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Sea-ice algae are an important source of primary production in polar regions, yet we have limited
understanding of their responses to the seasonal cycling of temperature and salinity. Using a targeted
liquid chromatography-mass spectrometry-based metabolomics approach, we found that axenic cultures
of the Antarctic sea-ice diatom, Nitzschia lecointei, displayed large differences in their metabolomes
when grown in a matrix of conditions that included temperatures of -1 and 4°C, and salinities of 32 and
41, despite relatively small changes in growth rate. Temperature exerted a greater effect than salinity
on cellular metabolite pool sizes, though the N- or S-containing compatible solutes, 2, 3-dihydroxypro-
pane-1-sulfonate (DHPS), glycine betaine (GBT), dimethylsulfoniopropionate (DMSP), and proline responded
strongly to both temperature and salinity, suggesting complexity in their control. We saw the largest
(> 4-fold) response to salinity for proline. DHPS, a rarely studied but potential compatible solute, had the
highest intracellular concentrations among all compatible solutes of ~85 mM. When comparing the culture
findings to natural Arctic sea-ice diatom communities, we found extensive overlap in metabolite profiles,
highlighting the relevance of culture-based studies to probe environmental questions. Large changes in
sea-ice diatom metabolomes and compatible solutes over a seasonal cycle could be significant components

of biogeochemical cycling within sea ice.
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Introduction

Sea ice is one of the most extensive habitats on Earth,
accounting for 15-22 million km?, or 4.1-6.1%, of global
ocean area throughout the year (Arrigo et al., 2014). This
unique biome is host to diverse microbial assemblages,
including unicellular microalgae that are able to exploit
microhabitats produced during sea-ice formation and
aging (Arrigo, 2016). Sea-ice algae contribute to carbon
fixation via photosynthesis in polar ecosystems, fixing an
estimated 10-36 Tg C year™' in the Arctic and 24-36 Tg C
year~! in the Antarctic, 2-10% and 1-3% of total annual
production (ice + water column) in those regions, respec-
tively (Arrigo, 2016). Though a relatively low fraction
of annual production, sea-ice algae are a major source
of fixed carbon for higher trophic levels in ice-covered
waters, particularly through winter months (Horner and
Schrader, 1982; Kottmeier and Sullivan, 1987; Arrigo,
2016; Kohlbach et al., 2017; O'Brien, 1987), and may act as
a seeding population for highly productive summertime
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phytoplankton blooms (Lizotte, 2001; Riaux-Gobin et al.,
2011; Tedesco et al., 2012; Arrigo, 2016). Sea-ice algae
play an important role in polar biogeochemical cycling of
carbon and other nutrients as well as climate-active gas
production, namely dimethyl sulfide (DMS) and methane
production mediated by bacterial transformations (Welsh,
2000; Vancoppenolle et al., 2013).

Sea-ice algae inhabit the underside of sea ice and its inte-
rior, within liquid brine inclusions formed by the exclu-
sion and concentration of salt ions during ice formation
(Hsiao, 1980; Horner and Schrader, 1982; Eicken, 1992).
Seasonal cycles of ice formation and loss make this habitat
both extreme and variable with respect to temperature,
salinity, light and nutrients (Dieckmann and Thomas,
2002; Ewert and Deming, 2014). Diatoms dominate sea ice
(Horner, 1985; Arrigo, 2014), with pennate diatoms (e.g.,
Nitzschia, Fragilariopsis, Navicula) being the most com-
mon (Giinther and Dieckmann, 2001; Fiala et al., 2006).

One strategy diatoms use to mitigate thermal and
osmotic stress is accumulating compatible solutes to high
intracellular concentrations. Compatible solutes are used
by cells of numerous organisms including animals, plants
and microorganisms (Welsh, 2000; Chen and Murata,
2002; Yancey, 2005). Most compatible solutes are neutral
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at physiological pH, either zwitterionic or uncharged
(Yancey, 2005), and generally fall into four major classes:
free amino acids and derivatives, quaternary ammonium
compounds, tertiary sulfonium compounds, and sugars
or sugar alcohols (Slama et al., 2015). Compatible solutes
can be accumulated to high concentrations without inter-
fering with biochemical processes and can confer osmo-
protection by maintaining turgor pressure and stabilizing
enzymes (Yancey et al., 1982). Compatible solutes can also
aid in cryoprotection by reducing the intracellular freez-
ing point and helping maintain the protein hydration
sphere, effectively a layer of free water around the protein,
thus stabilizing the tertiary structure of cytosolic enzymes
(Welsh, 2000; Lyon and Mock, 2014).

Polar marine diatoms produce a number of compatible
solutes, including the sulfur-containing dimethylsulfonio-
propionate (DMSP) and isethionic acid (Kirst et al., 1991;
Boroujerdi et al., 2012; Lyon et al., 2016) and nitrogen-
containing glycine betaine (GBT), proline, and homarine
(Krell et al., 2007; Boroujerdi et al., 2012). Many compat-
ible solutes also have other functions (e.g., proline is an
amino acid), such that discerning the particular intracel-
lular role(s) they are serving at any time may be difficult.
For the purpose of this study on temperature and salinity,
we use the term compatible solute broadly to refer to all
metabolites that have been reported previously to display
osmo- and/or cryoprotective capacity.

The production of high concentrations of compatible
solutes, which requires considerable resources and energy,
may influence cellular metabolism and resource alloca-
tion (Dickson and Kirst, 1987; Welsh, 2000; Spielmeyer
and Pohnert, 2012). For example, the polar marine dia-
tom Fragilariopsis cylindrus accumulates proline in excess
of 15 fmol cell’, approximately 150 mM, when grown
at salinity 70 (Krell et al., 2007), and GBT can exceed
100 mM concentrations in mesopelagic phytoplankton
(Spielmeyer and Pohnert, 2012). Highly abundant com-
patible solutes can also be released rapidly from marine
algal and bacterial cells into the environment in response
to relatively large salinity downshifts (>14) (Fulda et al,,
1990; Firth et al., 2016; Torstensson et al., 2019). Once
in the surrounding environment, microalgal-produced
compatible solutes can be taken up by other members of
the microbial community, such as heterotrophic bacteria,
for the purpose of osmoregulation (Kiene and Hoffmann
Williams, 1998; Spielmeyer et al., 2011) or as a source of
carbon, nitrogen or energy (Welsh, 2000; Durham et al.,
2019). This catabolism of compatible solutes by bacteria
can lead to the production of climate-active gases such
as DMS from DMSP (Kirst et al., 1991; Lyon et al.,, 2011).
Additionally, the production and release of sulfur-con-
taining compatible solutes may strongly impact the cryp-
tic cycling of sulfur in sea ice and polar surface oceans
through preferential exchange with bacterial partners, as
suggested for cosmopolitan pelagic diatoms and bacteria
(Durham et al. 2015; Durham et al. 2017; Durham et al.
2019). Thus the release and subsequent transformation of
abundant compatible solutes may significantly contrib-
ute to the well-documented coupling between primary
production and microbial heterotrophy in global oceans

(Azam and Malfatti, 2007) and alter the flux of organic
matter and the resultant balance between remineraliza-
tion and storage of key elements (C, N, S, etc.) in polar
oceans on a seasonal basis.

