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Abstract: The diatom lipidome actively regulates photosynthesis and displays a high degree of
plasticity in response to a light environment, either directly as structural modifications of thylakoid
membranes and protein–pigment complexes, or indirectly via photoprotection mechanisms that
dissipate excess light energy. This acclimation is crucial to maintaining primary production in marine
systems, particularly in polar environments, due to the large temporal variations in both the intensity
and wavelength distributions of downwelling solar irradiance. This study investigated the hypothesis
that Arctic marine diatoms uniquely modify their lipidome, including their concentration and type
of pigments, in response to wavelength-specific light quality in their environment. We postulate
that Arctic-adapted diatoms can adapt to regulate their lipidome to maintain growth in response
to the extreme variability in photosynthetically active radiation. This was tested by comparing the
untargeted lipidomic profiles, pigmentation, specific growth rates and carbon assimilation of the
Arctic diatom Porosira glacialis vs. the temperate species Coscinodiscus radiatus during exponential
growth under red, blue and white light. Here, we found that the chromatic wavelength influenced
lipidome remodeling and growth in each strain, with P. glacialis showing effective utilization of red
light coupled with increased inclusion of primary light-harvesting pigments and polar lipid classes.
These results indicate a unique photoadaptation strategy that enables Arctic diatoms like P. glacialis
to capitalize on a wide chromatic growth range and demonstrates the importance of active lipid
regulation in the Arctic light environment.

Keywords: lipidomics; psychrophile; photosynthesis; Arctic; algae; diatom; irradiance

1. Introduction

In a marine environment, photoacclimation is crucial to maintaining primary produc-
tion due to significant variability in the magnitude and wavelength of irradiance within the
euphotic zone. These variations stem from the wavelength-selective absorption of water,
vertical mixing or stagnation of cells with stratification, extent of cloud cover, as well as
scattering and absorption by particulate matter that includes microbial pigmentation [1–4].
Diatoms are central to marine primary production because of their ability to grow rapidly
and export carbon under favorable conditions, like those often present in coastal and
upwelling regions, and contribute an estimated 75% of the primary production in these
regions [5,6].
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The structural lipochemistry of diatoms is characterized by polar glycerolipids, and in
a nutrient-replete environment, thylakoid membranes incorporate four major lipid classes:
monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), sulfoquinovo-
syldiacylglycerol (SQDG) and phosphatidylglycerol (PG) [7]. During periods of phosphate
limitation, phospholipids may be substituted by non-phosphorous betaine lipids [8].

As structural components of the thylakoid membranes, these lipids maintain the pho-
tosynthetic capacity of chloroplasts, which rely on pigments to capture energy from light.
The main light-harvesting pigments in diatoms are chlorophyll a (Chl a), chlorophyll c
(Chl c) and the carotenoid fucoxanthin, which together form the light-harvesting complexes
in diatoms known as the fucoxanthin chlorophyll protein complexes (FCPs) embedded in
the thylakoid membrane. FCPs replace the light-harvesting complexes (LHCs) of plants
and photosynthetic bacteria and have adapted to the blue-green radiation characteris-
tic of aquatic environments by incorporating higher ratios of fucoxanthin to chlorophyll
compared to LHCs [9]. In addition to fucoxanthin, other carotenoids such as β-carotene
contribute directly to the light harvesting of photosynthetically active radiation (PAR),
while xanthophylls (oxygenated carotenes) such as diatoxanthin and diadinoxanthin con-
tribute towards photoprotection through different mechanisms such as the de-excitation of
single excited states of chlorophyll, prevention of singlet oxygen release by the quenching
of chlorophyll’s triplet state, and by acting as antioxidants [10]. Diatoms acclimate to the in-
tensity and wavelength distributions of irradiance by regulating the intracellular concentra-
tions of these functional lipids and lipophilic pigments directly as structural modifications
of protein–pigment complexes, in so-called chromatic acclimation, and through the active
cycling of xanthophylls in photoprotection [11–14]. Structural lipids also contribute to
diatoms’ ability to cope with changing irradiance: As diatoms alter the relative abundance
of pigment complexes in their thylakoid membrane in response to changing irradiance, the
fluidity of the membrane is maintained by altering the ratio of the non-bilayer-forming
lipid MGDG and the bilayer-forming lipid DGDG [15]. Thylakoid membrane lipids also
contribute to the photoprotective mechanisms of cells by acting as solvents for xanthophyll
cycle pigments and by shifting carbon allocation towards storage lipids to create energy
sinks which safely dissipate excess light energy during photosynthesis [16,17].

The potential for variability in the light environment of marine diatoms, and thus
the need for photoacclimative responses, is greater in polar regions due to the strong
seasonality (i.e., polar day and night cycles), high frequency of cloud cover, presence of
attenuating sea ice cover, as well as high solar zenith angle of downwelling [18,19]. As a
result, numerous studies have demonstrated enhanced dark survival and low irradiance
requirements of Arctic diatoms [20,21], in addition to niche-dependent nonphotochemical
quenching strategies [22]. However, chromatic adaptations in the Arctic marine lipidome
remain largely unexplored, and the balances and interactions between lipophilic com-
ponents, including pigments, in response to spectral irradiance as a function of photon
wavelength remain poorly understood. We expect that the lipidome in combination with
photosynthetic pigments plays a central role in the ability of Arctic marine diatoms to deal
with extreme variations in ambient irradiance.

The aim of this study was to test the hypothesis that diatoms adapted to Arctic marine
environments will display distinct acclimations that regulate their functional lipids and
pigment composition to accommodate a wider photic niche and thereby maintain pho-
tosynthetic growth in a more complex and changing light environment, as compared to
those adapted to lower-latitude (mesophilic) light conditions. We tested this hypothesis
by comparing the lipidome, including pigments, and photophysiology between the Arctic
diatom Porosira glacialis and mesophilic control species Coscinodiscus radiatus. These two
centric diatoms were each cultivated under red (621 nm), blue (457 nm) and white light,
at temperatures typical of the Arctic (8 ◦C) and temperate (20 ◦C) oceans, respectively.
Growth was measured as in vitro chlorophyll a (Chl a), and the effect of irradiance quality
on photosynthesis was measured using photosynthesis–irradiance curves (P–I curves).
Lipids and pigments were identified and quantified based on raw data acquired by LC-MS,
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using the software LipidSearch ver. 4.2 and Compound Discoverer ver. 3.3 by Thermo
Fisher Scientific, Waltham, MA, USA. To our knowledge, this represents the first study that
couples untargeted lipidomics with pigment analysis and comparative photophysiology
between different diatom species. Understanding how the lipidome mediates photosyn-
thetic flexibility in P. glacialis and C. radiatus adds new knowledge on the fundamental
biology of Arctic vs. temperate diatoms and sheds light on Arctic diatoms’ success in a
more complex light environment.

2. Results
2.1. Differential Responses in Fatty Acid Esterification Highlight Species-Specific Responses to Light

Light quality revealed distinct responses in the lipid composition of the two diatom
species. In both diatoms, blue light resulted in an increased inclusion of long-chain polyun-
saturated fatty acids (fatty acids with ≥20 carbons and ≥3 double bonds, LC-PUFAs) in
the lipidome; however, in P. glacialis, these were preferentially esterified to neutral TGs,
while C. radiatus targeted structural phospho- and galactolipids for LC-PUFA esterification.
Eleven lipid classes were characterized in the two diatom species, containing a total of 44
and 45 unique fatty acids in P. glacialis and C. radiatus, respectively. In total, more than
300 unique lipid molecules from each sample passed the inclusion thresholds set by the
LC-MS method.

Light quality affected the composition of the main lipid classes, fatty acids and molec-
ular species in the two diatoms; however, the lipid molecules targeted for fatty acid
esterification differed fundamentally between the two species. In the Arctic diatom, P.
glacialis, light quality did not have a significant impact on LC-PUFA esterification in the
polar structural lipids, and instead, triglycerides (TGs) were the main targets of fatty acid
esterification. In comparison to red light, blue and white light shifted the composition
of fatty acyl groups esterified to the neutral TGs towards the LC-PUFAs, primarily C20:5
and C22:6 (Figure 1A,C). This effect was strongest under blue light, with increased LC-
PUFA contribution in the TG in comparison to white light (Figure 1B). A total of 22, 4 and
37 differentially abundant lipid compounds exceeded the significance thresholds of p < 0.5
and fold change ≥ 2 in P. glacialis for red vs. white, blue vs. white and blue vs. red light,
respectively (Table 1).

