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Abstract

Arctic warming associated with global climate change poses a significant threat to
populations of wildlife in the Arctic. Since lipids play a vital role in adaptation of or-
ganisms to variations in temperature, high-resolution mass-spectrometry-based
lipidomics can provide insights into adaptive responses of organisms to a warmer
environment in the Arctic and help to illustrate potential novel roles of lipids in the
process of thermal adaption. In this study, we studied an ecologically and economi-
cally important species—Arctic char (Salvelinus alpinus)—with a detailed multi-tissue
analysis of the lipidome in response to chronic shifts in temperature using a vali-
dated lipidomics workflow. In addition, dynamic alterations in the hepatic lipidome
during the time course of shifts in temperature were also characterized. Our results
showed that early life stages of Arctic char were more susceptible to variations in
temperature. One-year-old Arctic char responded to chronic increases in tempera-
ture with coordinated regulation of lipids, including headgroup-specific remodeling of
acyl chains in glycerophospholipids (GP) and extensive alterations in composition of
lipids in membranes, such as less lyso-GPs, and more ether-GPs and sphingomyelin.
Glycerolipids (e.g., triacylglycerol, TG) also participated in adaptive responses of the li-
pidome of Arctic char. Eight-week-old Arctic char exhibited rapid adaptive alterations
of the hepatic lipidome to stepwise decreases in temperature while showing blunted

responses to gradual increases in temperature, implying an inability to adapt rapidly to
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near-future warming.
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1 | INTRODUCTION

The Arctic, one of the regions that are most at risk from changes in
climate (ACIA, 2005), is warming faster than the rest of the globe
(Hoegh-Guldberg & Bruno, 2010). This is caused primarily by a phe-
nomenon known as Arctic amplification, where the loss of reflective
sea ice and replacement by darker ocean surfaces increases thermal
absorption. Specifically, Arctic winters experienced extreme warm
temperature anomalies of +6°C in 2016 and 2018, which are almost
double those of previous record highs (Overland & Wang, 2016;
Overland et al., 2019). Major results of arctic warming could include
shifts in Arctic vegetation (Pearson et al., 2013), loss of sea ice (Ding
et al., 2019), biodiversity redistribution (Pecl et al., 2017), changes
in seafood nutrients (Koelmel et al., 2020), altered economic access
and transportation patterns, and other direct and indirect effects.
Some of these effects are on wild populations that are essential for
the diet and economy of northern communities.

Temperature shapes physiologies of aquatic ectotherms. Results
of previous studies have shown that water temperature can affect
basic physiological processes of fish, such as growth, development,
reproduction, immune response, and metabolism (Cheng et al,,
2018; Dadras et al., 2017; Jonsson & Jonsson, 2009; Rountrey et al.,
2014). Animals in the Arctic are adapted to cold extremes, so even
subtle changes in mean annual temperatures might affect their
basic physiology as well as timing of reproduction or use of food
resources. However, as the majority of the Arctic's aquatic system
is oceanic, the focus of research conducted on these effects thus
far has paid less attention to freshwater organisms found within the
Arctic Circle.

Arctic char (Salvelinus alpinus) is a cold-water salmonid with a
circumpolar distribution. It has the most northern distribution of
any freshwater fish. It spawns in freshwater, but populations are
known to be lacustrine, riverine, or even anadromous. Arctic char
is the apex predator in many Arctic freshwater food webs and an
important species for commercial fisheries that provide food and a
source of protein and income to communities in the north. Results
of previous studies suggest that Arctic char is sensitive to minor
environmental changes and can be vulnerable to Arctic warming
(Elliott & Elliott, 2010). Therefore, any temperature-induced change
in their abundance or physiology might have significant effects on

S ey

warmer environments. Three common phosphatidylethanolamines (PEs) (PE 36:6|PE
16:1_20:5, PE 38:7|PE 16:1_22:6, and PE 40:7|PE 18:1_22:6) were finally identified
as candidate lipid biomarkers for temperature shifts via machine learning approach.
Overall, this work provides additional information to a better understanding of un-

derlying regulatory mechanisms of the lipidome of Arctic organisms in the face of

Arctic warming, chronic temperature shifts, dynamic alterations, glycerolipids,
glycerophospholipids, lipidomics, machine learning

functioning of Arctic ecosystems and, in particular, commercially vi-
able stocks of this ecologically and economically important species.

Lipids play an important role in resistance to physiological stress
in response to alterations in thermal regimes. Ectotherms, such as
fish, acclimatize to varying temperatures by modulation of the pro-
portion of unsaturated fatty acids in membranes to maintain mem-
brane order (Ernst et al., 2016). This adaptive response, known as
homeoviscous adaptation (HVA; Hazel & Williams, 1990; Sinensky,
1974), has been widely observed in ectotherm, such as fishes (Tiku
et al., 1996), phototrophic sponges (Bennett et al., 2018), micro-
organisms (Gao et al., 2019; Rezanka et al., 2016), and bivalves
(Pernet et al., 2007). However, due to the tremendous number of
structurally and functionally diverse lipids in organisms, roles of lip-
ids in response to thermal stimuli have not yet been fully described
or understood. Previous studies (especially for fish) have typically
focused on modulation in fatty acid composition of cell membranes
(Bennett et al., 2018; Fadhlaoui & Couture, 2016; Malekar et al.,
2018), which might ignore vital changes in other structural or func-
tional lipids. Moreover, the dynamic process of alterations of abso-
lute and relative concentrations of lipids during the course of thermal
acclimation is poorly understood. Advances in high-resolution mass
spectrometry and chemometric algorithms have expanded the po-
tential for mass-spectrometry-based lipidomics as an emerging tool
for lipidome profiling (Han, 2016; Hu & Zhang, 2018; Rustam & Reid,
2018). Such techniques can be employed to obtain a better under-
standing of chronic responses to Arctic warming in fishes.

In the present study, lipidomic responses of Arctic char to
chronic shifts in temperature (either warm or cold) were systemat-
ically measured at multitude tissue levels and at two different life
stages. First, global changes in the lipidome among blood plasma,
brain, liver, and muscle of 1-year-old Arctic char were measured
using a validated lipidomics workflow developed in-house.
Second, dynamics of hepatic lipidome remodeling during the time
course of temperature shifts were determined in 8-week-old
Arctic char. Lastly, machine learning approach was employed to
identify lipid biomarkers of Arctic char in response to chronic
temperature shifts. Our work provides an important resource for
molecular characterization of the teleost lipidome in response
to chronic shifts in temperature and describes underlying mech-
anisms of lipid adaption to increasing temperatures. To the best
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of our knowledge, this is the first study integrating modern lipid-
omics and machine learning approaches to characterize dynamic
lipid remodeling and to identify lipid biomarkers of an Arctic fish

in response to chronic temperature shifts.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

Formic acid, ammonium formate, and all solvents were LC-MS
grade and obtained from Fisher Scientific. Internal lipid standards
were purchased from Avanti Polar Lipids and were used for method
validation and data quality control (QC). Please refer to Supporting
Information S1 for more details.