This study compares the metabolomes of the sea-ice
diatom, Nitzschia lecointei, when grown in a matrix of
conditions that include temperatures of -1 and 4°C, and
salinities of 32 and 41. Most studies of compatible solute
use in sea-ice diatoms have focused on more extreme
shifts in temperature and salinity and/or single compat-
ible solutes; here we focus on a more modest range of
conditions that have comparatively little effect on growth,
which allows us to better isolate the impacts of temper-
ature and salinity. Although we are focused on compat-
ible solutes, our metabolomics approach detects other
metabolites, some of which are also affected by growth
conditions. We compare cultures with diatom-dominated
Arctic sea-ice communities so that we can infer how the
abundance of small, labile organic molecules impacts sea-
ice communities and biogeochemical cycling.

Methods

Culture setup and experimental manipulation

The obligately psychrophilic diatom Nitzschia lecointei was
isolated from Antarctic bottom sea ice in the Amundsen
Sea in 2011 by Torstensson et al. (2013). N. lecointei
grows at temperatures of —2.3 to 8.3°C and salinities of
17 to 55 (Torstensson et al., 2013, 2019) with the high-
est growth rate measured at 5.1°C. Axenic stock cultures
were established and maintained at —1°C and salinity 32
in 0.2 um filtered artificial seawater (Enriched Seawater,
Artificial Water, ESAW, Harrison et al., 1980) enriched with
f/2 nutrients with silica (Guillard, 1975). Cultures were
illuminated with cool-white lights on a 20:4 h light:dark
cycle at 20-25 pmol photons m=s! of photosynthetically
active radiation (PAR). Strict aseptic technique was used in
order to maintain axenic cultures. Prior to experimental
manipulations, cultures were checked for bacterial pres-
ence using DAPI fluorescent staining.

For experiments, cultures were grown in acid-washed,
combusted borosilicate glass culture tubes. Axenic
cultures were inoculated at a density of 7,000 cells mL-".
Desired salinity of media was achieved by dilution or
concentration of ESAW salt mix and confirmed by refrac-
tometry. Triplicate cultures (each replicate consisting of
two pooled samples of 35 mL for 70 mL total per replicate)
were grown in a matrix of two temperatures (—1°C and
4°C) and two salinities (32 and 41). Cultures were grown
at —1°C in a Percival Scientific LT-36VL Low Temperature
Chamber. Cultures were grown at 4°C in a custom-built
insulated aquarium tank. Both setups were side-illumi-
nated with cool-white lights at saturating light levels,
20-25 pmol photons m=2s~" and 20:4 h light:dark cycle.
Temperatures for both setups were monitored throughout
the experiment using Onset HOBO pendant data loggers.

Growth was monitored by relative fluorescence units
(RFU) and cultures were sampled for metabolomics dur-
ing exponential phase on day 21 of growth. Using com-
busted glassware and gentle vacuum filtration, cells were
filtered onto 47 mm 0.2 um Omnipore Membrane PTFE
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filters. Samples were kept on ice during the filtration pro-
cess. Filters were stored in combusted aluminum foil and
immediately frozen at —80°C until extraction. In separate,
but identical experiments, RFU was measured in tripli-
cate along with cell diameter and photosynthetic effi-
ciency while carbon and nitrogen content was measured
in quadruplicate. The similarity of RFU values and growth
phase upon sampling between both sets of experiments
supported making direct comparisons between experi-
ments. Based on the tight correlation between RFU and
cell number from this identical replicate experiment (R* >
0.9; Figure S1), we converted RFU values from the original
experiment to cell numbers as needed for normalization
(i.e., metabolite moles per cell, etc.). RFU was measured at
the same time each day, after 15 min of dark incubation
and brief gentle mixing, by a Turner Designs TD-700 fluo-
rometer. Cell number and diameter were measured using
a Beckman Coulter Z2 Coulter Counter. To prevent cell
lysis or changes in cell size, subsamples were diluted in
isohaline and isothermal media. Photosynthetic efficiency
(F,/F,)was measured using PAM fluorometry on replicate
glass culture tubes that were kept on ice in the dark for
15 min before measurements were taken in a darkened
room. F,/F_was determined by measuring the minimum
fluorescence (F,) at a low light level and maximum fluores-
cence (F, )after ashort saturation pulse of measuring light
and calculating the variable fluorescence (F, = F_ — F).
Particulate organic carbon (POC) and nitrogen (PN) sam-
ples were filtered through combusted (450°C, 4 h) 25 mm
glass fiber filters (GF/F, pore size 0.7 um pre-combustion)
and frozen. Total organic carbon, nitrogen, and hydrogen
of these filters was determined using an Exeter Analytical
CE-440 CHN analyzer.

Field sampling

Samples were collected from first-year fast sea ice of the
Chukchi Sea near Utqiagvik (formerly Barrow), AK (at
71°22'22.5"N, 156°30'26.3"W) on 08 May 2017. Snow
depth was recorded prior to clearing snow from an area
of ice approximately 1 m? Ice cores were collected using
a Kovacs MARK 11 ice auger of 9-cm internal diameter. For
metabolomics, three dedicated cores were collected and
the bottom 5-cm sections were placed into acid-clean 3-L
polycarbonate tubs. These sections were then allowed to
melt in a cold room at 4°C into prefiltered (0.2 pum) arti-
ficial brine solution prepared from Sigma sea salts using
the isothermal-isohaline approach of Junge et al. (2004) to
avoid osmotic shock and cell lysis. Approximately 500 mL
of meltwater was filtered for metabolomics as described for
cultures. Filtering was performed in a cold room at 4°C. An
additional three cores were taken to measure chlorophyll
a(Chl a), F/F,_, POC and PN from the bottom 5 cm after
isohaline melts, filtering onto combusted GF/F filters and
processing as described for cultures. Chl a and phaeopig-
ment analyses was performed using un-acidified and acidi-
fied samples to correct for phaeopigments (Welschmeyer,
1994) by extracting filters in 90% v/v acetone/water for
24 hin the dark at —20°C and reading Chl a concentrations
on a Turner Designs TD-700 (UNESCO, 1994). Temperature
and salinity profiles were measured from a separate physi-