Table 1. The total number of data points exceeding both differential abundance significance thresholds
(p < 0.05, fold change ≥ 2) in volcano plots.

P. glacialis C. radiatus

Red vs. white 22 17

Blue vs. white 4 20

Blue vs. red 37 59

Red and blue light also affected the molecular species of the structural lipids MGDG,
PE, PG and PC in P. glacialis, but without any apparent common trend. As a proxy for
relative abundance, the total peak areas of lipid classes were also affected by light quality
in P. glacialis. In this case, red light resulted in increased inclusions of the polar lipid classes
MGDG, PE and PG in comparison to blue and white light (Figure 2). The mean peak area of
TG was unaffected by light quality, but the contributions of both DG and MG were higher
under red light. Blue light also resulted in statistically significantly higher inclusions of the
LC-PUFAs C20:5 and C22:6.
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Figure 1. Light quality drives the esterification of long-chain polyunsaturated fatty acids in neutral 
triglycerides observed as the differential abundance of molecular species in volcano plots of red and 
white light (A), blue and white light (B), and blue and red light (C) in Porosira glacialis. The y-axis is 
defined as the negative log10 of the p-value, such that a higher value represents a lower p-value. The 
horizontal and vertical lines represent thresholds to determine significant values (p < 0.05 and fold 
change ≥ 2). The green dots represent data points with a significant fold change, blue dots represent 
data points with a significant p-value and red data points exceed both significance thresholds (p < 
0.05, fold change ≥ 2). Data points represent the average peak area for each lipid molecule, n = 3. 
Diglyceride (DG), lysophosphatidylcholine (LPC), lysophosphatidylglycerol (LPG), monogalacto-
syldiacylglycerol (MGDG), monoglyceride (MG), phosphatidylcholine (PC), phosphatidylethanola-
mine (PE), phosphatidylglycerol (PG), triglyceride (TG). 

Figure 1. Light quality drives the esterification of long-chain polyunsaturated fatty acids in neutral
triglycerides observed as the differential abundance of molecular species in volcano plots of red and
white light (A), blue and white light (B), and blue and red light (C) in Porosira glacialis. The y-axis is
defined as the negative log10 of the p-value, such that a higher value represents a lower p-value. The
horizontal and vertical lines represent thresholds to determine significant values (p < 0.05 and fold
change ≥ 2). The green dots represent data points with a significant fold change, blue dots repre-
sent data points with a significant p-value and red data points exceed both significance thresholds
(p < 0.05, fold change ≥ 2). Data points represent the average peak area for each lipid molecule, n = 3.
Diglyceride (DG), lysophosphatidylcholine (LPC), lysophosphatidylglycerol (LPG), monogalactosyl-
diacylglycerol (MGDG), monoglyceride (MG), phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG), triglyceride (TG).
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of C16, C18 and the LC-PUFAs C20:5 and C22:6 in the polar lipid classes (Figure 3B). The 
greatest difference was observed between samples cultivated under blue and red light. In 
this case, blue light resulted in a large increase in the contribution of LC-PUFA acyl groups 
in MGDG, PG, PC, PE and their corresponding lysophospholipids (Figure 3C). A total of 
17, 20 and 59 differentially abundant lipid compounds exceeded the significance thresh-
olds of p < 0.5 and fold change ≥ 2 in C. radiatus for red vs. white, blue vs. white and blue 
vs. red, respectively (Table 1). The relative abundances of the individual lipid classes and 
fatty acids also showed an increased contribution of PE, PC, lysophosphatidylglycerol 
(LPG), lysophosphatidylethanolamine (LPE) and lysophosphatidylcholine (LPC), as well 
as an increase in the LC-PUFAs C20:5, C22:4 and C22:6 in the samples cultivated with blue 
light (Figure 4). The contributions of the thylakoid-associated lipids MGDG and PG were 
highest in blue and white light, respectively, but did not significantly differ between these 
light qualities in C. radiatus. 

Figure 2. Red light increases the contributions of the thylakoid-associated lipids MGDG and PG
and blue light increases the contributions of the long-chain polyunsaturated fatty acids C20:5 and
C22:6 in the lipid class (left) and fatty acid (right) composition of Porosira glacialis. Only fatty acids
that on average contributed more than 0.1% of the total peak area are included. Diglyceride (DG),
lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), lysophosphatidylglycerol
(LPG), monogalactosyldiacylglycerol (MGDG), monoglyceride (MG), phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylinositol (PI), triglyceride
(TG). Green diamonds represent mean values, n = 3.

In the mesophilic diatom C. radiatus, light quality influenced the molecular compo-
sition of the polar phospho- and galactolipids. In comparison to white light, red light
resulted in a lower contribution of the C16 and LC-PUFAs and an increased contribution of
C18 fatty acids in the polar lipid classes (Figure 3A), while blue light drove the inclusion
of C16, C18 and the LC-PUFAs C20:5 and C22:6 in the polar lipid classes (Figure 3B). The
greatest difference was observed between samples cultivated under blue and red light. In
this case, blue light resulted in a large increase in the contribution of LC-PUFA acyl groups
in MGDG, PG, PC, PE and their corresponding lysophospholipids (Figure 3C). A total of
17, 20 and 59 differentially abundant lipid compounds exceeded the significance thresholds
of p < 0.5 and fold change ≥ 2 in C. radiatus for red vs. white, blue vs. white and blue vs.
red, respectively (Table 1). The relative abundances of the individual lipid classes and fatty
acids also showed an increased contribution of PE, PC, lysophosphatidylglycerol (LPG),
lysophosphatidylethanolamine (LPE) and lysophosphatidylcholine (LPC), as well as an
increase in the LC-PUFAs C20:5, C22:4 and C22:6 in the samples cultivated with blue light
(Figure 4). The contributions of the thylakoid-associated lipids MGDG and PG were highest
in blue and white light, respectively, but did not significantly differ between these light
qualities in C. radiatus.

The results show that the chromatic environment exerts a unique influence on lipid
composition and fatty acid allocation in the Arctic diatom P. glacialis and the mesophile C.
radiatus, highlighting the importance of considering environmental factors in understanding
diatom metabolism.

2.2. Pigment Analysis Demonstrates Species-Specific Responses in Pigment Composition as a
Function of Light Quality

Light quality influenced the relative pigment content in the two diatoms; red light
increased Chl a, Chl c1 and fucoxanthin in the Arctic P. glacialis, and blue light increased
Chl a, Chl c1, Chl c2, beta-carotene and diatoxanthin in the mesophilic C. radiatus (Figures 5
and 6, respectively).
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Figure 3. Light quality drives increases the esterification of long-chain polyunsaturated fatty acids
in polar, structural lipids observed as the differential abundance of molecular species in volcano
plots of red and white light (A), blue and white light (B), and blue and red light (C) in Coscinodiscus
radiatus. The y-axis is defined as the negative log10 of the p-value, such that a higher value represents
a lower p-value. The horizontal and vertical lines represent thresholds to determine significant values
(p < 0.05 and fold change ≥ 2). The green dots represent data points with a significant fold change,
blue dots represent data points with a significant p-value and red data points exceed both significance
thresholds. Data points represent average peak area for each lipid molecule, n = 3. Diglyceride (DG),
lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), lysophosphatidylglycerol
(LPG), monogalactosyldiacylglycerol (MGDG), phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG), triglyceride (TG).
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Figure 4. Blue light drives increased inclusion of polar, structural lipids and the long-chain polyun-
saturated fatty acids C20:5 and C22:6 in the lipid class (left) and fatty acid (right) composition of
Coscinodiscus radiatus. Only fatty acids that on average contributed more than 0.1% of the total peak
area are included. Diglyceride (DG), lysophosphatidylcholine (LPC), lysophosphatidylethanolamine
(LPE), lysophosphatidylglycerol (LPG), monogalactosyldiacylglycerol (MGDG), monoglyceride (MG),
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidyli-
nositol (PI), triglyceride (TG). Green diamonds represent means of peak areas, n = 3.
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Figure 5. Red light increases the contribution of the main light-harvesting pigments chlorophyll
a (Chl a), chlorophyll c1 (Chl c1) and fucoxanthin in the psychrophilic diatom Porosira glacialis.
Mass spectra were imported with both precursor ions and characteristic fragments of the identified
pigments using mzVault v2.3 (Thermo Fisher). The most abundant adduct for each pigment standard
was considered and the most intense fragmentation spectrum was automatically selected by the
software’s algorithmic box plots with overlaid data points. Horizontal lines represent median values,
hinges correspond to 25th and 75th percentiles, and whiskers extend to the farthest data point no
further than 1.5 × IQR from the hinges, n = 9.
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to 25th and 75th percentiles, and whiskers extend to the farthest data point no further than 1.5 × IQR
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The AcquireX acquisition workflow identified nine pigments with a high level of
confidence from the in-house mzVault database. Beta-carotene, Chl a, chlorophyll c1 (Chl
c1), chlorophyll c2 (Chl c2), diadinoxanthin, diatoxanthin, fucoxanthin and pheophytin a
were identified in both diatoms, while violaxanthin was only found in C. radiatus. Light
quality influenced the relative content of pigments in the two diatoms. In P. glacialis, red
light resulted in an increased inclusion of the main light-harvesting pigments, Chl a, Chl c1,
and fucoxanthin, compared to both blue and white light (Figure 5).