2.2 | Experimental design

2.21 | Fish and maintenance

Experiments were conducted in the Aquatic Toxicology Research
Facility (ATRF) in the Toxicology Centre, University of Saskatchewan.
Animal usage for the study and euthanasia procedure were reviewed
and approved by the University of Saskatchewan's Animal Research
Ethics Board, and adhered to the Canadian Council on Animal Care
guidelines for humane animal use (protocol #20170096).

Arctic char used in the experiment were obtained as gametes
from Miracle Spring Inc. North Vancouver, B.C. Eggs were fertilized
and then raised in the ATRF. Fish were maintained on a 12 h light,
12 h dark photoperiod in 450 L aquaria with flow-through, aerated,
and pre-treated freshwater at 8°C. Fish were acclimated to these
holding conditions for more than 3 weeks prior to the temperature
shift experiment. During the experiment, fish were fed commer-
cial fish feed pellets ad libitum three times a day. Food residuals
and waste were cleaned daily. Water quality parameters including
dissolved oxygen (>9 mg/L) and ammonia nitrogen (<0.15 mg/L)
were monitored on a weekly basis. Water temperatures were con-
trolled precisely and were monitored by a VWR® Traceable® High-
Accuracy Thermometer (VWR International) in real time during the
experiment.

2.2.2 | Experiment I: Changes in lipidomes across
various tissues of Arctic char in response to chronic
temperature shifts

The object of Experiment | was to document changes in lipidomes
of blood plasma, brain, liver, and muscle of Arctic char in response
to a chronic shift in temperature. Eighteen 1-year-old Arctic char
(juvenile fish stage, initial body mass 75.00 + 22.77 g; initial body
length 17.15 + 1.63 cm) were numbered with tags for observations
of individual growth rates, and randomly distributed across three

treatment groups (N = 6 per group). These treatment groups in-
cluded warm treatment group, cold treatment group, and control
group. Duplicate treatments were conducted for each exposure
group. Fish were allowed to recover for 21 days after tagging. To
achieve the final exposure temperature of 14°C for warm treatment
group or 2°C for cold treatment group from the initial temperature
of 8°C, the water temperature was gradually altered through six
temperature steps, each of which lasted 5 days. At each tempera-
ture step, temperature was either increased or decreased by 1°C
within 4 h and was then held constant during the next 5 days. After
the final water temperature of 14 or 2°C was reached, fish were
maintained at the temperature for 28 days. Individual body mass
and fork length were measured at the end of each temperature pe-
riod as well as 28 days after the final 14 or 2°C was reached, that is,
ondays 0, 5, 10, 15, 20, 25, 30, 35, or 53 (Figure S1). Water temper-
ature for the control group was maintained at 8°C throughout the
experiment. After the 53-day treatment regimen, fish were anes-
thetized with 75 mg/L MS-222 (Sigma Aldrich). Blood was collected
from the caudal vein with syringes pre-rinsed with sodium heparin
and immediately transferred to 1.5 ml centrifuge tubes. Plasma was
obtained by centrifugation at 1000x g at 4°C for 10 min. Fish were
then euthanized and dissected. Brain, liver, and dorsal muscle were
collected, weighed, and snap-frozen in liquid nitrogen. All samples
were stored at -80°C until further analysis. Fish were fasted for
24 h before sampling.

2.2.3 | Experiment II: Dynamics of lipidome in the
time course of thermal acclimation

The object of Experiment Il was to resolve the dynamic changes of
lipidome in Arctic char during the time course of thermal acclima-
tion. A total of 240 eight-week-old Arctic char (swim up stage; initial
body mas 298.26 + 27.07 mg; initial body length 3.03 + 0.28 cm)
were employed. The thermal exposure scheme was in accordance
with Experiment | (Figure S1). On days O, 5, 10, 15, 20, 25, 30, and
53, 8 or 10 randomly selected fish were anesthetized using MS-222.
Body mass and fork length were measured, and liver was collected,
snap-frozen, and stored at -80°C for lipidomic analysis. Liver was
chosen for lipidomic analysis because of its central role to lipid
metabolism.

2.3 | Extraction of lipids

Lipids were extracted by using an IPA-based protein precipitation ap-
proach (Calderdn et al., 2019; Sarafian et al., 2014) with minor modifi-
cations. Lysophosphatidylcholine (lysoPC [19:0]), phosphatidylcholine
(PC [19:0/19:0]), phosphatidylethanolamine (PE [17:0/17:0]), ceramide
(Cer [d18:1/17:0]), and triacylglycerol (TG [15:0/18:1(d7)/15:0]) were
added to each sample before extraction to serve as internal stand-
ards. QC samples were prepared by pooling 10 ul of aliquots from
each sample (additional details in Supporting Information S2).
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2.4 | Instrumental analysis for lipidomics
Non-targeted lipidomic analyses were conducted by using a Dionex
Ultimate 3000 RS UHPLC system coupled to a Q-Exactive Orbitrap
mass spectrometer (Thermo Scientific). The elution gradient was
performed according to Narvédez-Rivas and Zhang (2016). Mass
spectra were acquired in both positive and negative modes by a
data-dependent top 10 analysis (ddMS?-top10) method with a reso-
lution of 70,000 at m/z 200. Details are provided in SI 3. The electro-
spray ionization (ESI) source parameters were optimized to reduce
possible formation of in-source fragments (Gathungu et al., 2018;
Xu et al., 2018) during development of the methods. The mass spec-
trometer was externally calibrated every week using Pierce™ LTQ
Velos ESI Positive/Negative lon Calibration solutions. Moreover,
an iterative exclusion (IE) strategy, where selected precursors using
ddMS2-top10 analysis were excluded in sequential injections, was
applied to increase coverage of the lipidome (Koelmel et al., 2017). A
total of five sequential injections of QC samples were analyzed for
each polarity by ddMS?-top10 with IE.

2.5 | Quality control and method validation

Quality control samples were injected for the purpose of system equi-
libration before analysis of real biological samples. All samples were
injected randomly, and QC samples were included after every 10 sam-
ples. The peak shape, retention time, intensity, and mass accuracy of
spiked internal standards were monitored during the run. Procedural
blanks were also prepared and analyzed with each batch of samples.
Linearity, recovery, and repeatability were determined using 11 deu-
terated lipid standards in the presence of biological matrix. Additional

analytical details are provided in Supporting Information S4.

2.6 | Feature detection and lipid annotation

An open-source software, MS-Dial (version 4.10), was used for
peak picking and lipid annotation (Tsugawa et al., 2020). The pub-
lic LipidBlast library was used to annotate lipids (Kind et al., 2013).
Accurate mass tolerance for MS1 and MS2 were set to 0.01 and
0.05 Da, respectively. Adducts of +H and +NH, were selected for
positive mode searches, whereas -H and +HCOO were selected for
negative mode searches. The generated peak picking and integration
results were checked manually to ensure data quality. Annotated
peaks that showed low repeatability (<30%), that is, relative stand-
ard deviation (RSD) in QC samples were removed.

