. Understanding these responses is crucial
for assessing worst-case scenarios for species and ecosystems by the
end of the 21st century (Turner et al.,, 2016; Celis-Pla et al., 2020;
Gomez and Huovinen, 2020). Temperature increase can affect the
concentration of photoprotective compounds and antioxidant
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TABLE 4 Phenolic composition and total phenolic compounds (mg g™ DW) detected using HPLC in Monostroma hariotii, Adenocystis utricularis, and

Pyropia endiviifolia on days 3 and 5.

Species Treatments Phloroglucinol Gallic acid Kaempferol Total PC

M. hariotii Day 3, 2°C nd nd 317 +0.3 317 +0.3
Day 3, 8°C 11.38 £ 1.1 nd nd 11.38 + 1.1
Day 5, 2°C nd nd nd nd
Day 5, 8°C nd nd nd nd

A. utricularis Day 3, 2°C 59.43 + 1.0d 142 £ 04 nd 60.85 + 1.4d
Day 3, 8°C 10.52 + 1.2b 0.73 £ 0.1 nd 11.25 + 1.3b
Day 5, 2°C 4.81 + 0.8a 4.01 +£0.8 nd 8.82 + 1.6a
Day 5, 8°C 24.38 £ 1.3¢c nd nd 24.38 + 1.3¢

P. endiviifolia Day 3, 2°C nd nd nd nd
Day 3, 8°C nd nd nd nd
Day 5, 2°C nd nd nd nd
Day 5, 8°C nd nd nd nd

Lowercase letters indicate significant differences obtained using the Student-Newman-Keuls test.

HPLC, high-performance liquid chromatography; nd, not detected.

capacity in macroalgae, particularly those from temperate latitudes,
such as carotenoids, xanthophyll cycle components, polyphenols,
and MAAs (Demmig-Adams and Adams, 2006; Figueroa
et al., 2021).

The ecophysiological status of seaweeds can be estimated
through their stoichiometric ratios (Figueroa et al., 2021; Celis-Pla
et al,, 2022). In our study, we found that M. hariotii exhibited a
significant decrease in the C/N ratio under elevated temperatures
over time. By contrast, A. utricularis showed a significantly higher
C/N ratio under elevated temperatures over time. However, no
significant differences were observed in P. endiviifolia among
treatments. The C/N ratio provides information about the
nutritional status of the macroalgae and can indicate any possible
damage to internal compounds caused by environmental stressors
(Korbee et al., 2005; Sterner et al., 2008; Celis-Pla et al., 2016).
Additionally, we observed that the N concentration in M. hariotii
was significantly higher at elevated temperatures over time (30-35
mg g '), while in A. utricularis the N concentration was
significantly lower at elevated temperatures (30-35 mg g '). In P.
endiviifolia, the N concentration was lower over time in all
treatments (45-50 mg g'). Similar findings were reported by
Gordillo et al. (2022) for arctic seaweeds: the N concentration in
Saccharina latissimi and Alaria esculenta (brown macroalga) as well
as Phycodrys rubens and Ptilota gunneri (red macroalgae) was
approximately 32-35 mg g ' at a low temperature (3°C). Piquet
et al. (2014) and van De Poll et al. (2016) reported that, in Arctic
waters, N exists mostly as nitrate during winter and early spring,
being completely depleted in summer, thus favoring the production
of secondary metabolites. This indicates that these algae have a
higher reservoir of N at a low temperature, for example, in winter,
than at a high temperature (Cardenas et al., 2018), probably because
the decrease in nitrate in the water column under Antarctic summer
conditions increased—primarily as a result of global change

Frontiers in Marine Science

11

conditions and secondly because of a possible use of N source at
high temperatures to maintain metabolic fitness (Oren and Gunde-
Cimerman, 2007).

Our study found that the responses to carotenoid and other
pigment contents were higher in the thalli of M. hariotii, A.
utricularis, and P. endiviifolia collected from waters with elevated
temperature, indicating that these algae invest in accumulating
bioactive compounds or developing photoprotection systems.
This observation is in line with the findings of Celis-Pla et al.
(2017), who reported higher concentrations of carotenoids and
Chla in Ericaria selaginoides (formerly Cystoseira tamariscifolia) in
waters at elevated temperatures with nutrient enrichment.
Significant differences were observed in terms of the quantities of
violaxanthin (V-) in M. hariotii, relative to control and elevated
temperature treatments on day 3; however, this carotenoid
decreased significantly on day 5. By contrast, A. utricularis
showed a smaller proportion of violaxanthin (V-) and zeaxanthin
(Z). Indeed the violaxanthin level (-V) decreased under elevated
temperature, while the zeaxanthin (Z) level increased at 3 days, with
the reverse patterns on the 5 days, suggesting more activation of the
xanthophyll cycle. These carotenoids were used in the xanthophyll
cycle; under elevated temperature conditions, -carotene and
fucoxanthin decreased their proportions as well. In this sense, the
increased violaxanthin (V-) levels have been associated with
enhanced photoprotection through the xanthophyll cycle
(Demmig-Adams and Adams, 2006; Garcia-Mendoza and
Colombo-Pallotta, 2007). In P. endiviifolia, B-carotene and lutein
levels increased at higher temperatures. Responses of the
xanthophyll cycle could reflect a regulatory and photoprotective
mechanism that downregulates the delivery of excitation energy
into the electron transport chain to match the rates at which
products of electron transport can be consumed in these algae
(Demmig-Adams and Adams, 2006). In our study, significant
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Determination of (A) total mycosporine-like amino acid content, and (B) single mycosporine-like amino acid (%), in Pyropia endiviifolia exposed to 2°

C (dark bars) and 8°C (gray bars) on days 3 and 5 of the experiment. Different

etters indicate significant differences obtained with the Student

Newman-Keuls results (lowercase letters), within 95% confidence interval (p < 0.05). Error bars show the standard error of the mean of three

independent replicates.

quantities of violaxanthin (V-) were found in M. hariotii and A.
utricularis, with only traces of zeaxanthin detected in A. utricularis,
indicating their involvement in the xanthophyll cycle. The activity
of the xanthophyll or violaxanthin (V-) cycle with the
corresponding formation of zeaxanthin (Z) has been described by
Demmig-Adams and Adams (2006).