Light quality did not have a significant effect on the relative content of Chl c2, beta-
carotene, diadinoxanthin and diatoxanthin in P. glacialis. In C. radiatus, blue light resulted
in a higher relative content of Chl a, Chl c1, Chl c2 and beta-carotene and a higher inclusion
of diatoxanthin in comparison to white light (Figure 6). Blue light did not have a signifi-
cant influence on the relative content of diadinoxanthin, fucoxanthin and violaxanthin in
comparison to white light, and red light did not significantly influence any of the identified
pigments in C. radiatus in comparison to white light. The ratios of Chl a to pheophytin
a based on the areas under the curve of the chromatograms were 0.74, 0.73 and 0.81 for
P. glacialis and 0.52, 0.90 and 0.43 for C. radiatus under red, blue and white light, respec-
tively. The results indicate species-specific strategies in chromatic acclimation in diatom’s
adaptation to different light conditions.
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2.3. The Arctic P. glacialis Utilizes Red Light Effectively to Power Carbon Fixation

The Arctic diatom P. glacialis displayed similar growth and consistent photosynthetic
rates across light conditions, while the mesophilic diatom C. radiatus achieved greater maxi-
mum photosynthetic rates in blue and white light in comparison to red light. The growth
physiology of both strains in response to their chromatic environment was measured
as changes in Chl a during log phase growth and gross primary production measure-
ments. The Arctic strain P. glacialis achieved the highest specific growth rate in red light
(µ = 0.017 h−1, p < 0.05) and transitioned towards stationary growth after 160 h, as observed
in the leveling of the curve plots displaying the in vitro Chl a content (Figure 7).
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The in vitro Chl a increased in concentration corresponding to average doubling times
of 45.5, 50.1 and 40.2 h in P. glacialis in white, blue and red light, respectively. The mesophile
C. radiatus achieved the highest specific growth rate (µ = 0.013 h−1) and in vitro Chl a
content in white light, followed by red and blue light (p < 0.05, Figure 7). The increase
in in vitro Chl a over time corresponded to doubling times of 54.0, 64.0 and 64.8 h in C.
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radiatus in white, blue and red light, respectively. The amount of Chl a/cell was stable
across all treatments in both diatoms at the start of the experiment, following the 7-day
acclimatization period (Table 2).

Table 2. The average amount of chlorophyll a (Chl a) per cell at the start of the experiment, following
a 7-day acclimatization period to each light quality in Porosira glacialis and Coscinodiscus radiatus,
n = 6.

Light Quality Chl a/Cell, P. glacialis Chl a/Cell, C. radiatus

Red 1.6 × 10−5 ± 1.3 × 10−6 1.8 × 10−5 ± 6.7 × 10−7

Blue 1.9 × 10−5 ± 1.7 × 10−6 1.7 × 10−5 ± 4.7 × 10−6

White 1.9 × 10−5 ± 2.4 × 10−6 1.7 × 10−5 ± 2.0 × 10−6

The chromatic quality of light also affected gross primary production and photophys-
iology in the two diatom strains (Figure 8), as determined from P–I curves measuring
14C-labelled CO2 uptake rates under the function of red, blue and white light treatments. In
P. glacialis, the maximum photosynthetic rate (or maximum rate of carbon fixation during
photosynthesis) in the absence of photoinhibition (Ps

B) was consistent across all treatments,
while the mesophilic diatom C. radiatus achieved greater maximum photosynthetic rates in
blue and white light in comparison to red light. The photosynthetic efficiency (αB), which
is the amount of light energy converted into chemical energy, was also lower in C. radiatus
under red light. Beyond this exception, the photosynthetic efficiencies were similar across
all treatments in both species. The value for photoacclimation (Ik), which is a measurement
of the ability to adjust to changes in irradiance, was highest in red light in both species.
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3. Discussion
3.1. Blue Light Drives Increased Inclusion of LC-PUFAs

The composition of lipid molecular species indicates that blue light drives the in-
creased inclusion of LC-PUFAs in the lipidome of both C. radiatus and P. glacialis, shifting
the differential abundance of molecular species towards longer, more unsaturated fatty
acids. Similarly, the blue photons are most likely responsible for this same effect in both
species observed under white light, as white LEDs contain both blue and red photon
wavelengths. However, while the Arctic strain P. glacialis targeted neutral TGs for LC-PUFA
esterification, the mesophilic strain C. radiatus preferentially bound these fatty acids to
the polar, structural lipids MGDG, PG, PC and PE. A recent study on Nannochloropsis
oceanica found that blue light induced fatty acid desaturases (FADs) involved in LC-PUFA
biosynthesis and maintained LC-PUFA levels in cells, while red light resulted in a reduction
in eicosapentaenoic acid (EPA) content [23]. This mechanism was presumably mediated
by light-sensing proteins specific to stramenopiles called aureochromes, which can sense
blue light and, in this case, were shown to act as transcription factors for genes involved in
LC-PUFA biosynthesis. Our results are consistent with this finding; however, the mecha-
nisms that control the expression of fatty acids and allocation to neutral lipids in P. glacialis
and polar lipids in C. radiatus are unclear and, to our knowledge, have not been previously
demonstrated in diatoms. Triglyceride accumulation following growth limitation in P.
glacialis is an unlikely explanation for this observation as the total amount of TGs was
independent of light quality in the polar strain. However, it is possible that TG in this
case functions as a reservoir for LC-PUFAs in P. glacialis for future use when these fatty
acids are superfluous in other functional lipids such as thylakoid membrane lipids. A
recent study on the model diatom Phaeodactylum tricornutum found that blue cultivation
light resulted in a higher production of saturated fatty acids bound to TAGs, while red
cultivation light increased the cell’s content of the LC-PUFAs hexadecatrienoic acid (HTA)
and EPA [24]. Although inconsistent with our findings, these results also demonstrate the
diatoms’ underlying ability to regulate fatty acid allocation in response to the wavelength
of light.

3.2. Structural Lipids and Pigments Unlock Photic Niches of Diatoms

The two diatom lipidomes also displayed a dependence on light quality during log
phase growth, in parallel with changes to pigmentation. The greatest relative content of
PGs, the only major phospholipid in thylakoid membranes among oxygenic phototrophs,
coincided with the light qualities that also generated the highest specific growth rates
and PB

m in each diatom strain, i.e., white light in C. radiatus and red light in P. glacialis.
While the glycolipids of the thylakoid membranes are primarily distributed in the lipid
bilayer, PG is specifically allocated to the embedded photosystems in higher plants and
cyanobacteria, where they are involved in electron transport processes [11,25]. Our results
also indicate a similar function of PG in the diatom lipidome, as the relative content of PG
was positively correlated with the photophysiological health (i.e., highest specific growth
rates and PB

m of both C. radiatus and P. glacialis). The contribution of MGDG, the only other
major thylakoid lipid that was detected in this study, was highest in blue light in C. radiatus
and red light in P. glacialis (Figures 2 and 4), which coincides with the light qualities that
also contained the highest relative amounts of the main light-harvesting pigments Chl a,
Chl c1, Chl c2 and fucoxanthin in both diatom strains (Figures 5 and 6). This is likely a
result of the important functions that glycolipids, particularly the non-bilayer-forming lipid
MGDG, serve in stabilizing pigment–protein complexes and photosystems in thylakoid
membranes [26,27].