cal core at 5-cm intervals. Nutrients (phosphate, silicate,
nitrate, nitrite, and ammonia) were measured on samples
from the bottom 5 cm of the same core after direct melt
filtered through 0.2 um syringe filter into acid-cleaned
60-mL Nalgene bottles and frozen at —20°C. Photosyn-
thetically active radiation (PAR) was measured at the time
of sampling through a 45° angled core using a Walz US-
SQS spherical quantum sensor and ULM-500 light meter.
In addition, the bottom 15 cm of three ice cores collected
two days prior from a nearby field site (located 50 m away
from the primary site and similar in environmental and
biological parameters) were used to measure particulate
extracellular polysaccharides (EPS) using the phenol-sulfu-
ric acid method as detailed in Krembs et al. (2011), with
conversion from glucose-equivalents (standards based on
glucose concentrations) to carbon-equivalents.

Extraction and analysis of metabolites

Metabolite extraction, analysis, and data processing were
carried out as described in Boysen et al. (2018). Briefly,
polar and nonpolar metabolites were extracted using a
modified Bligh-Dyer extraction of 1:1 methanol:water for
the aqueous phase and dichloromethane for the organic
phase (Bligh and Dyer, 1959; Canelas et al., 2009). Only
metabolites extracted in the aqueous phase were ana-
lyzed for this study. For normalization, some isotope-
labeled internal standards were added before and some
after extractions, as in Boysen et al. (2018) and listed in
Table S1. Samples were stored at —80°C after extraction
and before analysis.

Analysis of metabolite extracts was performed using lig-
uid chromatography-mass spectrometry (LC-MS) exactly
as in Boysen et al. (2018). Compounds were separated
via liquid chromatography with a Waters Acquity I-Class
UPLC, using reversed phase (RP) and hydrophilic interac-
tion liquid chromatography (HILIC). Mass spectrometry
parameters for targeted analytes were optimized by infu-
sion of a pure metabolite standard for each. Targeted mass
spectrometry data were acquired using a Waters Xevo TQ-S
triple quadrupole (TQS) with electrospray ionization (ESI)
in selected reaction monitoring mode (SRM) with polar-
ity switching. Untargeted mass spectrometry data was
acquired using a Thermo QExactive HF (QE) with ESI to
quantify compounds that were overloaded on the TQS.

For all metabolite data, peaks were integrated using
Skyline for small molecules (MacLean et al., 2010), and inte-
grated peaks were run through an in-house quality control
and normalized via best-matched internal standard (B-MIS)
normalization as in Boysen et al. (2018). In the culture
experiment, peak areas were normalized to RFU measured
on the sample from which metabolites were extracted.
Field sample data were normalized to moles of POC on
each filter, calculated using the measured moles of carbon
per liter of meltwater. For metabolites below detection in
some but not all treatments, fold changes were calculated
by assigning a value corresponding to the limit of detec-
tion (3 x peak area for that compound in the blank +100),
which underwent B-MIS and biological normalization as
above, as in Lu et al. (2019). These numbers therefore rep-
resent a conservative estimate of the fold change.
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Relative and absolute metabolite abundances

LC-MS peak areas are influenced by both the amount of
a compound injected and its ionization efficiency. Thus,
the peak area of two compounds within a sample may
differ even if their concentrations are the same. However,
normalized peak areas of a given compound can be com-
pared between similar samples, here referred to as rela-
tive abundance, as they are a measure of the abundance
of acompound relative to the biomass in each sample (i.e.,
peak area per RFU). DMSP may volatilize during sample
processing resulting in some loss of this compound. Good
agreement among replicates suggests that losses are simi-
lar across samples and therefore our measured relative
concentrations can be compared across culture treatments
as a minimum value. For the majority of metabolites, rela-
tive abundance data were collected on the TQS. For a small
subset of overloaded metabolites (arginine, DHPS, DMSP,
GBT, glutamic acid, glutamine, and proline), relative abun-
dance data were collected on the QE. We were able to
calculate absolute concentrations for select metabolites,
including proline (in field and culture samples), for which
isotopically-labeled standards were added to samples
before or after extraction as a part of the internal stand-
ard suite (Table S1). All of these calculations of absolute
concentration were performed using data from the TQS
except for proline, for which we used data from the QE. In
addition, we calculated absolute concentrations of DHPS,
GBT, and choline (in field and culture samples) as well
as homarine, trigonelline, proline betaine, and hydrox-

yectoine (in field samples only) by standard additions in
matrix using the TQS. We express absolute concentrations
in culture in terms of femtomole per cell, using the rela-
tionship between RFU and cell numbers (R? > 0.9, Figure
S1), as millimolar intracellular concentration, using cell
volume calculated from measured cell diameter (Figure
S2) and as a concentration per mole of particulate organic
carbon (umol mol C') for field and culture comparisons.

Statistical analysis

Measures of general cell physiology (growth rate, photo-
synthetic efficiency, carbon content, C:N) and the abun-
dance of individual metabolites were analyzed with two-
factor analysis of variance (ANOVA) using R Statistical
Software. Post-hoc Tukey's HSD (honestly significant differ-
ence) tests were used to explore significant relationships
between all treatments when a significant interaction
effect between temperature and salinity was observed.
If no significant interaction was observed, comparisons
were made between total averages of each temperature
or salinity treatment (i.e., n = 6). Detailed statistics from
ANOVA are listed in supplemental tables, as indicated
throughout. For comparisons of metabolite abundances
across the entire targeted metabolome of N. lecointei,
fold changes and p values were calculated using unpaired
t-tests. For these univariate statistics on the targeted
metabolome, p values were corrected for false discovery
rate (Benjamini and Hochberg, 1995). A probability level
of <£0.05 was used in determining statistical significance

>

o
(8]
o

o
a
()}

©
o
a

Specific growth rate (day_1)
(=} =]
3 3

(9]

N

w

N

o

32 41
Salinity

Cellular carbon (pmol C cell_1)
N

B Temperature —-1°c [l 4°C

32 41

32 41
Salinity

Fv/Fm

0.2

0.0

7.5

C:N (mol:mol)