2.7 | Statistical analyses

After assuring that the assumptions of normality (one sample
Kolmogorov-Smirnov test) and variance homogeneity (Levene's test) had
been met, parameters associated with growth of fish were evaluated
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using one-way ANOVA followed by Fisher's LSD test. Differences were
considered significant at p < 0.05. Data are reported as mean * SE. For
lipidomic data, area under the curve of each annotated lipid peak was
normalized to the sum of all annotated lipids (mTIC) in the sample and
then log-transformed. Significantly altered lipids were determined by
one-way ANOVA followed by Fisher's LSD test. Benjamini-Hochberg
corrected p values (false discovery rate, FDR) below 0.05 were consid-
ered significant. Principal component analysis (PCA) was carried out
using the online MetaboAnalyst platform (version 4.0; Chong et al.,
2018). Upset plot and heatmap analyses were produced by “UpsetR”
(Conway et al., 2017) and “Pheatmap” packages in R (version 4.0.1).
Chemical similarity enrichment analysis (ChemRICH) was performed
on the annotated lipidomics dataset (Barupal & Fiehn, 2017). Chemical
clusters with FDR < 0.05 were considered significant. Cluster direc-
tions are determined by the median log,(fold change) relative to con-
trol of significantly altered lipids in each lipid cluster (Contrepois et al.,
2020). In addition, an advanced, correlation-based network analysis,
that is, weighted correlation network analysis (WGCNA), was applied
to the lipidomics dataset by using the “WGCNA" R package (Langfelder
& Horvath, 2008; Zhang & Horvath, 2005). While WGCNA was ini-
tially developed for gene network construction, other studies asserted
that it is also equally powerful and illustrative for metabolomics (DiLeo
et al., 2011; McCall et al., 2018) and lipidomics datasets (Forest et al.,
2018). Circos connectograms were made using CIRCOS software (ver-
sion 0.69-6). A machine learning algorithm was performed by the R
package “random forest” (version 4.6.14) to identify lipid biomarker of

the lipidome of Arctic char in response to chronic temperature shifts.

3 | RESULTS

3.1 | Effects of chronic temperature shifts on
growth of Arctic char

During a 53-day temperature shift exposure (Figure S1), no mortal-
ity was observed, but there were changes in allometric parameters.
Body mass, fork length, and condition factor of 1-year-old Arctic
char (Experiment 1) did not differ significantly between the three ex-
perimental groups throughout the study (Figure 1a). However, for
8-week-old Arctic char (Experiment Il), there were significant dif-
ferences in body size between temperature groups (Figure 1b). The
warm treatment group exhibited the greatest mean values at each
sampling point from day 15 onwards for body mass or from day 25
for fork length, respectively. Moreover, the warm treatment group
showed a mean condition factor significantly greater than that of the

cold treatment group from day 20 onwards.

3.2 | Validation of lipidomics method

To achieve a comprehensive analysis of the Arctic char lipidome,
an optimized solvent extraction protocol and elaborate UHPLC-MS
parameters were employed to improve recovery, reproducibility,
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FIGURE 1 Effects of chronic temperature shifts on growth

of Arctic char. (a) Body mass, fork length, and condition factor of
1-year-old Arctic char. Values are means + SE; N = 6/group. (b)
Body mass, fork length, and condition factor of 8-week-old Arctic
char. Values are means + SE; N = 10/group. Different letters denote
statistically significant differences among temperature groups

for each sampling days (p < 0.05) [Colour figure can be viewed at
wileyonlinelibrary.com]

and lipidome coverage. To validate the strength of the lipidom-
ics method, 11 deuterated lipid standards representing major lipid
subclasses were spiked into fish tissues before extraction and were
subsequently processed through the whole lipidomics workflow. All
lipid standards were correctly annotated based on fatty acyl constit-
uents, indicating confidence in the lipid annotation of the method.
Linear regression coefficients (R2) were better than 0.99 for all 11
lipid standards (Table S1). Recoveries of standards were in the range
of 79.90-113.50%. To evaluate reproducibility, RSDs of peak areas
for each detected lipid in QC samples were calculated and the distri-
bution of RSDs is shown (Figure S2). Between 98.50% and 99.62%
of detected lipids showed RSDs less than 15% in positive or negative
ionization modes, respectively, which indicated a good reproducibil-

ity of the method for lipids in complex bio-matrices.

3.3 | Overall changes in lipidome of 1-year-old
Arctic char by chronic temperature shifts

Total of 625, 565, 455, and 462 molecular lipid species among 31
lipid subclasses of five major lipid categories were confidently an-
notated and semi-quantified in plasma, brain, liver, and muscle of
1-year-old Arctic char, respectively (Figure S3). Lipid profiles from
treatment groups were distinct in PCA plots of all tissue types
(Figure 2a), which indicated significant changes in the lipidome
of 1-year-old Arctic char after a 53-day exposure to various tem-
peratures. Chronic temperature shifts caused extensive changes in

405, 141, 124, and 126 lipid molecules in plasma, brain, liver, and
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FIGURE 2 Overall changes of the lipidome of 1-year-old Arctic char in response to temperature shifts. (a) Principal component analysis
(PCA) of detected lipids in plasma, brain, liver, and muscle. The first two canonical axes are plotted. Data were log-transformed and auto-
scaled prior to PCA analysis. (b) Proportion of changes in each tissue type of 1-year-old Arctic char. Pink bar indicates the proportion of lipids
significantly altered in response to temperature shifts. (c) Variability of lipid species in plasma in response to warm treatment. Each data
point represents the absolute value of log,(fold change) between warm treatment group and control group. Lipids are grouped by class. (d)
Number of significantly altered lipids in warm treatment group relative to the control [Colour figure can be viewed at wileyonlinelibrary.com]
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muscle, respectively. Those significantly altered lipids accounted for
64.6%, 25.0%, 27.3%, and 27.3% of total detected lipids in plasma,
brain, liver, and muscle, respectively (Figure 2b). Plasma was the
tissue type with the greatest number of differences produced by
temperature shifts. The significantly altered lipids span most of
the major lipid categories, which implies widespread regulation of
lipid metabolism by temperature shifts in Arctic char (Figure S4).
Glycerophospholipids (GP) have the greatest number of significantly
altered lipids in all analyzed tissue types. In addition, the Upset plot
revealed a large proportion of overlap in significantly altered lipids
between the warm and cold treatments (Figure S5), suggesting a
similar regulatory mechanism for warm and cold adaption. As shown
in Figure 2c, diacylglycerol (DG) species in plasma showed the most
significant response and greatest remodeling (in fold change) to the
warm treatment. Compared to DG in plasma, other lipid classes were
relatively invariant (Figures S6 and S7). Relative to that of the con-
trol, warm treatment significantly upregulated 103, 41, 44, and 40
lipid species while downregulating 195, 71, 42, and 55 lipid species

in plasma, brain, liver, and muscle, respectively (Figure 2d).