In higher plants, MGDG and PG have also been linked to Chl a through biosynthesis
pathways, where they regulate the activity of protochlorophyllide oxidoreductase [28].
The observed similarity between the relative amounts of thylakoid lipids, photosynthetic
pigments and photophysiological conditions in this study are therefore unsurprising.
However, if these molecules facilitate photosynthetic growth as a function of the chromatic
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quality of light, our findings indicate differences in their ability to occupy different photic
niches in marine ecosystems by adapting the composition of both structural lipids and
pigments to specific wavelengths of PAR. In this case, the results show that the Arctic strain
P. glacialis can acclimate its composition of thylakoid-associated lipids in coordination
with pigment allocation to utilize red light more efficiently than the mesophilic C. radiatus,
thereby gaining an ecological advantage that allows high growth rates across a potentially
wider range of conditions.

3.3. Red Light Reveals Photosynthetic Flexibility in P. glacialis

The Arctic strain P. glacialis achieved the highest growth rates under red light and
a stable maximum photosynthetic rate across all light qualities. This is despite a photo-
physiology that is generally considered (in diatoms) to be more adapted to the blue light
absorption characteristic of a marine environment and the understood ability of blue light
to drive higher growth rates and photosynthetic efficiencies compared to red light during
exponential phases of growth [29–31]. In the mesophilic strain C. radiatus, red light resulted
in reduced specific growth rate and maximum photosynthetic rate—as determined by
in vitro Chl a—compared to blue and white light.

In contrast to C. radiatus, P. glacialis displayed stable ratios of Chl a to pheophytin a,
independent of light qualities. This ratio is frequently used as a measurement of the physio-
logical condition of phytoplankton. However, despite the lower maximum photosynthetic
rate (PsB) and photosynthetic efficiency (αB) of C. radiatus cultivated under red light, there
were no significant differences in the Chl a-to-pheophytin ratio, or in the relative content
of the main photosynthetic pigments and structural lipids associated with the thylakoid
membranes when comparing red to white light. The only discernable effect of red light on
C. radiatus that may have affected its photophysiology was the reduced LC-PUFA allocation
to structural lipids in comparison to white (and blue) light, which was not observed in P.
glacialis. In addition to regulating the phase transition of membranes and scavenging reac-
tive oxygen in lipid peroxidation, it is generally assumed that LC-PUFAs contribute to the
photosynthetic function of algae due to their frequent presence in the thylakoid-associated
lipids MGDG, DGDG and SQDG [32]. If the lowered maximum photosynthetic rate and
photosynthetic efficiency of C. radiatus under red light can be attributed to the composition
of fatty acids, our results indicate that the C. radiatus photophysiology may be dependent
on blue photons to maintain sufficient biosynthesis of LC-PUFA to function effectively.

These results suggest an unusual photosynthetic flexibility in P. glacialis with ecological
relevance in a dynamic light environment. P. glacialis also displayed significantly higher
growth rates and a total increase in Chl a over time compared to C. radiatus, independent
of light quality, despite a comparatively much lower cultivation temperature. C. radiatus
is considerably larger than P. glacialis, with diameters of approximately 90 and 40 µm,
respectively. While growth rates are often positively correlated to temperature within a
given species’ natural temperature range, as previously demonstrated in P. glacialis [33],
microalgal growth rates are species-specific and larger diatoms typically display lower
rates of cell division [34,35]. However, the capacity for rapid growth at comparatively low
temperatures and wide chromatic ranges demonstrates the important role of P. glacialis as a
primary producer in highly productive areas. This observation also provides insight into the
potentially large impact that climate change and subsequent shifts in species composition
may have on primary production in warming polar environments with reduced ice cover.

4. Materials and Methods
4.1. Algal Strains and Growth Conditions

Coscinodiscus radiatus (CCAP 1013/11) was acquired from the Scottish Association
for Marine Science (SAMS). The strain identified as P. glacialis UiT201 was isolated using
conventional single-cell isolation with a drawn Pasteur pipette from water samples collected
in the Barents Sea (N 76◦27.54′, E 33◦03.54′) and identified using SEM imaging and rcbL
and 16S gene barcoding [36,37]. Cultivation was performed in four-liter polycarbonate
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bottles (Nalgene, Rochester, NY, USA) incubated at temperatures emulating psychrophilic
(8 ◦C, P. glacialis) and mesophilic (20 ◦C, C. radiatus) conditions. Cultures were grown in
Guillard’s F/2 marine water enrichment with added silicate (Sigma-Aldrich, St. Louis, MO,
USA). The choice of growth temperature was based on the diatoms’ natural temperature
range in a typical Arctic and mesophilic light environment. Illumination was supplied by
LED light strips (Co/tech Model 36-7237; Surrey, UK) set to red, white or blue light, and
they were adjusted to 35 µmol m−2 s−1 using an LI-250A light meter (LI-COR, Cambridge,
UK) coupled with a Walz US-SQS/L sensor (Heinz Walz GmbH, Effeltrich, Germany). The
peak wavelengths for each light treatment were 629 nm for red light, 457 nm for blue light,
and 457, 521 and 629 nm for white light, recorded using a BLACK-Comet Fluorescence
Spectrophotometer (StellarNet, Tampa, FL, USA).

4.2. Experimentation

Prior to the initiation of the experiment, inocula of P. glacialis and C. radiatus were
acclimatized to their respective red, blue or white light environments for 7 days, before
dilution, at a starting concentration of 1 × 106 cells/L and 5 × 105 cells/L for P. glacialis and
C. radiatus, respectively. We chose to use different initial cell concentrations for two main
reasons: first, the starting concentrations were set high enough to prevent the diatoms from
entering the lag phase upon initiation of the experiment, based on previous experience
with these strains, and second, the differing cell size to achieve approximately the same
amount of biovolume. Specific growth rates were calculated based on changes in in vitro
chlorophyll a (Chl a) using the method developed by Holm-Hanssen and Riemann [38],
modified to use ethanol as the solvent, measured as fluorescence on a Trilogy fluorometer
(Turner, Sunnyvale, CA, USA). Chl a measurements were used to calculate specific growth
rates (µ) by fitting ln (X) = µt via linear regression on the semi-log-transformed time-
series data, where X represents the time-dependent Chl a concentration. The cultures were
harvested after seven days of growth.

4.3. Harvesting for Pigment and Lipid Extraction

The cultures were harvested by gravity filtration through a 10 µm phytoplankton net
(KC Denmark AS, Silkeborg, Denmark) and subsequent centrifugation at 2000× g for 4 min
(Heraeus Multifuge 1S-R; Danau, Germany) in 50 mL centrifugation tubes (Corning Science,
Reynosa, Mexico). The supernatant was discarded before the samples were flash-frozen in
liquid nitrogen and stored at −80 ◦C. The raw data including all lipid species and pigments
that were included in the analysis are available in the open science framework associated
with this study (see Data Availability Statement).

4.4. Lipid and Pigment Extraction

Lipids and pigments were extracted from lyophilized material as described in [39].
Briefly, 100 mg of material was added in 20 volumes (2 mL) of DCM/MeOH (2:1 v/v) and
5% NaCl, respectively, and centrifuged at 2000× g for 5 min before transferring the organic
phase to pre-weighed 4 mL glass vials and evaporating the solvents under nitrogen. The
sample lipid content was gravimetrically determined. The lipids were resuspended in
2-propanol to a concentration of 0.5 mg/mL and transferred to Waters 12 × 32 mm screw
top vials with cap and pre-slit PTFE-silicone septa (Waters, Milford, MA, USA).