Figure 1: General cell physiology of Nitzschia lecointei cultures. a) Specific growth rate (day™', n = 3), b) maximum
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Figure 2: Fold change in relative concentration of metabolites with temperature and salinity. Results of targeted
metabolomic analysis of Nitzschia lecointei, where treatment effect is expressed as log,[fold change] in metabolite
abundance with (a) temperature, at —1°C compared to 4°C, and (b) salinity, at 41 compared to 32. Each circle repre-
sents a detected metabolite plotted according to its averaged normalized peak area. Compound peak areas were nor-
malized to relative fluorescence units (RFU) before analysis. X-axis is log-scaled. Light blue circles indicate compounds
significantly different only under one matching treatment (p < 0.05); e.g., in (a), significant differences with tempera-
ture at either 32 or 41 salinity. Dark blue circles indicate compounds significantly different under both matching
treatments (p < 0.05); white circles, no significant differences. DOI: https://doi.org/10.1525/elementa.421.f2

in all analyses. For comparison of absolute concentrations
of select metabolites between culture and field samples, a
linear regression was used and regression results reported
with the adjusted R* and p-value.

Results

General cell physiology of N. lecointei cultures at
different temperatures and salinities

Growth rates and photosynthetic efficiency (F /F, ) showed
small responses over the range of temperature and salinity
tested. Specific growth rates were on average ~10% higher
at 4°C compared to —1°C and at lower salinity (32) compared
to higher salinity (41) (p < 0.05; Figure 1a, Table S2). Pho-
tosynthetic efficiency (F,/F, ) was generally high in all treat-
ments, approaching the theoretical optimum for marine
microalgae (~0.6, Figure 1b; versus 0.65, Schreiber, 2004),
though F /F_was 6% higher in cultures grown at —1°C than
those grown at 4°C (p < 0.01; Figure 1b, Table S2). Carbon
content per cell was, on average, 30% higher at warmer
temperatures compared to colder temperatures, and 20%
higher at lower salinity compared to high salinity (p < 0.001
and p < 0.01, respectively; Figure 1c, Table S2). C:N ratios
and cell size were also higher at warmer and fresher con-
ditions, concurrent with increased cellular carbon content
(Figure 1d, Figure S2).

Metabolome changes in N. lecointei at different
temperatures and salinities

A total of 84 metabolites (Table S3) were detected in N.
lecointei with our targeted approach. A full list of targeted
analytes searched can be found in Boysen et al. (2018).

Of the 84 metabolites detected, 35 were significantly dif-
ferent (unpaired t-test, p < 0.05) between temperature
treatments (Figure 2a). Most (30) of these metabolites
only responded significantly to temperature under one
salinity condition, while five metabolites responded to
temperature under both salinity treatments. The direc-
tion of change was approximately evenly split, with 20
metabolites increased in the cold (—1°C) and 15 increased
in the warm (4°C). In comparison, only three metabolites
showed a significant difference between salinity treat-
ments (Figure 2b). For these three compounds, relative
abundance was significantly higher at salinity 32 when
grown at —1°C (Figure 3).

The bulk of significant metabolite pool changes
were due to changes in temperature at a salinity of 32
(Figure 3). Overall, there were more metabolites with a
statistically significant change in relative abundance and
with a greater magnitude of change with a temperature
difference of 5°C than with a salinity change of 9. Of the
five metabolites that responded to temperature at both
salinities, UDP-glucose and homoserine increased at cold
temperatures, whereas methylthioadenosine, aconitic
acid, and carnitine decreased.

Many of the metabolites that were enriched under sub-
zero conditions are known to act as compatible solutes
for cryo- and osmoprotection (e.g., proline and DMSP)
or are precursors of compatible solutes (e.g., methio-
nine, choline, and glutamate), while some well-known
compatible solutes, e.g. GBT, did not show significant
changes in abundance using our strict definition. Many
cofactors (NADP, ADP, NAD, AMP, and FAD) were also
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Figure 3: Significant fold changes in relative concentration of metabolites between treatment conditions.
Log [fold change] of metabolite abundances (normalized metabolite area per relative fluorescence unit) between
treatment conditions in Nitzschia lecointei cultures for those compounds with one or more significant comparisons
(Figure 2), where an asterisk denotes significance (p < 0.05). Cell coloration is the log, [fold change] of average peak
size between the different treatments as shown in color key; i.e., average peak size at salinity 41/average peak size
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cated by column name. Thus, green indicates compounds of higher abundance in the —1°C or salinity 41 treatments
and purple indicates those of higher abundance in the 4°C or salinity 32 treatments. DOI: https://doi.org/10.1525/
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enriched. Higher abundances of the coenzyme B, sug-
gests higher uptake from the media since diatoms do
not biosynthesize this cofactor. Depleted metabolites at
cold temperatures include those involved in the citric
acid cycle (e.g., ketoglutaric acid and aconitic acid), along
with sulfur-containing metabolites that have been asso-
ciated with bacterial-algal interactions such as taurine,
hypotaurine, and sulfolactic acid (Di Martino et al., 2013;
Amin et al., 2015; Landa et al., 2017; Durham et al., 2019;
Spietz et al., 2019). Metabolites whose relative abundance
differed significantly with salinity did not change signifi-
cantly with temperature. Isoleucine, N-acetyl-lysine, and
tyrosine were all reduced at high salinity at subzero tem-
perature (Figure 3).

Comparison of sea-ice diatom metabolomes from
cultures and the field

To determine whether a metabolomic analysis of N.
lecointeicultures could be representative of sea-ice diatom
communities, we compared our axenic laboratory culture
of N. lecointei with a diatom-dominated sea-ice commu-
nity collected from first-year sea ice near Utqiagvik, AK,
in May 2017 (Figure 4a). A dense algal layer was visible

within the bottom 5 cm of ice (Figure 4b). Light micros-
copy revealed a diatom-dominated community, with the
predominant species being Nitzschia frigida (Figure 4c),
a commonly observed and abundant pennate diatom in
both Arctic and Antarctic sea ice (Hsiao, 1980; Horner and
Schrader, 1982; Grossi and Sullivan, 1985; Aletsee et al.,
1992; Michel et al., 2002), and the same genus as used in
our laboratory study. Field data were compared to the N.
lecointei culture grown at a salinity of 32 and tempera-
ture of —1°C, as this treatment experienced conditions
closest to the in situ conditions of temperature (—1.3°C),
salinity (30). In addition, light intensity (10-50 pmol
photons m~ s7!) in the bottom sea ice at the time of col-
lection (morning) closely matched our cultures. F/F _
were similar (0.50 + 0.02 in the field and 0.58 + 0.02
in cultures) (Table 1 and Figure 1b), as were C:N ratios
(9.1£0.1in the field versus 8.6 £ 0.2 in culture) (Table 1
and Figure 1d).

