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Antarctic microalgae have evolved a wide range of adaptations to survive at extreme environmental conditions.
This study aimed to explore the physiological and biochemical processes occurring in Microglena antarctica
(Chlorophyceae) in response to changes in temperature. M. antarctica cultivated at three distinct temperatures
(4 °C, 8 °C and 16 °C) exhibited variations in growth patterns, metabolomes, fatty acid methyl esters (FAMEs)
profile and photosynthetic pigment concentrations. Our results highlighted a decrease in growth at 16 °C,
confirming the cryophilic nature of this species. The growth rates at the exponential phase were observed to
decrease progressively with an initial rate of (0.29 + 0.05 d~1) at the culturing temperature of 4 °C, followed by
8 °C (0.24 + 0.09 d’l), and further reduction at 16 °C (0.16 + 0.05 d’l). An integrative untargeted metab-
olomics approach combining mass spectral libraries and novel in-silico tools was employed to improve feature
annotation and to provide additional information on features chemical classes. Significant differences in
M. antarctica annotated compounds, chemical classes and whole metabolomes were observed among 4, 8 and
16 °C. Finally, targeted analyses were performed to evaluate changes in lipid profiles and photosynthetic pigment
content. Higher percentages of polyunsaturated fatty acids (PUFAs) were observed at 4 and 8 °C, approximately
65.00 % of total FAMEs, and decreased to 60.71 % at 16 °C. Monounsaturated fatty acids (MUFAs) significantly
increased at 16 °C, reaching up to 10.96 % of total FAMEs, in contrast to 4 °C and 8 °C, where the content of
MUFAs was around 5.00 %. Additionally, chlorophyll a and carotenoid content increased by 50-100 % at 16 °C
compared to lower temperatures. The present work highlights temperature-related responses in M. antarctica
biochemical profile, combining untargeted and targeted approaches, and physiology, by growth analysis.

1. Introduction rapid climatic changes with several possible consequences on primary

producers and, therefore, on species at higher trophic levels and carbon

Microalgae are important contributors to primary productivity in
alpine and polar regions representing a key element in polar food webs
and playing a crucial role in global carbon fixation [1-4]. Despite their
important ecological functions in cold ecosystems, many aspects related
to their biology, diversity and physiological and biochemical adapta-
tions remain largely unknown [5]. Most of these algae are psychrophilic
organisms growing efficiently at cold temperatures (~0 °C), but with a
limited growth and survival capacity at moderate temperatures
(~20 °C) [6,7]. Their inability to survive at moderate temperatures
renders these organisms very sensitive to climate change. Cold ecosys-
tems at high latitude [8] and altitudes [9] are experiencing particularly

cycle [10]. In this sense, the study of psychrophilic algae will serve as an
important biological indicator for evaluating the effects of environ-
mental changes worldwide [1,11]. Up to date, about 100 species of
psychrophilic algal species spread across several eukaryotic lineages
have been classified [1,2,12] suggesting psychrophily as a trait acquired
multiple times and independently in different phyla or as an ancestral
character [2]. More than a third of microalgae adapted to cold envi-
ronmental conditions belong to the Chlamydomonadales order (Chlor-
ophyta, Reichenbach) and are spread into four main clades: ‘Desmotetra’,
‘Chloromonadinia’, ‘Moewusinia’ and ‘Monadinia’ [2,5,13-23]. Two
cryophilic species of the ‘Desmotetra—clade’, namely Desmotetra
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aureospora Ling and D. antarctica (Fritsch) Ling were isolated from
Windmill Islands in continental Antarctica, habitats characterized by
high pH, around 6.8 and 7.8, and conductivity conditions, among 279
pS-cm ™! and 426 pS-cm 2, suggesting unusual adaptations to cope with
these stressors [17]. ‘Chloromonadinia—clade’ includes several lineages
of psychrophiles found in polar and alpine snowfields [24] responsible
for seasonal blooms known as ‘red snow’ [25] for the abundance in these
species of red secondary pigments, such as astaxanthin [3]. Chlamydo-
monas raudensis Ettl, known also as Chlamydomonas priscuii [26], but
currently not taxonomically accepted, is the unique lineage of obligate
psychrophiles within the ‘Moewusinia—clade’ [13] and it is considered an
emerging model for cold adaptation of photosynthesis [1]. Similarly,
Microglena antarctica Trentin, Negrisolo, Moschin, Veronese, Cecchetto
& L.Moro is the only species with a formal identification belonging to the
‘polar—clade’ within the genus Microglena Ehrenberg emend. Dem-
chenko, Mikhailyuk & Proschold, formerly known as ‘Monadinia—clade’
[5,18]. This alga is a marine psychrophilic microorganism adapted to
extreme salt fluctuations [5,27], temperatures and light conditions, and
its genome sequencing is providing significant improvements for the
elucidations of the genetic basis of these adaptations [28]. Microglena
antarctica and closely related species, are widely distributed in sea-ice,
constituting up 99 % of the species composition of green snow [29], in
the water column of Antarctic lakes and Southern Ocean [28,30].
M. antarctica is considered an emerging model organism for the study of
algal adaptations to extreme environments and an important component
in sea—ice communities [28]. Thus, for its ecological importance, wide
distribution, cultivation feasibility and availability of reference litera-
ture for comparisons M. antarctica represent a valuable species for the
understanding of the biochemical adaptation to temperature of polar
microalgae [27,31,32]. Despite the genomes of some psychrophilic
microalgae have been recently sequenced, information on their metab-
olomes is scarce [1,2]. In the last decades, several research focused on
the study of specific chemical class, in particular lipids, heat shock
proteins (HSPs) and photosynthetic pigments, as a response to extreme
environmental stressors [1,2]. However, other compound families might
be involved in adaptations to cold environments.