4.5. LC-HRMS Analysis

A description of the settings used in the LC-MS analysis can be found in the Sup-
plementary Materials. The LC-MS analysis of lipids and pigments was performed on a
Vanquish Horizon UHPLC coupled to an Orbitrap ID-X (Thermo Fisher Scientific, Waltham,
MA, USA). For chromatographic separation, a Waters Acquity UPLC (Waters, Milford, MA,
USA) BEH C18 Column (2.1 mm × 100 mm, 1.7 µm) was employed, operating at 60 ◦C. The
binary solvent system included a constant flow rate of 0.6 mL min-1 with a mobile phase
consisting of solvents A (50% water/50% acetonitrile) and B (49.5% 2-propanol/49.5%
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acetonitrile/1% water). Both solvents were supplemented with 1 mM ammonium formate
(NH4FA) and 0.01% formic acid (FA). A gradient program was optimized as the following:
0–2.5 min, 30% B; 2.5–20 min, 30–75% B; 20–25 min, 75–95% B; 25–30 min, 95% B (total
run time of 32.5 min). The autosampler tray temperature was 5 °C and the utilized injec-
tion volumes were 2 µL and 5 µL for full scans and MSn scans, respectively. The mass
spectrometer used a heated electrospray ionization (H-ESI) interface operated in positive
ionization mode with the following parameter settings: electrospray voltage, 3.5 kV; ion
transfer tube temperature and vaporizer temperature, 350 ◦C; sheath gas, 60 arbitrary
units (a.u.); auxiliary gas, 15 a.u; and sweep gas, 2 a.u. Full scans were performed by the
orbitrap detector with a resolution at 120 000 and a 250–1500 m/z scan range (Figure S1).
An intensity threshold filter of 1.0 × 105 allowed data-dependent higher-energy C-trap
dissociation (HCD) MS2 fragmentation operating at a stepped collision energy mode (25, 30,
35%) (Figure S2). Identification of PC was performed using collision-induced dissociation
(CID) MS2 analysis by inclusion of a targeted HCD product ion trigger corresponding to the
phosphatidyl head group (m/z 184.0733 ± 10 ppm) (Figure S3). Triglycerides were identi-
fied using CID MS3 analysis by inclusion of the ammonium adduct of fatty acids ± 10 ppm
(Figure S4).

4.6. Acquisition Workflow for Untargeted Analysis

Untargeted lipidomics analysis was performed with the AcquireX Data Acquisition
Technology (Thermo Fisher Scientific, Waltham, MA, USA), using a deep scan (DS) data-
dependent acquisition (DDA) method. The acquisition mode generated an exclusion and
inclusion list based on full-scan data of the 2-propanol system blank and a pooled average
of all algae samples to be analyzed, respectively. The pooled sample was then injected to
produce exhaustive MSn data by automatically updating the exclusion and inclusion lists
with an iterative cycle of 5. The acquired MSn data were used for the identification of lipids
and pigments, while subsequent injections of all sample extracts in the full scan ensured
data quality for relative quantification. The injection sequence and workflow parameters
are depicted in Figure S5. During the method development, a mixed lipid standard
(LightSPLASH LIPIDOMIX; Avanti Polar Lipids, Alabaster, AL, USA) containing 13 lipids
(15:0-18:1 PC, 18:1 LPC, 15:0-18:1 PE, 18:1 LPE, 15:0-18:1 PG, 15:0-18:1 PI, 15:0-18:1 PS,
15:0-18:1-15:0 TG, 15:0-18:1 DG, 18:1 MG, 18:1 cholesterol ester, d18:1-18:1 sphingomyelin,
C15 ceramide (d18:1%15:0)) and a mix of MGDG, mainly 16:3-18:3 and 18:3-18:3 (Avanti
Polar Lipids), were used to confirm identification in LipidSearch.

4.7. Spectral Library Creation for Pigment Identification

A spectral library containing 17 pigments was built by utilizing a targeted ddMS2

(data-dependent MS2 acquisition) method to analyze a pooled sample of the pigment
standards (see Figures S6–S8 for masters can configuration, targeted mass list and HCD
MS2 settings, respectively). The mass-to-charge ratio of the included pigments including
their radicals and proton adducts are displayed in Table S1. Mass spectra were imported
with both precursor ions and characteristic fragments of the identified pigments using
mzVault v2.3 (Thermo Fisher). The most abundant adduct for each pigment standard was
considered and the most intense fragmentation spectrum was automatically selected by
the software’s algorithm. All spectra included in the library were manually reviewed with
regards to retention time in alignment with preliminary runs, the presence of a molecular
ion, a sufficient number of fragments and signal intensity.

4.8. Lipid Identification by LipidSearch

This study used LipidSearch to identify lipid molecular species. The software functions
by importing raw LC-MS data and identifying matches in an online theoretical database (in
silico) based on the mass-to-charge ratio and the presence of fragment ions in the MS2 and
MS3 spectra of these compounds. The software also performs an evaluation of each match
based on these parameters and provides a score from A to D, which is used to express



Mar. Drugs 2024, 22, 67 15 of 19

the confidence or quality of a match between observed data and database entries. While
a score of A or B usually implies strong confidence, a C or D score indicates that a given
compound deviates from one or more theoretical parameters, or in cases where fragments
are missing in the sample data. This does not necessarily imply a failed identification.
Missing fragment data (due to, e.g., low concentration of the sample compound) can yield
a low score despite a correct identification by the software. A manual inspection of the
results is therefore beneficial. In this study, each match was inspected and either excluded
or included in the results based on the quality of the peak shape and its effect on integration,
the relative standard deviation of the integrated peaks (<30% was used as the threshold for
inclusion), correlation between the observed retention time in the pooled ID sample and
the individual samples (0.1 min threshold), and the isolation window purity at the MSn
event (±0.75 Da.) Identifications with C–D scores in LipidSearch were only included if the
isolation window contained no interference peaks, while a <10% threshold was used for
A–B scores.

4.9. Measurement of Photophysiology

Photosynthesis–irradiance (P–I) curves of gross primary production were determined
using a previously described 14C (4 µCi ml−1) tracer [40] and the incubation method
detailed by Ref. [41]. Here, a single subsample from each light quality and species (n = 6)
was aliquoted into ten 60 mL polystyrene culture flasks (Corning) and incubated for 3 h
in an incubation chamber, across a range of light intensities from 6 to 225 µmol m−2 s−1,
depending on the distance from the LED light source (Co/tech Model 36-7237). The
maximum light intensity was limited by the LED light source, which could not provide
more than 225 µmol m−2 s−1 of red light. In this set up, the flask closest to the light
source received the highest light intensity, and the flask at the back of the chamber received
the lowest light intensity, resulting in a single series of 10 measurements per treatment.
We were only able to make single series of measurements for each species and light
quality, as we only had two incubation chambers and a single series of measurements took
approximately 4 h including preparation, which limited our ability to perform replicates
within a reasonable time frame to compare data. Two flasks were also incubated in darkness
with 3-3,4-dichlorophenyl-1,1-dimethylurea (DCMU) during a given P–I incubation to
correct for the osmotic uptake of 14C [42]. The wavelength of the incubation light source
(i.e., blue, red, white) and temperature used in P–I incubations were modified to match the
wavelength and temperature used in experimental growth (see Section 2.1). It follows that
three light treatments of P. glacialis at 8 ◦C and C. radiatus at 20 ◦C were incubated, for a
total of six treatments. The average light intensity (n = 3) was measured in the center of
each bottle position using a PAR probe (Walz US-SQS/L). Following incubation, samples
were filtered onto 25 mm GF/F filters (Whatman, Maidstone, UK) before acidification with
0.5 N HCl, drying for at least 24 h and finally adding a 10 mL EcoLume scintillation cocktail.
The radioactivity of the filters was counted (Tri-Carb 2900 TR) after 72–96 h of extraction.
Photophysiological parameters were determined by fitting the P–I saturation curves in the
absence of photoinhibition [43], as given by Equation (1):

PB = PB
s

(
1 − e

− αB I
PB

s

)
(1)

where PB is the photosynthetic rate at irradiance I, PB
s is the maximum photosynthetic rate

in the absence of photoinhibition and αB is the initial slope of the P–I curve. The following
parameters were calculated using this model and standardizing to Chl a in-solution: photo-
synthetic efficiency αB (mg C [mg Chl a]−1 l−1h−1 (µmol photons m−2s−1)−1), maximum
photosynthetic rate PB

s (mg C [mg Chl a]−1 l−1h−1) and photoacclimation index Ik (µmol
photons m−2s−1).