3.4 | Identification of key lipid clusters in 1-year-
old Arctic char in response to increased temperature

Chemical similarity enrichment analysis, which is based on
chemical similarity and ontology mapping, was further applied
to identify key lipid groups in response to increased tempera-
ture. Unlike canonical pathway enrichment, for example, KEGG
pathway enrichment, ChemRICH enables study-specific and
background-independent enrichment analysis of lipids, and thus
is well suited for untargeted lipidomics datasets (Barupal & Fiehn,
2017; Contrepois et al., 2020). In this study, ChemRICH enrich-
ment analysis identified several clusters of lipids that are as-
sociated with responses to increased temperature in 1-year-old
Arctic char (Figure 3a), including increased saturated and mono-
saturated PC and PE, decreased polyunsaturated PE, decreased
lysoPE and lysoPl, increased ether-linked GPs (except for PC in
brain), decreased DG, and increased sphingomyelin (SM). Notably,
warm treatment and cold treatment induced opposite effects on
these lipid groups, implying that these identified lipid clusters are
directly involved in regulation of thermal adaption.

341 | GP metabolism

A widespread remodeling of acyl chain profile was observed in major
GP species after thermal treatment (Figure 3a). A close examination
of fatty acid composition revealed that abundances of PE species
with less unsaturation were significantly increased while that with
greater unsaturation were significantly decreased during exposure
to warmer temperature (Figure 3b; Figure S8). These data suggest
that exposure to increased temperature downregulated degree of
unsaturation of PE molecules in 1-year-old Arctic char. However,

S i ey

for PC species, both degree of unsaturation and lengths of carbon
chains were affected (Figure 3c; Figure S9). At warmer temperatures,
PC molecules with lesser unsaturation and/or longer carbon chains
tended to be accumulated and vice versa. Similarly, a lesser degree
of unsaturation in fish exposed to the warmer temperature was also
observed in plasma phosphatidylinositol (Pl) and brain phosphati-
dylserine (PS; Figure 3d). As for PG species, the abundances of mo-
noenes and polyenes were all significantly decreased in response to
increased temperatures (Figure 3d).

In addition to regulation of acyl chain profile, extensive decreases
in abundances of lysoPE and lysoPl were observed in 1-year-old
Arctic char, when exposed to the warm temperature (Figure 3a;
Figure S10). However, a mixed effect was observed for plasma ly-
soPC molecules. Abundances of several saturated lysoPCs were
significantly greater while that of most unsaturated lysoPCs were
significantly less in response to warm temperature (Figure S10a).
Moreover, except for ether-linked PCs in brain, the abundances of
most ether-linked GP molecules, as well as ether-linked TG species,
were significantly increased by exposure to the warmer temperature
(Figure 3a; Figure S11).

3.4.2 | Sphingolipids metabolism

Lesser unsaturation was observed after exposure to warmer tem-
perature in Cer, hexosylceramide (HexCer), and sulfatide (SHexCer)
species (Figure S12). Additionally, clusters of SM were significantly
enriched as shown by ChemRICH analysis in all analyzed tissue types
of 1-year-old Arctic char (Figure 3a), and the abundances of almost
all SM species were significantly increased in response to increased
temperature (Figure S13).

3.4.3 | Glycerolipid metabolism

Opposite regulations of the degree of unsaturation of TG molecules
were observed in various tissues of 1-year-old Arctic char in response
to temperature shifts. In plasma, exposure to warmer temperature
resulted in greater abundances of highly unsaturated TG molecules
(Figure 3e; Figure S14). However, in liver and muscle, abundances of
TG molecules with less unsaturation were significantly increased by
the warmer temperature while those with greater unsaturation were
significantly decreased (Figure 3f). In addition, exposure to warmer
temperature resulted in significantly lesser abundances of all DG

species in plasma (Figure 3a; Figure S15).

3.5 | Coordinated regulation of lipid metabolism
among tissues in response to temperature shifts

To better understand the interactions among lipids from various
tissues in 1-year-old Arctic char, a WGCNA network analysis was
performed. All annotated lipids from each tissue type were used
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FIGURE 3 Identification of key lipid clusters in 1-year-old Arctic char in response to increased temperature. (a) ChemRICH enrichment
analysis of significantly altered lipid species identified in warm treatment group or cold treatment group. Cluster directions are the median
log,(fold change) relative to control of significantly altered lipids in each lipid cluster (red, upregulated; blue, downregulated). The dot size
indicates cluster significance (b) and (c) bubble plots illustrating altered fatty acid composition of PE and PC species in plasma. Dot color
indicates the log,(fold change) relative to control. The dot size indicates the significance. (d) Heatmap plots of acyl chain profile in plasma PI,
brain PS, and muscle PG. The average values of significantly altered lipids in each treatment group are presented. Data were log-transformed
and Z-score scaled prior to data visualization. (e) Bubble plots illustrating altered fatty acid composition of TG species in plasma. Dot color
indicates the log,(fold change) relative to control. The dot size indicates the significance. (f) Heatmap plots of acyl chain profile of TG
species from liver and muscle. The average values of significantly altered lipids in each treatment group are presented. Data were log-
transformed and Z-score scaled in prior to data visualization. DG, diacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin; TG, triacylglycerol. [Colour figure can be
viewed at wileyonlinelibrary.com]

for construction of a network and assigned to modules (Figure S16). 3.6 | Chronic temperature shifts-activated lipid
Then, thermal response modules were further identified by over- dynamics in liver of 8-week-old Arctic char
representation analysis of significantly altered lipids using a hyper-

geometric test with p < 0.05 as cutoff. As a result, a total of two, For a comprehensive investigation of the lipid dynamics, a total
two, four, and three thermal response modules were identified in of 520 lipid species (272 GPs, 53 SPs, 178 glycerolipids (GLs), 16
plasma, brain, liver, and muscle, respectively. Significant overlaps FAs, and 1 others) encompassing 30 major lipid subclasses were
were found between these thermal response modules by pairwise analyzed and semi-quantified in 228 liver samples collected serially
analysis (Figure 4a; Figure S17). These results suggested a coordi- from 8-week-old Arctic char over the course of thermal treatment.
nated regulation of lipid metabolism among tissues in response to This large dataset coupled with time-series measurements enabled
changes in temperature. A lipid co-regulation network of the most us to evaluate whether lipid remodeling occurs in a direction that
significantly overlapped modules is visualized (Figure 4b). Lipid an- would support the findings in 1-year-old Arctic char, and helped to
notations are only shown for the top 20 hub lipids with greatest detect novel transient patterns in 8-week-old fish during the course
intra-modular connectivity. In brain, liver, and muscle, most of the of chronic temperature shifts. Results of PCA analysis revealed that
hub lipids belonged to polyunsaturated PE or PC subclasses, while in there were significant separations between the warm treatment