Within our targeted compounds, more metabolites
(104) were detected in the field samples than in the cul-
tures (84) (Figure 5 inset), though the majority (74) were
observed in both sample types. A complete comparison of
compounds detected by sample type is provided in Table
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Figure 4: Geographic location and imagery of field site for sea-ice samples collected. (a) Map of field site
location near Utgiagvik with zoom-out inset of Alaska; (b) photo by A. Torstensson of sampled ice core with visible
bottom algal layer; and (c) microscopic image by A. Torstensson of Nitzschia frigida, the dominant alga present by
visual identification. DOI: https://doi.org/10.1525/elementa.421.f4

S4. While we are unable to compare directly the relative
abundances of metabolites between field and culture
samples due to different matrix effects in the samples
that affect ionization and the challenge of determining
biomass in the field where detritus is present, we compare
a subset of metabolites for which we obtained absolute
concentrations normalized to either cell carbon in culture
or moles of POC in the field (Figure 5 and Table 2). We
found a strong correlation (R?* =0.87, p =3 x 1077, Figure
5), with most metabolites generally 2-fold enriched rela-
tive to carbon in the culture than in the field, and com-
patible solutes DHPS, proline, and GBT were 5- to 8-fold
more enriched with respect to carbon in the culture than
the field (Table 2). Notable exceptions were the metab-
olites taurine and isethionic acid, which were at higher
concentrations in the field than in the culture samples
(Figure 5). Homarine was at a similar concentration to
GBT in the field (see Table 2) but was near the detection
limit and could not be quantified in the cultures (Figure
5). Other potential N- and S-containing compatible sol-
utes that were detected in field samples but were either
not detected or quantifiable in culture samples included
trigonelline, proline betaine, and hydroxyectoine (Table
2), though all at comparatively low concentrations (<15
pmol mol C'). Variation between triplicate cores was
high in the field (Table 2), likely due to heterogeneity of
algal biomass within sea ice.

A closer look at highly abundant compatible solutes
at varying temperature and salinity

Metabolites with the highest measured absolute con-
centrations in culture and in the field (proline, GBT, and
DHPS), and those that fall furthest from the regression line
between culture and field samples (homarine, isethionic
acid, taurine, methionine) are all N- and/or S-containing
compatible solutes or their precursors. It is worth noting
that though we did not calculate absolute concentrations

of DMSP due to the possibility of evaporation during sam-
ple processing, its peak area and estimated ionization
efficiency suggest that DMSP could be as or more concen-
trated than DHPS.

Within our targeted metabolome analysis in Figure 2,
few metabolites showed significant differences in relative
abundance due to salinity. However, this test was highly
conservative due to the large number of metabolites ana-
lyzed and may have masked more nuanced responses.
A closer inspection of the highly abundant compatible
solutes (GBT, proline, DHPS and DMSP) using a two-way
ANOVA revealed enrichment at both subzero tempera-
tures and higher salinities (Figure 6, Table S5) but the
pattern and significance of abundance varied between
compatible solutes.

Proline, which had intracellular concentrations of
10-50 mM (Table 3), responded to both temperature
and salinity with no interaction between the two vari-
ables. Proline abundance was 142% higher at salinity 41
as compared to salinity 32 (p < 0.0001) and 62% higher at
—1°C as compared to 4°C (p < 0.01; Figure 6a, Table S5).
Intracellular concentrations of GBT ranged from 30 to
70 mM (Table 3) and displayed an interactive response to
temperature and salinity (Figure 6b). GBT concentration
doubled at salinity 41 as compared to 32 when grown at
4°C (p < 0.001, Table S5) but not at —1°C. GBT abundance
also increased (33%) at warmer temperatures but only at
a salinity of 41 (p < 0.05; Table S5), not 32. The precur-
sor to GBT, choline, was only significantly more abundant
in response to subzero temperature (Figure 3) and was
detected at a much lower intracellular concentrations
(0.5-1 mM; Table 3) than GBT.

DHPS was detected in N. lecointei at intracellular concentra-
tions ranging from 45 to 85 mM depending on the treatment,
making it the most abundant quantified metabolite (Table
3). There was a significant interaction between temperature
and salinity for DHPS abundance (Table S5). DHPS abundance
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Table 1: Environmental parameters of the bottom sea-ice sections from the Utqiagvik, AK field site at the time of

sampling. DOI: https://doi.org/10.1525/elementa.421.t1

Sampling date
Snow thickness (cm)
Ice thickness (cm)

Ice section sampled

8-May-2017
7-10

125-128

Bottom 5 cm (algal band)

Temperature (°C) -13
Salinity 29.9
Light intensity (umoles photons m™ s72) 10-50
F/F; 0.50 £ 0.02
Chl a (mg m3)? 348 £ 34
POC (mM C)? 1.7£0.1
C:N (mol:mol)? 9.1+0.1
DOC (uM C)* 621+ 386
NO, " (uM)© 1019+ 0.01
pEPS (uM C)° 78

2Values are mean + SD, n= 3.

®Measured from the bottom 15 cm of ice cores and estimated that all came from the bottom 5 cm.

“Values are mean = SD, n= 2.

was 55% higher at salinity 41 compared to 32 when grown
at 4°C (Figure 6d, p < 0.05; Table S5). DHPS abundance was
also 81% higher when grown at —1°C as compared to 4°C at a
salinity of 32 (p < 0.01; Table S5).

The relative abundance of DMSP followed the same
general pattern of response to temperature and salinity
as DHPS (Figure 6c). Changes in DMSP across treatments
showed comparatively high abundance in all treatments
compared to the warmer and less salty treatment. DMSP
abundance was 89% higher at salinity 41 as compared to
32 when grown at 4°C (p < 0.01; Table S5) but not at —1°C.
DMSP abundance was also 81% higher when cells were
grown at —1°C as compared to 4°C at a salinity of 32 (p
< 0.01; Table S5) but not at 41. The intracellular concen-
tration of methionine (a precursor to DMSP) was signifi-
cantly higher in the subzero treatment (Figure 3) and its
concentration was 0.1-0.2 mM (data not shown).