Mar. Drugs 2024, 22, 67 16 of 19

4.10. Data Processing

Identification data (MSn) were aligned with the full-scan data of all samples by the
software LipidSearch 4.2 and Compound Discoverer 3.3, supplemented with the mzVault
pigment database (Thermo Fisher Scientific, Waltham, MA, USA) for identification and
relative quantification of lipids and pigments, respectively. For a detailed description of
how LipidSearch functions, see [44]. See Figures S9–S13 for configurations of identification,
quantitation, filters, adduct selection and alignment settings, respectively. Additionally,
all peaks were manually integrated to ensure uniformity of inclusion, and the relative
abundances between treatments was inferred from the normalized total peak areas. The
Compound Discoverer workflow and a description of each node are provided in Figure S14
and Table S2. Briefly, the post-acquisition data were processed through a workflow which
performs compound detection, compound grouping, prediction of elemental composition,
removal of chemical background and automatic compound identification by matching
with the in-house mzVault pigment library (ddMS2). Parameters considered for positive
identification of pigments were a >70% mzVault match score for MS2 spectra and an
accurate mass (<5 ppm) and retention time. The ratio of Chl a to pheophytin a was
calculated based on the area under the curve of the chromatograms.

4.11. Data Presentation and Statistics

All analyses and graphs were prepared using R v3.6.1 “Action of the Toes” [45]. P–I
curves were plotted using the “phytotools” package [46]. Means of specific growth rates,
Chl a, and peak areas of lipid classes were compared with the pairwise Tukey test, assuming
a normal distribution. Means were determined to be homogenous at a significance level
of >0.05. Lipid class compositions were derived from the total peak areas of molecular
species corresponding to unique lipids, e.g., all molecular species of MGDG. Fatty acid
compositions were derived from all instances of unique fatty acids and quantified as
the total peak areas of their associated lipid classes. Differential abundance analyses of
lipid molecular species were performed and visualized using the “EnhancedVolcano”
package [47]. Here, log2 fold change was calculated as the log2 ratio of peak areas of
molecular species, and p-values were determined using pairwise t-tests comparing peak
areas of molecular species and –log10 transformed such that a larger value indicated a more
significant difference. The relative pigment composition was calculated from the total peak
area in the chromatograms and presented as the mean total area in box plots. All raw data,
including the methods for hypothesis testing, descriptive statistical procedures and plotting,
are included in the R markdown supplied with this study (see Data Availability Statement).

5. Conclusions

This study investigated the ability of two centric diatoms, the Arctic strain P. glacialis
and the mesophilic strain C. radiatus, to regulate the functional diversity of their lipidome
and pigment composition to maintain production in a changing light environment. This
was performed by analyzing Chl a specific growth rates, carbon assimilation, pigment
composition and lipidomics during log phase growth in red, blue and white light. While
both diatoms were able to maintain growth across all treatments, the chromatic quality of
light influenced carbon assimilation, pigment composition and the lipidome differentially
in the two species. The highest specific growth rate, PB

m and relative abundance of
their thylakoid-associated lipids coincided with red light in P. glacialis and white light
in C. radiatus. P. glacialis maintained a more consistent photophysiology—as assayed by
photophysiology parameters—across all treatments and generally achieved higher growth
rates as compared to C. radiatus. In both diatoms, blue light resulted in an increased
inclusion of LC-PUFAs in the lipidome; however, in C. radiatus, these were preferentially
esterified to the structural phospho- and galactolipids, while P. glacialis targeted the neutral
TGs for LC-PUFA esterification. Our results indicate that the Arctic diatom P. glacialis
can effectively adapt its lipidome in coordination with photosynthetic pigments towards
spectral differences in the available PAR to allow for a wide chromatic growth range, thereby
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providing a likely ecological advantage within highly variable chromatic environments. In
comparison, the mesophile C. radiatus was dependent on blue or white light to maintain
a photosynthetic efficiency and maximum photosynthetic rate, possibly due to reduced
LC-PUFA allocation in polar lipid classes in the absence of blue light, which was not
observed in P. glacialis. The independence of blue light in maintaining photosynthetic
activity indicates a unique adaptation in Arctic diatoms’ ability to cope with relatively
extreme environments with respect to light availability.

Supplementary Materials: The following supporting information can be downloaded at: https:
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workflow and ddMS2 HCD configurations; Figure S3: AcquireX DS DDA method—MS orbitrap
workflow and ddMS2 CID configurations; Figure S4: AcquireX DS DDA method—MS orbitrap
workflow and ddMS3 HCD configurations; Figure S5: AcquireX DS DDA method—Experimental
setup and injection sequence. Lines 12–26 in the injection sequence were repeated 3 times; Figure S6:
Targeted ddMS2 method for spectral library creation—Masterscan configuration; Figure S7: Targeted
ddMS2 method for spectral library creation—Target mass list; Figure S8: Targeted ddMS2 method for
spectral library creation—MS orbitrap workflow and ddMS2 CID configurations; Figure S9: Lipid-
Search identification configuration; Figure S10: LipidSearch quantitation configuration; Figure S11:
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tings in LipidSearch; Figure S14: Compound Discoverer workflow for data processing; Table S1: Mass
list for pigment library creation; Table S2: Compound Discoverer workflow parameter specifications.

Author Contributions: Conceptualization, J.B.S., L.D., T.V., K.C. and H.C.B.; methodology, T.N.M.,
T.V. and A.H.B.; investigation, J.B.S., L.D., K.C., T.N.M., E.H.H., A.H.B., Z.L.F. and J.E.O.; writing—
original draft preparation, J.B.S., T.N.M., A.H.B., K.C., Z.L.F. and H.C.B.; writing—review and editing,
J.B.S., H.C.B., K.C. and T.V.; project administration, J.B.S. and H.C.B.; funding acquisition, H.C.B., T.V.
and K.C. All authors have read and agreed to the published version of the manuscript.

Funding: Open-access funding was provided by UiT the Arctic University of Norway. The work by
K.C. and Z.L.F. is a contribution to the Diatom ARCTIC project (NE/R012849/1;03F0810A), part of
the Changing Arctic Ocean program, jointly funded by the UKRI Natural Environment Research
Council and the German Federal Ministry of Education (BMBF). The authors Hans C. Bernstein and
Jon Brage Svenning wish to thank The Research Council of Norway (project 328654, AlgScaleUp) for
their financial support of this study.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The raw data obtained in this study along with the R scripts used
for analysis and plotting are available from the Open Science Framework (OSF) under the name
“Lipidome plasticity enables unusual photosynthetic flexibility in Arctic vs. temperate diatoms” at
https://osf.io/vkhaq/.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Bernstein, H.C.; Konopka, A.; Melnicki, M.R.; Hill, E.A.; Kuckek, L.A.; Zhang, S.Y.; Shen, G.Z.; Bryant, D.A.; Beliaev, A.S. Effect

of mono- and dichromatic light quality on growth rates and photosynthetic performance of Synechococcus sp. PCC 7002. Front.
Microbiol. 2014, 5, 488. [CrossRef] [PubMed]

2. Lehmuskero, A.; Chauton, M.S.; Bostrom, T. Light and photosynthetic microalgae: A review of cellular- and molecular-scale
optical processes. Prog. Oceanogr. 2018, 168, 43–56. [CrossRef]

3. Paulson, C.A.; Simpson, J.J. Irradiance Measurements in Upper Ocean. J. Phys. Oceanogr. 1977, 7, 952–956. [CrossRef]
4. Stramska, M.; Dickey, T.D. Short-Term Variations of the Biooptical Properties of the Ocean in Response to Cloud-Induced