In the present study, we aimed to investigate the physiological and
metabolic responses of Microglena antarctica IMAO76A, isolated from
Inexpressible Island (Terra Nova Bay, Ross Sea, Antarctica) to three
different temperatures, ranging from 4 to 16 °C. At first, cell growth was
evaluated under different temperatures. Secondly, an untargeted
metabolomics approach, coupling liquid chromatography (LC) with
high resolution tandem mass spectrometry (MS/MS), was employed to
study the chemical differences induced by temperature variations in the
whole algal metabolome and unravel new potential biomarkers for
temperature. To cope with the limited information regarding marine
compounds in mass spectral libraries, we used novel in-silico tools to
better understand the ‘chemical dark matter’ [33,34] in M. antarctica
metabolome. The combination of traditional MS/MS library search with
in-silico analyses provided novel data regarding the chemical classes
changes in temperature-related responses. Ultimately, targeted analyses
of lipid profiles and photosynthetic pigment content were carried out to
corroborate the information retrieved with LC-MS and to compare our
results with previous findings in closely related psychrophilic photo-
trophs. The main objective of the present study is to explore the physi-
ological and biochemical responses of the polar alga M. antarctica to
different temperature, aiming to understand the evolution of psy-
chrophily in Antarctic phototrophs. These data are of utmost importance
considering current environmental changes that are threatening
Antarctica. Robust evidence on the effect of stressor in polar algae may
contribute to the existing set of indicators and assist in guiding effective
ecosystem management, essential for maintaining the biodiversity,
productivity, and resilience of Antarctic ecosystems and communities.
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2. Materials and methods
2.1. Culture set up and growth curve

M. antarctica IMAO76A was grown in triplicate with a F/2 medium
[35] at three different temperatures, 4°, 8° and 16 °C, with a continuous
light intensity of 35 pmol photons m~2 57!, to simulate the environ-
mental parameters of the Antarctic summer, after an acclimatation
period of 10 days at each experimental condition. For each temperature,
inocula of M. antarctica IMAO76A were started with a cell density of 25
x 10% cells ml~!. Microalgal growth was evaluated by cell counting
using a Neubauer chamber until the stationary phase. Cell densities were
expressed as mean + standard deviation (SD) of those obtained in three
independent experiments. The growth rate of M. antarctica IMAO76A
was calculated using the equation:

p:ln(Nz/Nl)/(tz—tl) (1)

where:

p = growth rate (d’l).

N; and N5 are the cell densities at time 1 (t;) and time 2 (t), cor-
responding to beginning and ending of a growth phase.

2.2. Metabolomics

2.2.1. Extract preparation

Microalgal biomass was harvested at the end of exponential growth
phase (day 14) by centrifugation and immediately frozen with liquid
nitrogen. Freeze—dried biomass was obtained upon lyophilization for 24
h and stored at room temperature (RT) in the dark. Acetone extracts
were prepared by mixing freeze-dried biomass of M. antarctica (50 mg)
with 20 mL of 80 % (v/v) acetone. Subsequently, the algal cell walls
were disrupted with glass beads in a MM400 mixer mill (Retsch, Haan,
Germany) at 30 Hz for 5 min. After 12 h of incubation at 4 °C, they were
centrifuged at 12,000g for 10 min at 4 °C and the supernatants were
collected, filtered (0.2 pm) and diluted at the concentration of 2 mg/mL
for the determination of their chemical profiles. A quality control (QC)
sample was prepared by mixing equal volumes of each filtered extract.