plasma the majority of the top 20 hub lipids were DG lipids. group and the cold treatment group from day 20 onwards (Figure 5a;
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FIGURE 4 Co-regulation of lipid species in different tissues of 1-year-old Arctic char in response to temperature shifts. (a) Circos
connectogram depicting the association between significantly altered lipids from different types of tissue. From outer to inner circles: I.
Modules identified in plasma, brain, liver, or muscle by weighted correlation network analysis (WGCNA). Arc length represents the number
of lipids in each module (module size). Il. Absolute log,(fold change) value of significantly altered lipids found in each module. Red color
represents upregulation while blue color represents downregulation. lll. Pairwise comparisons of modules. The number of overlapping lipids
was enumerated, and the statistical significance of overlap was evaluated using the two-sided Fisher's exact test. Modules were considered
as significantly overlapped if p < 0.01. The bundle width is proportional to the number of overlapping lipids in each bundle. Overlaps
between thermal response modules are colored with red (between upregulated modules) or blue (between downregulated modules). (b)
Visualized lipid co-regulation network of the most significantly overlapped modules. Lipid annotations are only shown for the top 20 hub
lipids with highest intra-modular connectivity. Node size represents the intra-modular connectivity of a given lipid. Pie charts in the bottom
right corner of each module represent the subclass composition of the top 20 hub lipids. BM, brain module; LM, liver module; MM, muscle

module; PM, plasma module [Colour figure can be viewed at wileyonlinelibrary.com]

Figure S18). Hierarchical clustering also showed that samples from
the same treatment group clustered tightly after 20 days of treat-
ment (Figure S19). The number of significantly altered lipids between
the warm treatment group and the control group elevated gradually
throughout the whole experiment, while that from cold treatment
group in relative to the control increased to maximum at day 25 and
then decreased (Figure 5b). Similar patterns were also observed for
the significantly altered lipids in GP, GL, or sphingolipid (SP) catego-
ries (Figure S20). At all sampling points, GP species accounted for the
largest proportion (>53.4%) of significantly altered lipids (Figure 5c).

Chemical similarity enrichment analysis enrichment using all sig-
nificant altered lipids at each time point unveiled key lipid clusters
involved in regulatory mechanisms of thermal adaption in the liver
of 8-week-old Arctic char over the course of temperature shifts.
Compared to the control, consistent and uniform patterns were ob-
served in cold treatment group in response to stepwise tempera-
ture decreases (Figure 5d). Notably, a quick and significant lipid
modulation, that is, increased abundance of polyunsaturated PEs,
emerged just after a minor temperature drop of 1°C (day 5). On
the contrary, during gradually increased temperatures, 8-week-old
Arctic char showed poor consistency in regulation of liver lipidome
during the early period of temperature shifts (Figure 5e, days 10-
20). Then, from day 25 onwards, significantly altered lipids in the
warm treatment group exhibited consistent but opposite changing
patterns to that in the cold treatment group. The opposite changing

patterns imply that these identified lipid groups are directly involved
in thermal adaption in Arctic char. In accordance with results from
1-year-old fish, downregulated unsaturation degrees were detected
for PE and TG molecules in liver of 8-week-old Arctic char exposed
to increased temperatures, as indicated by the accumulation of
saturates and monoenes but depletions of polyenes. Close exam-
inations of fatty acid composition further confirmed this trajectory
(Figures S21 and S22). Moreover, decreased abundances of PG and
lysoPE species from day 25 onwards and increased abundances of
SMs from day 15 onwards were also seen. However, unexpected
alterations in abundances of PC species were observed. The abun-
dances of almost all PC species were increased in warm treatment
group compared to the control during the course of warm treatment
(Figure S23).

3.7 | Identification of lipid
biomarkers of Arctic char lipidome in response to
chronic temperature shifts

The above analysis showed that 1-year-old and 8-week-old Arctic
char had similar patterns for the significantly altered lipids respond-
ing to chronic temperature shifts. Here, to identify lipid biomark-
ers of Arctic char lipidome in response to chronic temperature
shifts, we built a random forest model using the intersection data
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transformed and auto-scaled prior to PCA analysis. (b) Numbers of significantly altered lipids. (c) Percentages of significantly altered lipids
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of plasma, liver, brain, and muscle samples from 1-year-old Arctic
char as a discovery dataset (18 fish and 72 samples), which included
training (7/10) and validation (3/10) sets. Key lipids were found after
binary classification in cold, control, and warm groups compared
with each other. Next, the lipids from 8-week-old Arctic char (30
fish and 30 samples) were employed as an independent test data
(Figure 6a). Three common features (PE 36:6|PE 16:1_20:5, PE
38:7|PE 16:1_22:6, and PE 40:7|PE 18:1_22:6) in all thermal treat-
ment groups were finally extracted as a lipid biomarker panel for
classifying warm versus control, cold versus control, and cold ver-
sus warm groups with 90%, 87%, and 94% accuracy, respectively
(Figure 6b,c). The three PE species were confirmed by highly confi-
dent MS2 spectra matching (Figures $24-526). Our results indicated

S i ey

that the three PE species identified by machine learning, that is, PE
36:6|PE 16:1_20:5, PE 38:7|PE 16:1_22:6, and PE 40:7|PE 18:1_22:6,

are closely associated with thermal adaption of Arctic char lipidome.

Further work is required to confirm this association and, if con-

firmed, to elucidate the underlying mechanism.

4 |

DISCUSSION

It has been predicted that both marine and freshwater temperatures

will continue to rise due to global warming (Meredith, 2019). The

global surface temperatures relative to the years 1850-1900 are

projected to increase by 1.1-2.0°C under RCP2.6 (Representative
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algorithm. (a) Workflow for machine learning algorithm. (b) Performance of the model in all dataset including both 1-year-old and 8-week-old
Arctic char. The plot matrix at the bottom shows the prediction accuracy of three common features selected in all temperature groups. The
X-axis shows the predicted value for random forest model, and Y-axis shows the average abundance of all the samples. Blue, yellow, and red
colors mean cold, control, and warm treatment, respectively. (c) Receiver-operator characteristic curve (ROC) and Precision-Recall Curve
(PRC) of three common features selected in all temperature groups. (d) The log,(fold change) of PE 36:6|PE 16:1_20:5, PE 38:7|PE 16:1_22:6,
and PE 40:7|PE 18:1_22:6 between treatment and control. Data were log-transformed prior to data visualization [Colour figure can be
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Concentration Pathways 2.6) scenario or 1.5-2.4°C under RCP8.5
scenario until 2050, with land, high latitudes, and winter warming
faster or to a greater extent (Meredith, 2019). Arctic char prefer cold
temperatures and are generally found in water with a temperature
less than 10°C. Thus, the temperature range of 2-14°C employed in
the study, results of which are presented here, could be regarded as
a scenario of near-future Arctic warming.