Discussion

Experimental conditions tested and general cell
physiology

Arrigo and Sullivan (1992) suggested that while tempera-
ture and salinity are physically co-varying in sea ice, the
physiological responses to each factor is independent, for
they found that temperature and salinity had a multiplica-
tive but independent effect on Antarctic sea-ice microalgal
growth and photophysiology. Our matrix of temperatures
(=1°Cvs 4°C) and salinities (32 vs 41) reflect conditions sea-
ice diatoms may experience in bottom sea ice flushed with
seawater and in the water column upon melt, and inten-
tionally included a treatment not matched to the sea-ice
environment (4°C and 41) to allow us to disentangle the
individual influences of temperature and salinity on metab-

olite abundances in N. lecointei. Our conditions allowed for
similar growth in all treatments such that we could exam-
ine the impacts of temperature and salinity, rather than
growth rate, on metabolite concentrations.

The range of temperature and salinity in our experimental
matrix had little effect on growth rate and photophysiology.
While a 10% increase in growth rate with a 5°C increase in
temperature was smaller than expected based on Arrhenius
equations, a growth response curve by Torstensson et al.
(2013) suggests that N. lecointei has a broad optimum tem-
perature range that may encompass the temperatures we
tested. Alternatively, cells may have increased in size at the
warmer temperature rather than increasing growth rate, as
we observed significant increases in carbon per cell and cell
size (Figures 1 and S2), which could be due to an actual
increase in cell size or an increase in the production of cell-
associated EPS. EPS production is sensitive to both tempera-
ture and salinity for sea-ice microbes (Krembs et al., 2002;
Torstensson et al., 2019). We measured pEPS at high con-
centrations in the field (78 uM carbon; Table 1), and when
used to correct C:N ratios in our field samples, the mean
values were closer to Redfield (7.9 versus 9.1).

Broad metabolome changes in environmental context
The metabolome of N. lecointei differed among treatments
despite the relatively small changes in cell growth. In par-
ticular, 2- to 3-fold changes in millimolar concentrations
of compatible solutes highlight the importance of consid-
ering the metabolic response of sea-ice algae to changing
environments. Temperature had a much greater effect on
the metabolome than salinity, which could be due to the
direct, and exponential, effect that temperature has on all
biochemical reactions via enzyme kinetics, whereas cells
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Figure 5: Comparison of culture and field metabolomes. Intracellular concentrations of quantified compatible
solutes in Nitzschia lecointei cultures grown at salinity 32 and —1°C and field samples of the diatom-dominated
mixed community in the bottom 5 cm of sea-ice cores collected from Utqiagvik, AK. Values are means (n = 3) for
all compounds in the culture and field samples. Homarine and trigonelline are not included in this analysis as their
concentrations were near the detection limit and not determined in the culture samples, as discussed in the text.
Their concentrations in the field samples are available in Table 2. Linear regression statistics are provided on the plot.
The shaded area represents a pointwise 95% confidence interval of the fitted values. Axes are log-scaled. Inset is a
Venn diagram of targeted metabolites detected in the same N. lecointei cultures and field samples. DOI: https://doi.

org/10.1525/elementa.421.f5

respond to external changes in salinity by altering key
processes to maintain a constant internal osmotic pres-
sure (Yancey et al., 1982). Some compatible solutes can
mitigate both temperature and osmotic stress but do so
in different ways: cryoprotectants prevent cell freezing
via freezing point depression, but do not actively control
cell temperature, whereas osmoprotectants actively alter
internal osmotic pressure. The stronger response to tem-
perature at 32 salinity compared to 41 may be due to the
multiplicative effect of both temperature and salinity; i.e.,
if metabolites had already responded to high salinity, they
might not show as large a response to temperature.

The metabolites with significantly different relative abun-
dances in response to colder temperature, compatible sol-
utes and their precursors, as well as various cofactors, were
generally increased. In contrast, those metabolites reduced
in abundance were involved in the mobilization of energy
reserves (e.g carnitine) and energy production in the citric
acid cycle (e.g., ketoglutaric acid and aconitic acid). Also, a
number of metabolites implicated in algal-bacterial inter-
action and nutrient exchange (e.g., tryptophan, taurine,

hypotaurine, sulfolactic acid) decreased at the colder tem-
perature. Metabolite pools can change via altered metab-
olite production or consumption. For metabolites that
provide cryoprotection, an increase in pool size would
enhance cell survivability, while increases in enzyme cofac-
tors may compensate for slow biochemical reactions at sub-
zero temperatures. Many other organosulfur compounds
involved in algal-bacterial interactions may be depleted
as resources are redirected to the production of the orga-
nosulfur compatible solutes DHPS and DMSP at subzero
temperatures. The temperature sensitivity of metabolites
that have been associated with algal-bacterial interaction
highlights the role temperature may play in dictating these
compound-specific interactions in sea-ice environments.
Whether the decrease in metabolites involved in energy
metabolism is due to slower production or faster deple-
tion of the metabolite pools at cold temperatures is not
clear, but, their responses to changing temperature and
salinity may help explain how N. lecointei is able to main-
tain its growth rate while challenged with a fluctuating
environment.
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Table 2: Absolute intracellular concentrations of selected metabolites in the N. lecointei culture grown at —1°C
and salinity 32 and the Utgiagvik, AK bottom sea-ice sections. DOI: https://doi.org/10.1525/elementa.421.t2

Compound Concentration (umol mol C')* Fold difference

Culture Field (culture/field)
DHPS 3100 £ 81 390 + 100 8
GBT 1200 £ 99 230+ 97 5
Proline 960 £ 80 180 £ 110 5
Alanine 190 £ 17 120 £ 67 2
Choline 61+6.7 2617 2
Cysteic acid 27422 15+£5.0 2
Valine 24+ 14 13+95 2
Histidine 14+1.2 6.81+4.0 2
Phenylalanine 8.5+0.15 47+24 2
Methionine 6.9+0.5 12+8.9 0.6
Taurine 59+ 1.1 24+ 17 0.2
Isoleucine 5.8+0.43 24+0.83 2
Tryptophan 49£0.2 3.0£14 2
Isethionic acid 29+0.35 120 £ 51 0.02
Sulfolactic acid 1.5+ 0.61 0.72£0.36 2
Homarine dlb 260+ 110 -
Proline betaine nd° 13+5.7 -
Trigonelline dl 1.1+£0.58 -
Hydroxyectoine nd 1.1+0.44 -

2Values are mean * SD, n = 3. An additional 20% error based on particulate carbon measurement may be present.

b At or below detection limit.
“Not detected.