2.2.2. UPLC-HR-MS/MS data acquisition

The chemical profiles of M. antarctica IMAO76A extracts at 4, 8 and
16 °C were analyzed in triplicates by liquid chromatography-high res-
olution mass spectrometry (LC-HR-MS) following Silva et al. [36]. The
extracts were analyzed using a Thermo Scientific™ UltiMate™ 3000
UHPLC coupled with an Orbitrap Elite (Thermo Fisher Scientific, Wal-
tham, MA, USA) mass spectrometer equipped with a Heated Electro-
—Spray Ionization source (HESI-II; Thermo Scientific). The extracts (5
pL, 1:10 diluted in LC-MS grade methanol) were injected and separated
with a Thermo Scientific Accucore RP-18 column (2.1 x 100 mm, 2.6
pm) on a 40 min run. The mobile phase consisted of ultra—pure LC-MS
grade water with 0.1 % formic acid and LC-MS grade acetonitrile,
containing 0.1 % formic acid. Positive polarity data were acquired.
Extracts were analyzed in data-dependent mode with the selection of
the three most intense ions under dynamic exclusion and collision-in-
duced dissociation (CID) activation. MS/MS fragmentation was ach-
ieved using 35 keV rising collision energy in an isolation window of 2.
The minimum signal required for ddMS2 triggering was 1000. Xcalibur
v4.1 Qual Browser (Thermo Scientific, Waltham, MA, USA) was used for
LC-MS data acquisition and subsequent analyses. Thermo “.raw” data
files were converted to “.mzXML” format in centroid mode using Pro-
teowizard [37]. The mass spectrometry data are deposited on the Mass
Spectrometry Interactive Virtual Environment (MassIVE) repository
(massive.ucsd.edu) with accession number MSV000092740 and are
publicly available.
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2.2.3. Feature finding and annotation of MS/MS spectra

Proteowizard “.mzXML” output files were imported in MZmine
version 3.2.3 [38] for feature finding, alignment and extraction (pa-
rameters listed in Supplementary Materials Table S10). Feature in-
tensities were assessed as the peak area in the extracted ion
chromatogram (XIC). Blank was used for background feature removal
and final features were exported as “.mgf” and “.csv” files. Features were
analyzed in Global Natural Products Social Molecular Networking [39]
(GNPS; http://gnps.ucsd.edu, accessed on 6 June 2022) platform for
analysis with the Molecular-Library Search-V2 tool (workflow version
release_28). Search parameters were reported in Supplementary Mate-
rials Table S11. In parallel, Thermo “raw” data were processed in
Compound Discoverer™ 3.2.0.421 (Thermo Fisher Scientific, Waltham,
MA, USA). Untargeted metabolomics workflow (Untargeted Metab-
olomics with Statistics Detect Unknowns with ID Using Online Data-
bases and mzLogic) was used to perform features alignment and
unknown compound annotation using publicly available databases. The
“Detect Unknown Compounds” node parameters used default values,
except for mass tolerance (set to 10 [ppm]) and minimum peak intensity
(set to 1000). The “Search ChemSpider” node was used to search spec-
tral libraries by using Natural Products Atlas [40], Lipid Maps [41],
KEGG [42], Drugbank [43] and BioCyc [44] databases. Blank was used
for background feature removal and final features were exported as a “.
csv” file. Features retrieved with MZmine 3 and Compound Discoverer
were manually checked and merged.

2.2.4. In-silico annotation

SIRIUS 5 [45] was used to assign features molecular formulas and
predict their structures and chemical classes based on the fragmentation
patterns in MS/MS spectra and the MS1 (parent ion) isotope patterns
[46]. Within the workflow, ZODIAC [47], CSL:FingerID [48], and
CANOPUS based on ClassyFire ChemOnt ontology [49,50] tools were
employed.

Following parameters were used: for SIRIUS: instrument profile
(orbitrap), MS1 isotope pattern filter (true), MS2 mass accuracy (10
ppm), MS/MS isotope scorer (IGNORE), candidates stored (10), number
of candidates per ion (1), consider only formulas in DBs (none), possible
ionizations ([M + H]+, [M + K]+ and [M + Na]+), tree timeout (0),
compound timeout (0), use heuristic above m/z (300), use heuristic only
above m/z (650), formula settings enforced (HCNOP), formula settings
detectable (B, Cl, Br, Se, S); for ZODIAC: considered candidates at 300
m/z (10), considered candidates at 800 m/z (50), use two-steps
approach (true), edge threshold (0.995), min local connections (10),
iterations (20000), burn-in (2000), separate runs (10); for CSI:FingerID:
fallback adducts ([M + Nal+, [M + H]+, [M + K]+), score threshold
(true), structure search DB (all). Following the workflow reported by
Koester et al. [34], we only considered for subsequent analyses those
features displaying: 1) a ZODIAC score above 0.98 and 2) a CANOPUS
class probability above 0.2.

2.2.5. Final feature annotation

Identification levels were based on the convention reported in
Sumner et al. [51]. However, in this work, a conservative approach was
employed for final feature annotation. Features were assigned to level 2
when displaying congruent annotations using both library spectral
match and in-silico fragmentation tools. When a feature showed
different spectral library and in-silico annotation, it was assigned to the
annotation level 3. Features that did not reach the required ZODIAC
score and/or CANOPUS probability were considered as level 4.