Irradiance Fluctuations. J. Geophys. Res.—Oceans 1992, 97, 5713–5721. [CrossRef]
5. Cervato, C.; Burckle, L. Pattern of first and last appearance in diatoms: Oceanic circulation and the position of polar fronts during

the Cenozoic. Paleoceanography 2003, 18, 1055. [CrossRef]

https://www.mdpi.com/article/10.3390/md22020067/s1
https://www.mdpi.com/article/10.3390/md22020067/s1
https://osf.io/vkhaq/
https://doi.org/10.3389/fmicb.2014.00488
https://www.ncbi.nlm.nih.gov/pubmed/25285095
https://doi.org/10.1016/j.pocean.2018.09.002
https://doi.org/10.1175/1520-0485(1977)007%3C0952:IMITUO%3E2.0.CO;2
https://doi.org/10.1029/91JC03001
https://doi.org/10.1029/2002PA000805


Mar. Drugs 2024, 22, 67 18 of 19

6. Nelson, D.M.; Tréguer, P.; Brzezinski, M.A.; Leynaert, A.; Quéguiner, B. Production and dissolution of biogenic silica in the ocean:
Revised global estimates, comparison with regional data and relationship to biogenic sedimentation. Global Biogeochem. Cycles
1995, 9, 359–372. [CrossRef]

7. Kobayashi, K.; Endo, K.; Wada, H. Roles of Lipids in Photosynthesis. In Lipids in Plant and Algae Development; Subcellular
Biochemistry; Springer: Cham, Switzerland, 2016; Volume 86, pp. 21–49. [CrossRef]

8. Martin, P.; Van Mooy, B.A.S.; Heithoff, A.; Dyhrmann, S.T. Phosphorous supply drives rapid turnover of membrane phospholipids
in the diatom Thalassiosira pseudonana. ISME J. 2011, 5, 1057–1060. [CrossRef] [PubMed]

9. Beer, A.; Gundermann, K.; Beckmann, J.; Büchel, C. Subunit Composition and Pigmentation of Fucoxanthin-Chlorophyll Proteins
in Diatoms: Evidence for a Subunit Involved in Diadinoxanthin and Diatoxanthin Binding. Biochemistry 2006, 45, 13046–13053.
[CrossRef]

10. Cazzaniga, S.; Bressan, M.; Carbonera, D.; Agostini, A.; Dall’Osto, L. Differential Roles of Carotenes and Xanthophylls in
Photosystem I Photoprotection. Biochemistry 2016, 26, 3636–3649. [CrossRef]

11. Kobayashi, K.; Endo, K.; Wada, H. Specific Distribution of Phosphatidylglycerol to Photosystem Complexes in the Thylakoid
Membrane. Front. Plant Sci. 2017, 8, 1991. [CrossRef] [PubMed]

12. Herbstova, M.; Bina, D.; Kana, R.; Vacha, F.; Litvin, R. Red-light phenotype in a marine diatom involves a specialized oligomeric
red-shifted antenna and altered cell morphology. Sci. Rep. 2017, 7, 11976. [CrossRef]

13. Mouget, J.L.; Rosa, P.; Tremblin, G. Acclimation of Haslea ostrearia to light of different spectral qualities—Confirmation of
‘chromatic adaptation’ in diatoms. J. Photochem. Photobiol. B 2004, 75, 1–11. [CrossRef]

14. Zhu, S.H.; Green, B.R. Photoprotection in the diatom Thalassiosira pseudonana: Role of LI818-like proteins in response to high light
stress. Biochim. Biophys. Acta—Bioenerg. 2010, 1797, 1449–1457. [CrossRef]

15. Lepetit, B.; Goss, R.; Jakob, T.; Wilhelm, C. Molecular dynamics of the diatom thylakoid membrane under different light conditions.
Photosynth. Res. 2012, 111, 245–257. [CrossRef]

16. Goss, R.; Latowski, D. Lipid Dependence of Xanthophyll Cycling in Higher Plants and Algae. Front. Plant Sci. 2020, 11, 455.
[CrossRef]

17. Mock, T.; Kroon, B.M.A. Photosynthetic energy conversion under extreme conditions—I: Important role of lipids as structural
modulators and energy sink under N-limited growth in Antarctic sea ice diatoms. Phytochemistry 2002, 61, 41–51. [CrossRef]

18. Ohmura, A. Present status and variations in the Arctic energy balance. Pol. Sci. 2012, 6, 5–13. [CrossRef]
19. Velasco, C.B.; Deneke, H.; Griesche, H.; Seifert, P.; Engelmann, R.; Macke, R. Spatiotemporal varability of solar radiation

introduced by clouds over Arctic sea ice. Atmos. Meas. Tech. 2020, 13, 1757–1775. [CrossRef]
20. Hancke, K.; Lund-Hansen, L.C.; Lamare, M.L.; Pedersen, S.H.; King, M.D.; Andersen, P.; Sorrell, B.K. Extreme Low Light

Requirement for Algae Growth Underneath Sea Ice: A Case Study from Station Nord, NE Greenland. J. Geophys. Res.—Oceans
2018, 123, 985–1000. [CrossRef]

21. Van de Poll, W.H.; Abdullah, E.; Visser, R.J.W.; Fischer, P.; Buma, A.G.J. Taxon-specific dark survival of diatoms and flagellates
affects Arctic phytoplankton composition during the polar night and early spring. Limnol. Oceanogr. 2020, 65, 903–914. [CrossRef]

22. Croteau, D.; Guerin, S.; Bruyant, F.; Ferland, J.; Campbell, D.A.; Babin, M.; Lavaud, J. Contrasting nonphotochemical quenching
patterns under high light and darkness aligns with light niche occupancy in Arctic diatoms. Limnol. Oceanogr. 2021, 66, S231–S245.
[CrossRef]

23. Poliner, E.; Busch, A.W.U.; Newton, L.; Kim, Y.U.; Clark, R.; Gonzalez-Martinez, S.C.; Jeong, B.R.; Montgomery, B.L.; Farre,
E.M. Aureochromes maintain polyunsaturated fatty acid content in Nannochloropsis oceanica. Plant Physiol. 2022, 189, 906–921.
[CrossRef] [PubMed]

24. Duarte, B.; Feijao, E.; Goessling, J.W.; Cacador, I.; Matos, A.R. Pigment and Fatty Acid Production under Different Light Qualities
in the Diatom Phaeodactylum tricornutum. Appl. Sci. 2021, 11, 2550. [CrossRef]

25. Kobayashi, K.; Fujii, S.; Sato, M.; Toyooka, K.; Wada, H. Specific role of phosphatidylglycerol and functional overlaps with other
thylakoid lipids in Arabidopsis chloroplast biogenesis. Plant Cell. Rep. 2015, 34, 631–642. [CrossRef] [PubMed]

26. Boudiere, L.; Michaud, M.; Petroutsos, D.; Rebeille, F.; Falconet, D.; Bastien, O.; Roy, S.; Finazzi, G.; Rolland, N.; Jouhet, J.; et al.
Glycerolipids in photosynthesis: Composition, synthesis and trafficking. Biochim. Biophys. Acta—Bioenerg. 2014, 1837, 470–480.
[CrossRef]

27. Seiwert, D.; Witt, H.; Janshoff, A.; Paulsen, H. The non-bilayer lipid MGDG stabilizes the major light-harvesting complex (LHCII)
against unfolding. Sci. Rep. 2017, 7, 5158. [CrossRef]

28. Gabruk, M.; Mysliwa-Kurdziel, B.; Kruk, J. MGDG, PG and SQDG regulate the activity of light-dependent protochlorophyllide
oxidoreductase. Biochem. J. 2017, 474, 1307–1320. [CrossRef]

29. Sakshaug, E.; Slagstad, D. Light and productivity of phytoplankton in polar marine ecosystems: A physiological view. Polar Res.
1991, 10, 69–86. [CrossRef]