Complex response of compatible solutes to
environmental change

Compatible solutes with N and S could be significant
components of the seasonal cycling of N and S in sea ice.
Other compatible solutes, such as many small carbohy-
drates, are not the focus of this study but could also be
important for cryo- and osmoprotection (Greenway and
Setter, 1979; Reed et al., 1984; Warr et al., 1984; Ferjani
et al, 2003). For example, glucosylglycerol doubled in
abundance at the colder culture temperature while sucrose
was not significantly affected by either temperature or
salinity. We did not quantify these compounds in absolute
terms, so cannot comment on their relative contribution
to compatible solute pools.

We found GBT, proline, and DHPS in high concentration
(umol mol C') in both our culture and field samples. GBT
and proline, along with DMSP can act as osmolytes and/or
cryoprotectants in polar diatoms (Dieckmann and Thomas,
2002; Krell et al., 2007; Boroujerdi et al., 2012; Lyon and
Mock, 2014; Lyon et al., 2016). We detected two other
compatible solutes known to occur in diatoms, homoser-
ine (Bromke et al., 2013) and isethionic acid (Boroujerdi
et al., 2012), in N. lecointei. DMSP, proline, DHPS and GBT
had different patterns in response to temperature and

salinity which may be due to other metabolic roles beyond
osmo- and cryoprotection, constitutive versus inducible
regulation, and/or preferential use dependent on cellular
resource allocation. The nuanced response of these com-
pounds suggests compatible solutes may play multiple
and unique roles in the cell.

In our study, proline showed the largest response,
> 4-fold higher at —1°C and salinity 41 compared to 4°C
and salinity 32. Even with the 30% salinity increase alone
we observed > 2-fold increase in proline. This magnitude
of change is comparable to the 4.5-fold increase in pro-
line concentration in F. cylindrus in response to a hyper-
saline shock (a salinity increase of ~100% from 34-70 at
0°C), which was stressful enough to arrest growth tem-
porarily (Krell et al., 2007). Perhaps the large response
by N. lecointei to seasonal temperature changes may be
an important adaptation enabling its success in sea ice.
However, while the magnitude of change in proline con-
centration is similar, intracellular concentrations of pro-
line varied between the two studies — the observed 4-fold
increase of proline in F. cylindrus estimated as a 30—150
mM increase in intracellular concentration compared to
10-50 mM in N. lecointei (Table 3). While N. lecointei has
lower intracellular concentrations of proline, its larger cell
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Figure 6: Compatible solute relative concentration changes in response to temperature and salinity.
Normalized peak areas (normalized metabolite area per relative fluorescence unit) of compatible solutes in
Nitzschia lecointei cultures, grouped by each treatment, for a) proline, b) GBT, c) DMSP, and d) DHPS. Blue indi-
cates —1°C; orange indicates 4°C. Error bars represent SD (n = 3). DOI: https://doi.org/10.1525/elementa.421.f6

size (Olenina et al., 2006; Torstensson et al., 2019) and
ability to form dense mats within sea ice means that N.
lecointei proline production could still be important for
biogeochemical cycling.

GBT had intracellular concentrations similar to proline
(~30 mM) but was less responsive, doubling in abundance
at higher salinity but only at 4°C and no clear response
to temperature. GBT may be regulated constitutively or
act only as an osmoprotectant in N. lecointei. Other evi-
dence implicates GBT as an osmoprotectant in diatoms
(Boroujerdi et al., 2012; Torstensson et al., 2019) but as
a cryoprotectant only in plants (Chen and Murata, 2002).
Torstensson and colleagues found that GBT is taken up
from the environment to a greater extent under hyper-
saline conditions and rapidly expelled from N. lecointei
during a hypo-osmotic shock (Torstensson et al., 2019),
further highlighting the potential import of GBT in
biogeochemical cycling.

The two abundant, sulfur-containing compatible sol-
utes, DMSP and DHPS, showed similar patterns of increase
with colder temperature and higher salinity, though the
response does not appear to be additive. DMSP responds
to salinity in other polar microalgae (Lyon et al., 2016)
and to temperature in polar macroalgae (Karsten et al.,
1996), but little is known about the role of DHPS in polar

algae. While we did not quantify the absolute concen-
tration of DMSP in this study, concentrations of 15 mM
have been reported in F. cylindrus grown at 0°C and a
salinity of 35 (Lyon et al., 2016). Surprisingly, the con-
centrations of DHPS in N. lecointei are very high (70-85
mM at salinity 41), approximately 5- to 10-fold greater
than has been measured in mesophilic diatom species
(Durham et al.,, 2019) and 2- and 3-fold higher than we
measured for GBT and proline, respectively. DHPS was
also the most abundant metabolite we quantified in our
field samples.

Recent work highlighted the importance of DHPS in sul-
fur cycling and carbon flux in the surface ocean (Durham
et al., 2015, 2017, 2019; Landa et al., 2017, 2019), and its
increased abundance with salinity has been noted in the
chemoautotrophic bacteria Sulfurimonas denitrificans
(Gotz et al.,, 2018) and mesophilic diatom Thalassiosira
pseudonana (Durham et al., 2019). Considering the appar-
ent similarities in the role of DMSP and DHPS as cryo- and
osmoprotectants, further investigation is needed to deter-
mine whether DHPS production and use could impact
the production and release of DMSP, and ultimately the
production of the climate-active gas, DMS (Kirst et al.,
1991; Welsh, 2000; Lyon et al., 2011; Vancoppenolle et al.,
2013). DHPS production may also be connected with the
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Table 3: Intracellular concentrations® of quantified compatible solutes in cultures of two different sea-ice diatoms at
different temperatures and salinities. DOI: https://doi.org/10.1525/elementa.421.t3

Algal taxon Treatment Proline DHPS GBT Choline
(S, T) (fmol cell’) (mM) (fmolcell’) (mM) (fmolcell’) (mM) (fmol cell™) (mM)

N. lecointei 31,-1°C° — - - 6.0£04 3172 0.68%0.09 36%0.5
N. lecointei 32,-1°Cd 34+0.28 22+19 11+£0.27 71+18 43+034 28+22 0.21+0.023 1.4+0.15
N. lecointei 41, -1°C¢ 77+12 52473 99+16 67+11 72£097 67+11 0.16£0.028 1.1+£0.19
N. lecointei 32,4°C¢ 23£03 11+£15 9.1+£11 45+£53 6.6 £0.55 33£2.8 0.11+£0.0087 0.53+0.043
N. lecointei 41, 4°C¢ 59+£11 30£58 17+ 1.7 84£8.5 11+£16 54+£82 01+£0.023 0.53%£0.12
F. cylindrus 34,0°C 3.4 33 _ _ _ _ _
E cylindrus 70, 0°C¢ 15 150 - - - - -
F.cylindrus 70, -4°Ce 14 130 - - - - -

2Values are mean metabolite concentrations + SD, n = 3 unless otherwise noted.
®GBT and choline measurements from Torstensson et al. (2019), after 140-h incubation, n = 2.