2.3. Fatty acid methyl esters (FAME) profiling

2.3.1. Fatty acid transesterification

Lipids and free fatty acids (FA) were converted to their correspond-
ing fatty acid methyl ester (FAME), by direct transesterification using
acetyl chloride/methanol, followed by extraction of the lipidic phase
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into hexane according to the method described by Lepage and Roy with
modifications [52,53]. In brief, lyophilized algal biomass (100 mg) was
mixed with 1.5 mL of the derivatization solution (methanol/acetyl
chloride, 20:1, v/v), and homogenized in an ultrasound-water bath for
30 min, at room temperature (RT). Afterwards, 1 mL of hexane was
added to the samples and heated at 100 °C for 60 min. After cooling in an
ice bath, 1 mL of distilled water was added, and samples were centri-
fuged for 5 min at 5000g. The supernatants were collected, filtered (0.2
pm) and used for the determination of FAMEs profile [28]. FAMEs ex-
tractions were performed in triplicates.

2.3.2. FAME profiling by gas chromatography-mass spectrometry
(GC-MS)

The FAME profiles of M. antarctica IMAO76A biomass were analyzed
by an Agilent GC-MS (Agilent Technologies 6890 Network GC System,
5973 Inert Mass Selective Detector) coupled with a ZB-5MS capillary
column (30 m x 0.25 mm internal diameter, 0.25 pm film thickness,
Agilent Tech) using helium as the carrier gas. Samples were injected at
300 °C and the temperature profile of the GC oven was 60 °C (1 min),
30 °C/min to 120 °C, 4 °C/min to 250 °C, and 20 °C/min to 300 °C (4
min). For the identification of FAMEs, the total ion mode was used and
Supelco® 37 Component FAME Mix (Sigma-Aldrich, Sintra, Portugal)
was used as standard. Values were expressed as percentages of total
FAMEs.

2.4. Pigment analysis

For the measurement of chlorophyll a (Chl a), chlorophyll b (Chl b)
and total carotenoid (Tot car) contents, freeze—dried biomass (~100 mg)
was mixed with 80 % acetone (1 mL) and cells were disrupted with glass
beads (425-600 pm) in a MM400 mixer mill (Retsch, Haan, Germany).
After 12 h of incubation at 4 °C, the absorbance (A,) of the supernatant
was measured at 664, 647, 630, 510 and 480 nm by a UV-visible
spectrophotometer (Genesys 50, Thermo Scientific). The pigment con-
centrations, expressed as mg g~ ! dry weight (DW), were estimated using
the following equations [54]:

Chla = (12.21 X Aggs — 2.81 X Agg)/W)*(V/1000) @)

Tot car = {[(1000 x A470 — 3.27 x Chl a — 104 x Chl b)/198]/W }*(V/1000)
C)]

where:
W = sample weight (g of fresh weight)
V = 80 % acetone volume (mL)
A664: A647, A630, A480, A51() = absorbance at x nm.

2.5. Statistical analysis

Statistical analyses were performed in R-Statistics® 3.2.3 version.
Cell growth data were analyzed using one-way ANOVA, followed by a
Tukey’s post-hoc tests with multiple comparisons to highlight statistical
differences in growth at different temperatures. Metabolomics data were
analyzed through different steps (multivariate and univariate). After
blank removal, features relative abundances were normalized to ensure
gaussian distribution. At first, PERMANOVA tests (n permutation = 999)
and PCoA visualization were performed based on Canberra distances to
examine sample clustering using “vegan” and “ggplot2” R packages.
Major variations in the data were explained by PCoA axes. To visualize
the relative variation of the discriminating features across different
samples, normalized data were analyzed with the “pheatmap” package
as summarized in a heatmap. Four additional R packages (“ggsci”,
“matrixStats”, “ggrepel” and “tidyverse”) were employed to investigate
differences in the levels of individual features between different
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temperatures in the dataset using ANOVA followed by Tukey’s post hoc
test. Finally, PERMANOVA tests (n permutation = 999) and PCA visu-
alization based on Euclidean distances were used to evaluate differences
among major chemical classes. FAMEs profile and pigment content re-
sults were compared by one-way ANOVA, followed by a post-hoc test
(Tukey’s test).