Our results indicate that early life stages of Arctic char are more
susceptible to temperature variation than older life stages. The
growth of 8-week-old Arctic char was significantly influenced by
ambient temperature, whereas no significant effects of temperature
shifts on 1-year-old fish were observed. The preferred temperature
of Arctic char is dependent on life stage, with younger fish having
a narrower optimal range of temperature and preferring colder en-
vironments (Larsson, 2005). This discrepancy could be explained,
in part, by the size buffering effect (Elliott, 1982). In addition, both
1-year-old and 8-week-old fish showed no physical signs of delete-
rious effects at the warmer temperature, which suggested that they
have a strong capability to adjust to rising temperatures within the
range of this study. A positive effect of an increased summer ice-free
period on the condition of Arctic char has been suggested (Harwood
et al., 2013). However, further investigation including fecundity and
long-term exposure would be needed to observe whether the ther-
mal adaptation has any negative effects on species fitness.

Lipids play crucial roles in structure and dynamics of membranes,
energy homeostasis, and signal transduction (Shevchenko & Simons,
2010). In-depth analysis of alterations in the lipidome in response to
increased temperature would be beneficial for a better understand-
ing of acclimatization and adaptation potential of Arctic species in
the face of warming of the Arctic. So far, previous work has predom-
inantly focused on remodeling of fatty acid composition in mem-
brane GPs (Bennett et al., 2018; Fadhlaoui & Couture, 2016; Malekar
et al., 2018), ignoring the potential role of other vital lipid classes and
the dynamics changes of lipidome. In the present study, significant
alterations in the lipidome were observed in all tissues of 1-year-old
Arctic char (Figure 2) and liver in 8-week-old fish over the course
of temperature shifts (Figure 5). Furthermore, significantly altered
lipids are not limited to GP lipids, but instead span most of the major
classes of the lipidome, indicating the broad participation of various
lipids in the adaptability of Arctic char in warming environments.

Biological membranes are complex and dynamic assemblies of
various lipids and proteins and lipid composition crucially affect the
properties of membranes, such as fluidity, curvature, lipid packing,
surface charge, and subdomain architecture (Ballweg et al., 2020;
Harayama & Riezman, 2018). GP lipids, especially for PC and PE,
are major building blocks of membrane bilayers. Generally, GP lip-
ids with saturated acyl chains form non-fluid and tightly packed gel
phases while replacement with unsaturated acyl chains reduces
membrane rigidity (Ernst et al., 2016). At an organism's adapted tem-
perature, membrane lipids are in a relatively fluid liquid-crystalline
phase while once above the optimal temperature range, membrane
lipids become “hyperfluid” which can compromise vital cellular func-
tions (Hazel, 1995). Ectothermic organisms counteract effects of

variations in temperature by modulating proportions of saturated
and unsaturated acyl chains in membrane GPs (Martin et al., 2007;
Muir et al., 2016; Saita et al., 2016; Sinensky, 1974). In the present
study, widespread decreases in the degree of acyl chain unsaturation
in bulk membrane constitutes were observed in tissues of 1-year-old
Arctic char (Figure 3; Figures S8 and S9), indicating an attempt to
stabilize membranes at higher temperatures. The results of the study
reported here are consistent with essential features of HVA theory.
The compensatory changes in unsaturation rate of membrane lipids
in response to warmer environment could further effect on Arctic
char nutritional value (Koelmel et al., 2020). More importantly, the
lipidomics data, down to the lipid species level, further suggest that
remodeling of acyl chain profiles in GP lipids by increased tempera-
tures is headgroup-specific. For instance, shifts in temperature af-
fected both lengths of carbon chains and degree of unsaturation
in PC lipids, but for other GP classes, only degrees of unsaturation
were affected. In addition, all Pl polyenes were decreased by warm
treatment, whereas only more unsaturated polyenes (unsaturation
>4) in PE class were decreased. Similarly, Chwastek et al., (2020)
also reported that PC exhibited the greatest variability in both acyl
chain length and unsaturation to changing environmental condi-
tions among other lipid classes in the bacterium Methylobacterium
extorquens. Headgroup-specific effects represent a mixed effect of
headgroup and acyl chain profile on properties of membranes (Klose
et al., 2013; Patton-Vogt & Kroon, 2020).

Another striking observation is that regulation of degree of
unsaturation of TG in plasma (Figure 3e) was opposite of that ob-
served for GP species (Figure 3b,d), as well as that of TG species
in liver and muscle (Figure 3f). The reverse regulation suggests an
exchange of fatty acids between plasma TG and membrane GP lip-
ids. It was demonstrated that direct desaturation of fatty acids by
desaturases works as a major adaptive mechanism to regulate the
proportion of unsaturated fatty acids in membrane lipids, allowing
fish to cope with fluctuations in temperature (Hsieh & Kuo, 2005;
Tiku et al., 1996). Here, based on our data, it can be inferred that
except for direct desaturation of fatty acids, unsaturated fatty acids
can be originated from plasma TG species, and plasma TG serves as
cache of fatty acids for membrane lipid remodeling during adaption
to temperature. In the face of increased temperatures, TG molecules
containing more saturated fatty acids in plasma could be incorpo-
rated into hepatocyte/myocyte and release saturated fatty acids (or
fatty acid with less unsaturation) that would be reactivated to acyl-
CoA and utilized for remodeling of GP acyl chain through the Lands'
cycle process (Lands, 1960).

In addition to acyl chain remodeling, progressive modifica-
tions of GP composition were also observed in Arctic char during
changes in temperature. In this study, abundances of most lysoPE,
lysoPl, and lysoPC species were significantly decreased by warmer
temperature, except for several saturated species (Figure 3a; Figure
510). Lyso-GPs are non-cylindrical amphipathic molecules and have
an overall inverted conical shape (Arouri & Mouritsen, 2013). Their
conical geometry disrupts tight packing of membrane lipids and thus
incorporation of lyso-GPs leads to instabilities in the lipid bilayer
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(Inoue & Kitagawa, 1974). Additionally, significantly increased abun-
dances by warmer temperature were noted for ether-linked GP
species (Figure 3a; Figure S11). Incorporation of ether-linkages and
lack of carbonyl oxygen at the sn-1 position permit tighter packing
of the membrane bilayer and result in decreased membrane fluid-
ity and increased rigidity (Dean & Lodhi, 2018; Lohner, 1996). Thus,
the extensively increased abundances of ether-linked lipids likely
contribute to the ability of Arctic char to maintain membrane order
and restore cellular function following thermal increase. In addition,
although contradictory results exist (Broniec et al., 2017; Wang &
Wang, 2010), several studies suggest that ether lipids could po-
tentially protect membranes against oxidative stress by acting as
sacrificial antioxidants (Dorninger et al., 2017). Thus, the increased
abundances of ether lipids might also contribute to attenuation of
oxidative stress, induced by the warmer temperature in this study
(Cheng et al., 2018; Lushchak & Bagnyukova, 2006; Mueller et al.,
2011). Decreased abundances of ether-linked PC species in fish
brain (Figure 3a; Figure S11a) in response to increased temperature
could result from increased utilization of these molecules as sac-
rificial antioxidants for scavenging reactive oxygen species due to
the susceptibility of brain to oxidative damage (Bharath et al., 2002;
Dringen et al., 2000).