¢Not reported.

4Data from this study, where mM concentrations for N. lecointei were based on cell diameter (Figure S2) by Coulter Counter and
assumed spherical volume. An additional 5% error based on cell volume estimate may be present.
¢Proline measurements from Krell et al. (2007), after 20-d incubation, n = 3; concentrations calculated using F. cylindrus cell volume

and carbon content from Olenina et al. (2006).

production and use of isethionic acid, as the biosynthesis
routes for both compounds in eukaryotic phytoplankton
are linked (Durham et al.,, 2019). Interestingly, isethionic
acid is abundant in F. cylindrus (Boroujerdi et al., 2012)
and in our field samples, despite its low concentration in
N. lecointei, suggesting species-specific compatible solute
use, even within polar diatoms.

Relevance of sea-ice algal culture work to the sea-ice
community

The metabolome in our axenic N. lecointei culture
showed strong similarities with a sea-ice community
dominated by N. frigida, with the majority of metabo-
lites found in both sample types and a similar pattern
of expression in the subset of metabolites we were able
to quantify (for example, DHPS is approximately 3-fold
more abundant than proline and GBT, which are of simi-
lar concentrations). A notable exception was homarine,
and to a lesser extent isethionic acid, which were consid-
erably higher in the field than the N. lecointei cultures
(near the detection limit). Homarine and isethionic acid
may be produced by other diatoms or sea-ice organisms
(Nothnagel, 1995; Keller et al., 2004; Boroujerdi et al.,
2012; Gebser and Pohnert, 2013; Scholz and Liebezeit,
2012; Fenizia et al., 2020). The lower absolute concen-
trations of metabolites in the field were likely due to
differences in comparing an exponentially growing cul-
ture with a mixed sea-ice community that included non-
Nitzschia diatoms, other organisms, and detrital mate-
rial collected on a 0.2 um filter (Horner, 1985; Arrigo et
al., 2014; van Leeuwe et al., 2018; Tedesco et al., 2012)
that may have diluted the metabolite signals. The over-
all similarities observed here suggest that results from
culture studies can be applied to the field, making tar-
geted metabolomics a powerful approach to tease apart
the fine-scale effects of temperature and salinity on the
metabolism of sea-ice diatoms.

Potential impact of compatible solutes on N cycling
in sea ice

Fluctuations in the intracellular concentration of N-rich
compatible solutes in response to environmental shifts
could be a significant source/sink of available nitrogen
within bottom sea ice. In the case of a sudden salinity
downshift, as occurs during ice melt, cold-adapted bacte-
ria have been shown to release compatible solutes rapidly,
on subsecond timescales (Firth et al., 2016). Additionally,
N. lecointei expelled 85% of the intracellular pool of GBT
within 68 h following a sudden salinity downshift from
31 to 17 (Torstensson et al., 2019). Assuming proline and
homarine have a similar response to salinity downshifts
as GBT, an 85% efflux of the intracellular pool of these
three compounds, as measured here in the field, during
ice melt would equal ~1 uM of compatible solute derived
organic nitrogen being released into the equivalent water
parcel of a melted 5 cm x 9 cm ice section (see Table S6
for calculation). This concentration of organic nitrogen is
about one-tenth of the inorganic nitrate concentration in
our field samples (Table 1). There are few existing meas-
ures of dissolved organic nitrogen (DON) in sea ice, but
Retelletti Brogi et al. (2018) measured ~10—15 uM DON in
the bottom 15 c¢m of sea ice in Cambridge Bay (Canadian
Arctic) during April-May.

While our estimated organic nitrogen input may be a lib-
eral estimation, it suggests that the release during ice melt
of three N-containing compatible solutes alone (less the
undefined total pool of nitrogen-containing compatible
solutes capable of such efflux) could impact N cycling and
heterotrophic production in sea ice considerably, for they
could be taken up readily by other organisms and used as
compatible solutes (Kiene and Hoffmann Williams, 1998;
Spielmeyer et al., 2011; Firth et al., 2016; Torstensson
et al., 2019) or as carbon, nitrogen or energy sources
(Welsh, 2000; Cherrier and Bauer, 2004). Additionally,
respiration of N-containing compatible solutes by sea-ice
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bacteria may alter the available ammonium pool in sea ice
and fuel nitrification (Firth et al., 2016). The release and
recycling of N-containing compatible solutes is likely to
be more important to N cycling in oligotrophic regions
of the Arctic than the coastal regions, (where our samples
were collected), or the Antarctic, where nitrate concentra-
tions in sea ice are generally higher (up to 8 uM in bot-
tom sections and up to 27 uM in gap layers of ice floes
(Kattner et al., 2004)). As sea-ice algae are likely producing
and releasing these compounds continuously throughout
their lives either constitutively or in response to frequent
environmental shifts, their cumulative contribution to the
dissolved organic matter (DOM) pool may be much larger
than the concentration we observe from an instantaneous
metabolomic measurement. Characterizing the suite of
algal compatible solutes and quantifying their release into
the DOM pool is key to fully assessing their importance in
biogeochemical cycling in sea ice.

Conclusion

Temperature and salinity change dramatically with the
seasonal cycling of sea ice, yet little is known about how
sea-ice diatoms are physiologically adapted to survive
these changes. Here we have shown that an Antarctic
sea-ice diatom, N. lecointei, maintains a differentially
regulated suite of compatible solutes when grown under
temperature and salinity variations well within what they
would experience over a seasonal cycle. Many of these
compatible solutes were found in similar abundance
ratios in a natural bottom sea-ice community, showing
the relevance of model organisms in teasing apart com-
plex interactions of factors within sea ice. The varied
sensitivity of compatible solute responses suggests that
a complex suite of osmo- and cryoprotectant compounds
are utilized concurrently to mitigate environmental
stress, which in turn may impact biogeochemical cycling
and ecosystem dynamics in sea ice over the season. This
work highlights that detailed analyses of intracellular
composition, such as the metabolomic approach used
here, are needed to estimate accurately the impact of
cell-level physiological responses of sea-ice algae to tem-
perature and salinity on the surrounding community and
environment.
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