Macroalgae can also display phenotypic plasticity, which
includes the presence of PCs in brown macroalgae (Gomez and
Huovinen, 2020; Celis-Pla et al., 2022) and MAAs in red seaweeds
(Oren and Gunde-Cimerman, 2007; De la Coba et al., 2009). Our
findings showed that, in M. hariotii and P. endiviifolia, the
concentration of PCs increased at elevated temperatures over

Frontiers in Marine Science

12

time. By contrast, A. utricularis exhibited decreased PC levels at
higher temperatures independent of the time factor, possibly
compensated by other photoprotectors such as carotenoids. These
observations highlight the importance of biological mechanisms
that allow for metabolic adaptations, including the development of
photoprotective compounds (Kremb et al., 2012; Heinrich et al.,
2015; Rangel et al., 2020). Regarding the concentration of phenols,
Celis-Pla et al. (2017) reported the decreased concentration of PCs
in the brown macroalgae E. selaginoides after a +4°C increase in
control temperature conditions in a mesocosm system. On the
contrary, Flores-Molina et al. (2016) reported an increase in the
concentration of PCs in Desmarestia anceps, a brown Antarctic alga,
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Principal component analysis based on 13 variables and data of all treatments from the green, brown, and red macroalga Monostroma hariotii,
Adenocystis utricularis, and Pyropia endiviifolia, respectively. All antioxidant and photoprotective variables were considered, as well as carbon,
nitrogen, Car, PC, DPPH, Fuco, viola, Zea, Lut, Chla (%), Chlb (%), and B-Car.

at elevated temperatures, with values reaching 50 mg g~' DW at 7°C
and approximately 80-100 mg g”' DW at 12°C. These polyphenolic
compounds not only act as UV screen photoprotectors but also
have a higher antioxidant potential, which makes them effective
photoprotectors in waters with high UV penetration (Abdala-Diaz
et al., 2006; Celis-Pla et al., 2016). The increased production of
photoprotective compounds may help counteract the effects of the
depleted ozone layer in the Antarctic region, leading to increased
UV exposure (Jofre et al., 2020).

MAAs are one of the most crucial photoprotective compounds
present in red macroalgae, with their synthesis being a light-
dependent process (Karsten et al., 2003). Previous studies on
Antarctic macroalgae have shown that the concentration and
composition of MAAs can be modified under elevated
temperatures and increased PAR and UVR (Hoyer et al, 2001;
Karsten et al., 2003). In our study, the total MAAs in P. endiviifolia
significantly decreased under elevated temperature (8°C). Moreover,
specific MAA compounds exhibited variations in their proportions
after the experimental period, with changes from 77% for porphyra-
334, 8% for palythine, 8% for shinorine, and 6.5% for palythinol at 2°
C to 85% for porphyra-334, 10% for shinorine, and 5% for palythine
at 8°C. Compounds such as shinorine and porphyra-334 have been
extensively studied due to their photochemical properties (Tedetti
and Sempere, 2006). Therefore, the study of red algal extracts from P.
endiviifolia could be intriguing, as they contain palythine and
asterina-330 and have a high content of MAAs. Jofré et al. (2020)
also demonstrated similar patterns in three red macroalgae collected
from the Magellan Strait in the Sub-Antarctic region under elevated
temperatures during summer. The proportions of MAAs were as
follows: 75% for porphyra-334, 20% for palythinol, and 5% for
shinorine in Nothogenia fastigiata (Rhodophyta) 60% for palythine,
20% for palythinol, 17.5% for shinorine, and 2.5% for asterina-330 in
Iridaea tuberculosa (Rhodophyta); and 40% for palythine, 30% for
shinorine, 10% for porphyra-334, 10% for palythinol, and 10% for
asterina-330 in Corallina officinalis (Rhodophyta). However, our
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results are in contrast with those of Hoyer et al. (2001), who
identified shinorine and palythine as the most abundant
components, followed by porphyra-334 and asterina-330, in eight
distinct species of Rhodophyta at King George Island. In the
Antarctic area, high levels of MAAs are expected during summer
due to the increase of solar irradiance. However, elevated
temperatures may reduce the level of MAAs, possibly associated
with an increase in stress conditions and higher ROS production
(Celis-Pla et al,, 2020). In our study, the MAAs decreased in P.
endiviifolia at elevated temperatures, suggesting that future climate
scenarios with elevated temperatures could lead to a reduction in
photoprotective capacity (Navarro et al., 2016; Celis-Pla et al., 2020).

5 Conclusions

Elevated temperatures allowed three intertidal macroalga—M.
hariotii, A. utricularis, and P. endiviifolia—to have an upregulated
production of responses to photoprotective compounds. Our study
findings showed that, with increased SSTs, beneficial effects on the
accumulation of photoprotective carotenoids and other compounds
of the Antarctic three intertidal macroalgae (M. hariotii, A.
utricularis, and P. endiviifolia) can be expected, with each species
showing specific responses.
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