3. Results
3.1. Growth of Microglena antarctica

M. antarctica was grown in batch cultures exposed to three different
temperatures respectively 4°, 8° and 16 °C. In all cultures, growth ki-
netic was monitored following the increase in cell density, as reported in
Fig. 1. One-way ANOVA analysis highlighted a statistically significant
effect of temperature on cell growth of M. antarctica. From day 0 to day
6, no significant differences were observed between the cell densities of
M. antarctica grown at 4°, 8° and 16 °C (Supplementary Materials
Table S1). At day 8, cultures grown at 4 °C showed lower cell densities
compared to cultures grown at 8 °C (p-value < 0.05). From day 12 to
day 16, the cell densities of 16 °C cultures were significantly lower than
cultures at 4° and 8 °C (Supplementary Materials Table S1). No signif-
icant differences in the growth rates were reported among cultures
cultivated at 4°, 8° and 16 °C during lag phase (Fig. 2), when the growth
rates were 0.07 £ 0.05 d™' at 4 °C, 0.03 £ 0.07 d™" at 8 °C and 0.08 +
0.04 d~! at 16 °C. Statistical differences were reported among treat-
ments during the exponential growth phase, when M. antarctica showed
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the highest growth rate (0.29 =+ 0.05 d1) at the culturing temperature
of 4 °C, followed by 8 °C (0.24 £ 0.09 d 1) and 16 °C (0.16 £ 0.05 d ™).

3.2. Chemical profiling

3.2.1. Metabolomic analysis

The metabolomic profiles of M. antarctica acetone extracts recovered
from biomass grown at three different temperatures (4°, 8° and 16 °C)
were determined through an untargeted UPLC-HR-MS/MS approach. A
principal coordinate analysis (PCoA) based on complete metabolic
profiles of M. antarctica (Fig. 3) highlighted temperature-related clus-
tering of the biological replicates. The 48.4 % of the variance among
replicates was accounted by the first coordinate (PCoA 1) which sepa-
rated M. antarctica 4 °C metabolome to 8 °C and 16 °C metabolomes,
while 8 °C and 16 °C metabolomes were mainly differentiated along the
second coordinate (PCoA 2, 32.5 %). These results evidenced distinct
metabolic signatures related to growth temperature as supported by a
PERMANOVA analysis (p-value < 0.05, Supplementary Materials
Table S2).

To identify the temperature-dependent metabolic features in
M. antarctica cultivated at 4 °C, 8 °C and 16 °C, whole metabolome
samples were examined in triplicates. Out of the 708 features obtained
in this experiment, 250 features (35 % of the total) were not significantly
different between the cultures (ANOVA, Benjamini-Hochberg adjusted
p-value > 0.05) and 9 had spectral matches with compounds reposited
in libraries. The remaining 458 features (65 % of the total) displayed
significant differences (ANOVA, Benjamini-Hochberg adjusted p-value

Temperature

3 4c

A\ 8°C
- @ 16°C

* %k

Days

10 12 14 16

Fig. 1. Growth curves of M. antarctica under different temperatures. Blue squares, 4 °C; orange triangles, 8 °C; red circles, 16 °C. Asterisks indicate statistically
significant differences (‘“***’ = p-value < 0.001; “*** = p-value < 0.01 and ‘** = p-value < 0.05). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 2. Growth rate of M. antarctica at 4 °C (blue), 8 °C (orange) and 16 °C (red)
within lag (Lag) and exponential (Exp) phases. The letters above the boxplots
indicate significantly different groups (Multiple Comparisons of Means: Tukey’s
HSD, 95 % family-wise confidence level). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of

this article.)

200
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Fig. 3. Principal coordinate analysis (PCoA) of metabolomic profiles of
M. antarctica color coded by the three different temperatures (4°, 8° and 16 °C).
The x— and y-—axes represent principal coordinates 1 and 2, respectively, in
brackets the percentages of the overall variance explained by each principal
coordinate. PERMANOVA analysis proved distinct metabolomes at different
temperatures (p-value < 0.05). Blue squares, 4 °C; orange triangles, 8 °C; red
circles, 16 °C. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Temperature | 7 | 4°C A | 8°C

< 0.05). Library spectral matches allowed the annotation as putative
compound of 104 features (level 2), while in-silico approach resulted in
the chemical class prediction of 156 features (level 3). Level 2 annotated
features showing statistical variations at different temperatures were
visualized through a hierarchical clustering heatmap (Fig. 4).