Analysis of lipidomics also revealed involvement of SP lipids in
the process of thermal adaption. Consistent with GP lipids, a signifi-
cantly greater proportion of saturation in acyl chains of Cer, HexCer,
and SHexCer species was observed (Figure 512). Additionally, abun-
dances of most of the SM species in tissues of 1-year-old Arctic
char were significantly greater after exposure to warmer conditions
(Figure 3a; Figure S13). These data demonstrate that the modifica-
tion of GP lipids is not the only mechanism through which Arctic
char can cope with exposure to higher temperatures. SM are the
most abundant SP lipids and more than half of the cellular SM is
confined to the plasma membrane (Koval & Pagano, 1991). Due to
its acyl chain composition, SM is packed tightly and can increase
packing density in membranes (Holthuis & Menon, 2014; van Meer
etal., 2008). Thus, globally increased abundances of SM could offset
the fluidizing effect induced by increased temperature and help to
stabilize structures of membranes. Moreover, SM has a strong ten-
dency to form transient, dynamic, and relatively ordered “lipid raft”
microdomains with cholesterol and proteins on plasma membranes
(Ando et al., 2015; Bieberich, 2018). These lipid rafts are thought to
regulate protein trafficking and important signal transductions re-
lated to cell adhesion, migration, survival, and proliferation (Hanzal-
Bayer & Hancock, 2007; Lingwood & Simons, 2010). The greater
amounts of SM present in Arctic char might be a result of active
formation of dynamic lipid raft structures due to upregulated in-
tercellular interactions in response to temperature shifts. A similar
finding of greater abundances of SM species has been reported in
crucian carp (Carassius carassius) acclimated to warmer temperatures
(K3kel3 et al., 2008).

Weighted correlation network analysis analysis clusters fea-
tures into co-expressed modules, with features in the same mod-
ule sharing the same expression pattern. By using unsupervised and
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completely data-driven network analysis, thermal response modules
in different tissues were identified individually and significant over-
laps between these thermal response modules from different tis-
sues were revealed (Figure 4a). The results of the WGCNA analysis
demonstrate coordinated and co-regulated changes in the lipidome
of various tissues and suggest that various cell types, including neu-
rocytes, hepatocytes, and myocytes, share a conserved mechanism
for lipid remodeling to cope with shifts in temperature. Hub lipids
are lipids with greatest intra-modular connectivities and represent a
disproportionate role in influencing changing patterns of other lipids
in the network. In this study, most of the hub lipids in brain, liver,
and muscle were PE and PC (Figure 4b), which highlights the central
role of PE and PC lipids in regulation of membrane homeostasis in
these tissues. However, in plasma, DG was identified as the hub lipid
(Figure 4b) and at the same time the most responsive molecules (in
fold change) in response to warm treatment (Figure 2c). DG lipids are
key intermediates in lipid metabolism and important second mes-
sengers in cellular signaling processes (Carrasco & Mérida, 2007).
DG could be used with either CDP—choline or CDP—ethanolamine
for de novo PC or PE biosynthesis through the Kennedy pathway
(Kennedy & Weiss, 1956), which might provide an additional path-
way for membrane lipid remodeling caused by shifts in tempera-
ture. In addition, DG could also directly affect physical properties
of membranes, although they are a minor component of membranes
in quantitative terms. Due to their small headgroup, DGs tend to
form inverted micellar structures and thus, increased DG concen-
tration would introduce a disruption of the lamellar phase of lipid
membranes and promote fusion and fission (Furt & Moreau, 2009;
Gomez-Fernandez & Corbaldn-Garcia, 2007). In this study, the de-
creased DG concentrations could help to stabilize membrane bilayer
structure when exposed to the warmer temperature. Overall, these
findings indicate the potential roles of plasma DG in Arctic char deal-
ing with shifts in temperature.

Using time-series analysis, results of this study provide insights
into dynamic regulation of global lipid metabolism during shifts
in temperature. To date, studies monitoring dynamics of lipids in
response to chronic temperature shifts are limited. In this study,
lipids in liver of 8-week-old Arctic char exhibited rapid and consis-
tent responses to stepwise decreases in temperature (Figure 5d).
Particularly, polyunsaturated PE species responded quickly to a
minor temperature drop of 1°C. Additionally, several major and
significant alterations in the hepatic lipidome of Arctic char were
observed to persist during the course of cold treatment, including
increased degree of lipid unsaturation in PE and TG classes, in-
creased abundances of lysoPE, and decreased abundances of un-
saturated PG and SM molecules. These observations are consistent
between 1-year-old and 8-week-old fish, indicating that these mod-
ulations are conserved during larval development in Arctic char. It
is possible that lipid composition and the regulatory mechanisms
of lipidome adaption in Arctic char have evolved to be well suited
for lower temperature environments. However, during the early pe-
riod of warm treatment, 8-week-old Arctic char showed a delay and
inconsistent regulation of the hepatic lipidome (Figure 5e). These
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findings suggest an inability of Arctic char to adapt rapidly to in-
creasing ambient temperatures and can partly explain the sensitiv-
ity of this species to high summer temperatures (Elliott & Elliott,
2010). Moreover, unlike older fishes, the abundances of almost all
PC molecules were significantly greater during the warmer tem-
perature, whereas opposite changes were seen in individuals at
the colder temperature (Figure S23). It has been reported that PE
are non-bilayer lipids and addition of unsaturated PE could desta-
bilize membranes (Cullis & De Kruijff, 1979; de Kroon et al., 2013).
Facilitated by its cylindrical shape, PC molecules self-assemble into
closed bilayers and possess a stabilizing effect on the membrane
bilayer architecture (Holthuis & Menon, 2014). Thus, the increased
abundances of PC could counter the destabilizing effect induced by
the increased proportion of unsaturated PE species in 8-week-old
Arctic char. The apparent discrepancy in regulating PC profiles be-
tween 1-year-old and 8-week-old Arctic char may explain the ob-
servation that younger fish are more susceptible to temperature
shifts than older fish.

In summary, a multi-tissue analysis of the Arctic char lipidome
revealed several adaptive mechanisms of this ecologically and eco-
nomically important species in response to shifts in temperature,
which could be caused by near-future Arctic warming (Figure 7).
This study is the first to elucidate hepatic lipid dynamics over the
time course of temperature shifts by a large-scale lipidomics ap-
proach. Another strength of this study is the use of both warm and
cold treatment to study the changes of lipidome in the face of tem-

perature changes. The opposite effects induced by warm or cold

Brain ‘.