30. Su, Y.Y. The effect of different light regimes on pigments in Coscinodiscus granii. Photosynth. Res. 2019, 140, 301–310. [CrossRef]
31. Valle, K.C.; Nymark, M.; Aamot, I.; Hancke, K.; Winge, P.; Andresen, K.; Johnsen, G.; Brembu, T.; Bones, A.M. System Responses

to Equal Doses of Photosynthetically Usable Radiation of Blue, Green, and Red Light in the Marine Diatom Phaeodactylum
tricornutum. PLoS ONE 2014, 9, e114211. [CrossRef]

https://doi.org/10.1029/95GB01070
https://doi.org/10.1007/978-3-319-25979-6_2
https://doi.org/10.1038/ismej.2010.192
https://www.ncbi.nlm.nih.gov/pubmed/21160536
https://doi.org/10.1021/bi061249h
https://doi.org/10.1021/acs.biochem.6b00425
https://doi.org/10.3389/fpls.2017.01991
https://www.ncbi.nlm.nih.gov/pubmed/29209350
https://doi.org/10.1038/s41598-017-12247-0
https://doi.org/10.1016/j.jphotobiol.2004.04.002
https://doi.org/10.1016/j.bbabio.2010.04.003
https://doi.org/10.1007/s11120-011-9633-5
https://doi.org/10.3389/fpls.2020.00455
https://doi.org/10.1016/S0031-9422(02)00216-9
https://doi.org/10.1016/j.polar.2012.03.003
https://doi.org/10.5194/amt-13-1757-2020
https://doi.org/10.1002/2017JC013263
https://doi.org/10.1002/lno.11355
https://doi.org/10.1002/lno.11587
https://doi.org/10.1093/plphys/kiac052
https://www.ncbi.nlm.nih.gov/pubmed/35166829
https://doi.org/10.3390/app11062550
https://doi.org/10.1007/s00299-014-1719-z
https://www.ncbi.nlm.nih.gov/pubmed/25477206
https://doi.org/10.1016/j.bbabio.2013.09.007
https://doi.org/10.1038/s41598-017-05328-7
https://doi.org/10.1042/BCJ20170047
https://doi.org/10.1111/j.1751-8369.1991.tb00636.x
https://doi.org/10.1007/s11120-018-0608-7
https://doi.org/10.1371/journal.pone.0114211


Mar. Drugs 2024, 22, 67 19 of 19

32. Muhlroth, A.; Li, K.; Rokke, G.; Winge, P.; Olsen, Y.; Hohmann-Mariott, M.F.; Vadstein, O.; Bones, A.M. Pathways of Lipid
Metabolism in Marine Algae, Co-Expression Network, Bottlenecks and Candidate Genes for Enhanced Production of EPA and
DHA in Species of Chromista. Mar. Drugs 2013, 11, 4662–4697. [CrossRef] [PubMed]

33. Svenning, J.B.; Dalheim, L.; Eilertsen HCand Vasskog, T. Temperature dependent growth rate, lipid content and fatty acid
composition of the marine cold-water diatom Porosira glacialis. Algal Res. 2019, 37, 11–16. [CrossRef]

34. Geider, R.J.; Platt, T.; Raven, J.A. Size Dependence of Growth and Photosynthesis in Diatoms—A Synthesis. Mar. Ecol. Prog. Ser.
1986, 30, 93–104. [CrossRef]

35. Montagnes, D.J.S.; Franklin, D.J. Effect of temperature on diatom volume, growth rate, and carbon and nitrogen content:
Reconsidering some paradigms. Limnol. Oceanogr. 2002, 47, 2008–2018. [CrossRef]

36. Uradnikova, M. Species Validity of Five Common Northern/Arctic Spring Bloom Diatoms: A Combined Morphological and
Molecular Study. Master’s Thesis, UiT The Arctic University of Norway, Tromsø, Norway, 2020.

37. Aalto, N.J.; Giæver, I.H.; Eriksen, G.K.; Israelsen, L.; Krsmanovic, S.; Petters, S.; Bernstein, H.C. The bioreactor microbiome of
mass cultivated marine diatoms for industrial carbon capture and utilization. bioRxiv 2023, 11. [CrossRef]

38. Holm-Hansen, O.; Riemann, B. Chlorophyll a determination—Improvements in methodology. Oikos 1978, 30, 438–447. [CrossRef]
39. Svenning, J.B.; Dalheim, L.; Vasskog, T.; Matricon, L.; Vang, B.; Olsen, R.L. Lipid yield from the diatom Porosira glacialis is

determined by solvent choice and number of extractions, independent of cell disruption. Sci. Rep. 2020, 10, 22229. [CrossRef]
[PubMed]

40. Strickland, J.D.H.; Parsons, T.R. A Practical Handbook of Seawater Analysis; Fisheries Board of Canada: Ottawa, Canada, 1972.
41. Campbell, K.; Mundy, C.J.; Landy, J.C.; Delaforge, A.; Michel, C.; Rysgaard, S. Community dynamics of bottom-ice algae in Dease

Strait of the Canadian Arctic. Prog. Oceanogr. 2016, 149, 27–39. [CrossRef]
42. Legendre, L.; Demers, S.; Yentsch, C.M.; Yentsch, C.S. The 14C method: Patterns of dark CO2 fixation and DCMU correction to

replace the dark bottle. Limnol. Oceanogr. 1983, 28, 996–1003. [CrossRef]
43. Platt, T.; Gallegos, C.L.; Harrison, W.G. Photoinhibition of Photosynthesis in Natural Assemblages of Marine Phytoplankton. J.

Mar. Res. 1980, 38, 687–701.
44. Taguchi, R.; Ishikawa, M. Precise and global identification of phospholipid molecular species by an Orbitrap mass spectrometer

and automated search engine Lipid Search. J. Chromatogr. A 2010, 25, 4229–4239. [CrossRef] [PubMed]
45. R Core Team. R: A Language and Environment for Statistical Computing ver. 3.2; R Foundation for Statistical Computing: Vienna,

Austria, 2022. Available online: https://www.R-project.org/ (accessed on 23 January 2024).
46. Silsbe, G.M.; Malkin, S.Y. Phytotools: Phytoplankton Production Tools, R package version 1.0; R Foundation for Statistical Computing:

Vienna, Austria, 2015. Available online: https://CRAN.R-project.org/package=phytotools (accessed on 23 January 2024).
47. Blighe, K.; Sharmila, R.; Lewis, M. EnhancedVolcano: Publication-Ready Volcano Plots with Enhanced Colouring and Labeling, R package

version 1.4.0; R Foundation for Statistical Computing: Vienna, Austria, 2019. Available online: https://github.com/kevinblighe/
EnhancedVolcano (accessed on 23 January 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/md11114662
https://www.ncbi.nlm.nih.gov/pubmed/24284429
https://doi.org/10.1016/j.algal.2018.10.009
https://doi.org/10.3354/meps030093
https://doi.org/10.4319/lo.2002.47.4.1272
https://doi.org/10.1101/2023.11.01.565100
https://doi.org/10.2307/3543338
https://doi.org/10.1038/s41598-020-79269-z
https://www.ncbi.nlm.nih.gov/pubmed/33335240
https://doi.org/10.1016/j.pocean.2016.10.005
https://doi.org/10.4319/lo.1983.28.5.0996
https://doi.org/10.1016/j.chroma.2010.04.034
https://www.ncbi.nlm.nih.gov/pubmed/20452604
https://www.R-project.org/
https://CRAN.R-project.org/package=phytotools
https://github.com/kevinblighe/EnhancedVolcano
https://github.com/kevinblighe/EnhancedVolcano

	Introduction 
	Results 
	Differential Responses in Fatty Acid Esterification Highlight Species-Specific Responses to Light 
	Pigment Analysis Demonstrates Species-Specific Responses in Pigment Composition as a Function of Light Quality 
	The Arctic P. glacialis Utilizes Red Light Effectively to Power Carbon Fixation 

	Discussion 
	Blue Light Drives Increased Inclusion of LC-PUFAs 
	Structural Lipids and Pigments Unlock Photic Niches of Diatoms 
	Red Light Reveals Photosynthetic Flexibility in P. glacialis 

	Materials and Methods 
	Algal Strains and Growth Conditions 
	Experimentation 
	Harvesting for Pigment and Lipid Extraction 
	Lipid and Pigment Extraction 
	LC-HRMS Analysis 
	Acquisition Workflow for Untargeted Analysis 
	Spectral Library Creation for Pigment Identification 
	Lipid Identification by LipidSearch 
	Measurement of Photophysiology 
	Data Processing 
	Data Presentation and Statistics 

	Conclusions 
	References