The main chemical classes identified in M. antarctica metabolome
included lipids and lipid-like molecules, such as fatty acyls (36 % of the
features identified at class level), glycerolipids (34 %), steroids and steroid
derivatives (9 %) and prenol lipids (5 %), organoheterocyclic compounds,
such as tetrapyrroles and derivatives (8 %) and organic acids and de-
rivatives, such as carboxylic acids and derivatives (5 %). Principal
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component analyses (PCA) of single chemical subclasses (Fig. 5a-k)
resulted in discrimination of the samples into three groups according to
growth temperature. The observed discrimination was validated using a
permutation test (Supplementary Materials Table S2), confirming signifi-
cant effects of temperature on most chemical subclasses (PERMANOVA,
p-value < 0.05). Among glycerolipids, monoradylglycerols, dir-
adylglycerols, triradylcglycerols, glycosylmonoradylglycerols and glyco-
syldiacylglycerols showed different temperature-related changes
(Fig. 5a—e). However, fatty acyls subclasses, fatty acids and conjugates,
fatty amides and lineolic acids and derivatives, showed a very similar
trend of change in this experiment (Fig. 5f-h). With the increase of the
temperature, unsaturated octadecanoids, such as parinaric acid (C18:4),
alpha-linolenic acid (C18:3), linoleamide (NA 18:2), linoleic and rumenic
acids (C18:2) decreased in abundance (p-value > 0.05, Supplementary
Materials Tables S3-S7). Amino acids, peptides, and analogues (Fig. 5i) at
8° and 16 °C clustered closer compared to those annotated at 4 °C. A
significant increase in xanthophylls and chlorophyll derivatives (chlorins)
was observed in at higher temperatures (p-value >0.05, Supplementary
Materials Tables S3-S7) and confirmed by similar clustering by PCA
plotting (Fig. 5j-k).

3.2.2. FAME:; profiling

The FAME:s profile of M. antarctica comprised six compounds (Fig. 6).
The most abundant FAME was 9,12-octadecadienoic acid FAME
(C18:2), followed by methyl palmitate (C16:0) and 9-octadecenoic acid
methyl ester (C18:1). These proportions remained constant across all
growth temperatures. Methyl laurate (C12:0), methyl palmitoleate
(C16:1) and 9-octadecenoic acid methyl ester (C18:1) exhibited signif-
icantly higher levels at 16 °C, while methyl palmitate (C18:0) and
9,12-octadecadienoic acid fatty acid methyl ester (C18:2) showed
increased abundance at 4 °C and 8 °C. No statistically significant dif-
ferences were observed in methyl stearate content among the tested
temperatures. Polyunsaturated fatty acids (PUFAs) were the most
abundant FAMEs, followed by saturated (SFAs) and monounsaturated
(MUFAs) fatty acids (Fig. 7). At 4 and 8 °C, PUFAs were significantly
higher than 16 °C, while MUFAs were significantly lower. SFAs per-
centages were constant among different temperature treatments (Sup-
plementary Materials Tables S8-S10).

3.2.3. Pigment analysis

Chlorophyll and total carotenoid contents (Fig. 8) were measured at
the end of the exponential growth phase (day 14). Cells grown at 16 °C
showed the highest concentration of photosynthetic pigments. Statisti-
cally significant differences were observed between 16 °C and both 4 °C
and 8 °C for chlorophyll a (Chl a), while carotenoid content was
significantly lower at 4 °C compared to 16 °C. No statistical differences
were observed for chlorophyll b (Chl b) among different temperatures
(Supplementary Materials Tables S11-S12).

4. Discussion

In this work, M. antarctica cultures grown at three different tem-
peratures (4°, 8° and 16 °C) showed differences in growth, metab-
olomes, FAMEs profiles and photosynthetic pigment concentrations. Our
results indicate that 4° and 8 °C were the optimal growth temperatures
in terms of biomass production, with a significantly higher cell density
compared to cells cultivated at 16 °C. These results are consistent with
those reported for M. antarctica ICE-L (former Chlamydomonas sp.
ICE-L), where the optimum growth temperature ranged from 4° to 10 °C
[21] and with the phylogenetic related Chlamydomonas sp. ARC isolated
from Chukchi sea ice, where the maximum growth rate was found at 5 °C
[22].

The chemical diversity of M. antarctica metabolomes under three
different temperatures was initially explored by an untargeted
approach. Out of a total of 708 features identified, a mere 15 % of fea-
tures was successfully matched to existing compound libraries, which is
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typical for marine samples, indicating the limited coverage of available
spectral references [34]. To gain insights into the remaining features, we
employed an in-silico approach, which associated the 31 % of the
detected features to a chemical class, significantly expanding our un-
derstanding of metabolomes composition of M. antarctica. Through a
PCoA (Fig. 3) and a hierarchical clustering (Fig. 4), we highlighted
distinct temperature-related clustering of M. antarctica metabolomes
and we were able to visualize the distinguishing features chemical
classes and intensity pattern across the samples. Differences in major
chemical subclasses were summarized using PCA (Fig. 5). Remarkably,
the PCA plots showed variations in all the most abundant chemical
subclasses in response to changes in temperature. Multivariate statistical
approach supported the significant effect of temperature on
M. antarctica whole metabolome and on major compound subclasses
(Supplementary Materials Table S2). Univariate statistical analysis was
employed to study temperature effect on single features (Supplementary
Materials Tables S3-S6 and Figs. S1-S5). This integrative untargeted
metabolomics approach, combining both mass spectral libraries and
novel in-silico tools, facilitated the annotation of features and chemical
classes across cell cultures exposed to different temperatures. Moreover,
it provided additional information regarding feature’s chemical classes
and subclasses that might serve as potential targets in future in-
vestigations, specifically as temperature biomarkers for Antarctic
microalgae.

After observing significant differences in major features chemical
classes through untargeted metabolomics analysis, we conducted tar-
geted analysis to better understand the changes in lipid profiles (via
GC-MS) and photosynthetic pigment content (using spectrophotometric
analysis). In fact, alterations in fatty acids (FA) profiles [55] and
photosynthetic pigment contents [56-58] are widely recognized bio-
markers for the study of temperature-induced changes in microalgae.
Changes in lipid content, FA profiles and degree of carbon chain satu-
ration represent common adaptive responses to temperature variations
[59-61]. In particular, the inverse correlation between growth tem-
perature and PUFAs accumulation, common in algae and plants [59,62],
is considered a mechanism for the maintenance of membrane fluidity
and it is regulated by FA desaturases (FADs) [63]. A transcriptomic
analysis of five FA desaturases (FADs) in M. antarctica ICE-L suggested
differential gene expressions of four FADs in response to temperature
stress and an alteration of the FA composition was confirmed by GC-MS
analysis which highlighted a significant increase of PUFAs at 0 and 5 °C
[32]. In our experiment, variations in the FAMEs profiles at different
temperatures (Fig. 5) suggested a similar trend. Higher percentages of
PUFAs were observed at 4 and 8 °C compared to cells grown at 16 °C
(p-value < 0.001), while MUFAs showed an opposite trend significantly
increasing at 16 °C. As reported in many plant and algal species, growth
at elevated temperatures coincided with a decrease C18:2 fatty acids
(FAs) and a corresponding increase in C18:1 FAs levels [62]. After
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short-time exposure of 2.5 h to low temperature (—25 °C), M. antarctica
ICE-L decreased saturation level of C18 FAs [31]. Similarly, An et al.
2013 [32], reported considerably higher percentages of C18:3 at 0 and
5 °C. Despite the FAMEs profile of the phylogenetic related species
Chlamydomonas sp. UMACC 229 from Antarctica was rich in PUFAs, an
increase of PUFAs was reported between 4 and 14 °C (from 70.8 to 75.3
%), while a drop of PUFAs percentage was recorded only at 20 °C (65.7

%) [64]. Interestingly, differences in FAMEs profiles between
M. antarctica IMAO76A, M. antarctica ICE-L [31,32] and Chlamydomonas
sp. UMACC 229 were observed [64]. M. antarctica ICE-L was rich in
C18:3 FAMEs according to both Yi-Bin et al. 2017 [31] and An et al.
[32], while C20:3 and C20:5 FAMEs were detected just by An et al. [32].
C16:3 was the dominant FAs in Chlamydomonas sp. UMACC 229, while
C18:2 and C18:3 were relatively lower (~10 %) and C20:3 and C20:5
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FAMEs were not detected [64]. In M. antarctica IMAO76A, C18:2 was the
dominant FAMEs, while C18:3, C20:3 and C20:5 FAMEs were not
identified. Differences in FAMEs profiles might be accounted by the
growing conditions employed by the authors. While Chlamydomonas sp.
UMACC 229 and M. antarctica ICE-L were grown in Provasoli seawater
medium [65] with ~40 pmol photons m2s!on1212h light-dark
cycle by Teoh et al. [64] and An et al. [32], M. antarctica ICE-L was
cultivated in the same medium and light-dark cycle, but with a lower
light intensity of 20-30 pmol photons m~2s~! by Yi-Bin et al. 2016 [31].
To simulate real environmental conditions during Antarctic summer,
M. antarctica IMAO76A was grown in F/2 medium [12] at a continuous
light intensity of 35 pmol photons m~2 s~!. However, despite these
differences in FAMEs profile, M. antarctica IMAO76A, Chlamydomonas
sp. UMACC 229 and M. antarctica ICE-L generally increased in PUFAs
percentages to cope with low temperatures. Furthermore, LC-MS data
showed that M. antarctica IMAO76A features corresponding to PUFAs
were statistically higher at 4 °C (Supplementary Materials
Tables S3-S7).

Temperature is also considered a relevant stressor affecting photo-
synthetic pigment production [66]. For this reason, we measured chlo-
rophyll and total carotenoid content in response to different cultivation
temperatures. Chlorophyll a was the most abundant pigment in
M. antarctica IMAO76A, followed by chlorophyll b and carotenoids, as
reported for M. antarctica ICE-L [31]. Our results indicated a significant
increase in chlorophyll a and carotenoid concentrations at 16 °C. These
results slightly differ from those reported for M. antarctica ICE-L [31]. In
fact, while chlorophyll b was constant in both IMAQ76A and ICE-L
strains, Yi-Bin et al. 2016 observed a decrease in chlorophyll a levels of
M. antarctica ICE-L as a short-term response to cold temperature (24 h
of exposure), followed by a slow increase after 32 h [31]. This late

increase in chlorophyll a, if prolonged in time, might represent a
possible mechanism of photosynthetic acclimation and end up to a
long-term rise of chlorophyll a, as observed in IMAQ76A strain. Cold
temperatures (between 10 and 20 °C) in the mesophilic green alga
C. reinhardtii, a closely related species to M. antarctica, induced carot-
enoid and chlorophyll accumulation [67]. Interestingly, in this species, a
sharp decrease in growth below 10 °C was observed. These results
suggest an opposite response to temperature—related stress in mesophilic
and cryophilic Chlamydomonadales, with the firsts decreasing in growth
and accumulating photosynthetic pigments as response to cold, and the
seconds reducing growth rate and increasing pigment content as
response to heat. These variations in photosynthetic pigment asset might
represent an additional survival strategy adopted by cryophilic Chla-
mydomonadales to cope with heat stress, which, together with the
photosynthetic regulation promoted by excess light, could lead to their
blooming in polar environment and Alps, as for C. nivalis [68]. In mes-
ophilic Chlamydomonadales the increase of carotenoid levels might be
involved in cold stress acclimation by changing the membrane fluidity
[69]. Further studies are necessary to evaluate whether this mechanism
is conserved as a physiological response of cryophilic Chlamydomona-
dales to extremely low temperatures. Napaumpaiporn and Sir-
ikhachornkit studied the effect of high temperature on carotenoid
accumulation in C. reinhardtii [70]. Their results showed that increasing
growth temperature leads to chlorophyll and carotenoid accumulation
in the presence of light [70]. However, while the importance of carot-
enoids for photoprotection in Chlamydomonadales is well-known,
future research is required to understand the role of these pigments in
heat stress. The increase of carotenoid content as a response to high
cultivation temperatures was reported for other algal species, such as
Dunaliella salina [71,72] and Pavlova lutheri [73], and it was considered
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as an adaptive strategy to reduce the formation of reactive oxygen 5. Conclusions
species (ROS) during heat stress [68,70]. A similar mechanism could be
used by M. antarctica IMAO76A. The present work is the first attempt to study M. antarctica response

to different temperatures in terms of growth and biochemical compo-
sition, combining an untargeted metabolomics and a targeted analysis of
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FAMEs and photosynthetic pigments. Our results confirmed
M. antarctica as a psychrophilic microalga, with an optimal growth rate
0f0.29 + 0.05d ! at 4 °C and a reduction in growth at 8 °C (0.24 + 0.09
d™1) and 16 °C (0.16 + 0.05 d™1). Untargeted metabolomic approach
annotated a small percentage of total features based on public spectral
libraries. However, in-silico approach provided molecular formulas and
compound class affiliations independently of spectral libraries, repre-
senting an important implementation of traditional MS/MS library
search. This approach highlighted variations in the main chemical
classes of M. antarctica metabolites, expanding the spectrum of potential
biochemical alterations resulting from temperature changes in cryo-
philic microalgae. Specifically, glycerolipids and other lipid-like mole-
cules showed significant variations, rendering these compounds as
potential targets for future investigations into the temperature adapta-
tion of polar algae. Thus, we recommend the use of an untargeted
metabolomic strategy for the study of non-model algae and for the
exploration of unknown metabolic responses. Our LC-MS data of
M. antarctica metabolomes are publicly available for future re-analysis
and represent a contribution in our understanding of algal metabolism
under temperature stress. FAMEs analyses showed a significant increase
in PUFAs at lower temperatures, supporting the hypothesis of their role
in membrane fluidity. Finally, photosynthetic pigments increased as a
response to high temperatures, suggesting an adaptive strategy to cope
with heat stress. The survival capacity shown by M. antarctica up to
16 °C open interesting reflections on its evolutionary history and its
responses in a changing environment. A major hypothesis for the evo-
lution of psychrophily in algae, considers this process as a gradual in-
crease in cold tolerance, allowing mesophilic species to survive to
seasonal fluctuations of temperatures [2]. This have led to the loss of
capacity to survive at moderate temperature values in some species (true
psychrophiles), while many other Antarctic algae can survive above
ambient polar temperatures [2]. It is important to underline that the
capacity of M. antarctica to grow at non-polar temperatures does not
consider the physiological state of the organism. For instance, while
growth capacity at higher temperature in laboratory conditions might
seem positive in the context of global warming concerns, other key
cellular processes involving algal metabolism can be negatively affected,
limiting M. antarctica survival in its natural environment. Further
studies are necessary to clarify the effects of different temperature on
cryophilic Chlamydomonadales.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.algal.2024.103461.
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