Liver
Muscle

ST e T
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treatment further verified direct participation of the identified lipid
groups in regulation of thermal adaption. The main findings include

the following:

1. Early life stages of Arctic char are more susceptible to tem-
perature variations.

2. Arctic char respond to increased temperatures with highly coordi-
nated lipid regulations, including headgroup-specific remodeling
of acyl chain profile in GP molecules and extensive alterations
in membrane lipid composition, such as less lyso-GPs, and more
ether-GPs and SMs.

3. Except for phospholipids, glycerolipids also participate in the
adaptive regulations of Arctic char lipidome in response to tem-
perature shifts. For instance, plasma TG can serve as cache of
fatty acids for membrane lipids remodeling during the thermal
adaption process.

4. Eight-week-old Arctic char exhibited rapid adaptive alterations
in the hepatic lipidome in response to stepwise temperature de-
creases while showing blunted responses to gradual tempera-
ture increases, implying an inability to adapt rapidly to a warmer

environment.

These findings demonstrate the central role of lipids in response
to temperature changes and underscore the utility of lipidomics for
studying the regulation and function of lipids. Our work provides a
comprehensive source to better understand the regulatory mecha-

nisms of Arctic organisms in the face of near-future Arctic warming.

Thermal
: adaption
Mechanism 1 Mechanism 2 “ FIGURE 7 Two main regulatory
Alterations in lipid composition Headgroup-specific remodeling mechanisms of Arctic char lipidome in
of acyl chain profile PE response to chronic temperature shifts
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Further study will be needed to identify the metabolic cost of differ-
ent lipid adaptations and whether fecundity is affected by thermal

changes.
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Materials and Methods
1. Lipid standards

For method validation, eleven deuterated lipid standards were employed. These lipid
standards include phosphatidylcholine [PC (15:0/18:1(d7))], lysophosphatidylcholine [lysoPC
(18:1(d7))], phosphatidylethanolamine [PE (15:0/18:1(d7))], lysophosphatidylethanolamine
[lysoPE (18:1(d7))], phosphatidylglycerol [PG (15:0/18:1(d7))] (Na Salt), triacylglycerol [TG
(15:0/18:1(d7)/15:0)], diacylglycerol [DG (15:0/18:1(d7))], monoacylglycerol [MG (18:1(d7))],
cholesteryl ester [CE (18:1(d7))], sphingomyelin [SM (d18:1/18:1(d9))], and ceramide [Cer
(d18:1(d7)/15:0)]. They were obtained from Avanti Polar Lipids (Alabaster, AL, USA) and have
a purity > 99%.

Moreover, individual standards PC (19:0/19:0), lysoPC (19:0), PE (17:0/17:0), Cer
(d18:1/17:0), and TG (15:0/18:1(d7)/15:0) were also obtained from Avanti Polar Lipids. These
standards were spiked to each sample before lipid extraction and used as internal standards.

All standards were dissolved in chloroform/methanol solution (2:1, v/v).

2. Lipid extraction method

Lipid extraction was carried out using an isopropanol (IPA) based protein precipitation
approach (Calderdn et al., 2019; Sarafian et al., 2014) with minor modifications. For plasma, 400
uL of cold IPA/H>O mixture (9:1, v/v) was added to 100 uL of plasma. For tissues, 750 pL of
cold IPA/H>0O mixture (9:1, v/v) was added to 10 mg tissue and then finely homogenized using a
TissueLyzer bead mill (Qiagen, Hilden, German) at 30 Hz for 1 min in a 2.0 mL microcentrifuge
tube (Fisherbrand, Catalog# 02-682-558). Samples were vortex mixed and sonicated for 1 min.
After incubation at room temperature for 10 min, samples were stored at —20 °C overnight.
Samples were next centrifuged for 20 min at 12,000 g and 4 °C. Finally, the supernatant was
filtered through a 0.2 um Titan3™ hydrophobic filter (Thermo Scientific, San Jose, CA, USA)
before LC-MS analysis. Lysophosphatidylcholine [lysoPC (19:0)], phosphatidylcholine [PC
(19:0/19:0)], phosphatidylethanolamine [PE (17:0/17:0)], ceramide [Cer (d18:1/17:0)], and
triacylglycerol [TG (15:0/18:1(d7)/15:0)] were added to each sample before extraction to serve as
internal standards. Quality control (QC) samples were prepared by pooling 10 pL of aliquots

from each sample.
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122 3. Lipidomics method based on UHPLC Q-Exactive Orbitrap MS platform
123 A Dionex Ultimate 3000 RS UHPLC system coupled online with a Q-Exactive Orbitrap

124 mass spectrometer (Thermo Scientific, San Jose, CA, USA) was used for nontargeted lipidomics
125  analysis. An Accucore™ C30 column (2.6 pm, 2.1 mm x 250 mm, Thermo Scientific, San Jose,
126 CA, USA) was used for chromatographic separation of lipids. Mobile phase A was
127  acetonitrile/water (60: 40, v/v) and mobile phase B was isopropanol/acetonitrile (90: 10, v/v),
128  both containing 0.1% formic acid and 10 mM ammonium formate. The column was maintained
129  at 40 °C and the flow rate was 0.35 mL/min. The elution gradient was performed as follows: 0-3
130  min, isocratic flow with 30% B; 3—8 min, 30—43% B; 8-8.1 min, 43—-50% B; 8.1-17 min, 50-70%
131  B; 17.1-24 min, 70-99% B; 2427 min, maintained with 99% B; 27-27.1 min, 99-30% B; 27.1—
132 31 min, 30% B for column equilibration.

133 Mass spectrum was acquired in both positive and negative modes. The electrospray
134  ionization (ESI) source parameters were optimized to reduce any possible in-source fragments
135  (ISF). The spray voltage was set at 3.2 or 2.8 kV and capillary temperature was maintained at 285
136 or 320 °C for positive or negative mode respectively. Sheath gas, aux gas, S-lens RF level, and
137  probe heater were set at 35, 10, 50, and 370 °C for all ionization modes. The Orbitrap mass
138  analyzer operated at a resolving power of 70,000 in full scan mode (scan range: 150-1200 m/z;
139 AGC target: 1e®) and of 17,500 in the Topl0 data-dependent MS? mode (HCD fragmentation
140  with stepped normalized collision energy: 25 and 35 in positive mode, and 20, 30, and 40 in
141  negative mode; Injection time: 50 ms; Isolation window: 1.2 m/z; AGC target: 1¢°) with dynamic
142 exclusion of 8 s. The mass spectrometer was externally calibrated every week using the Pierce™
143 LTQ Velos ESI Positive/Negative Ion Calibration solutions. Moreover, an iterative exclusion (IE)
144  strategy, where selected precursors using ddMS>~top10 analysis were excluded in sequential
145  injections, was applied to increase lipidome coverage in the current study. In total of 5 sequential
146  injections of QC samples were analyzed for each polarity by ddMS?*~top10 with IE. A 100 ppm
147  exclusion tolerance was used.

148
149 4. Validation of the untargeted lipidomics method

150 Validation of the lipidomics method was performed in the presence of fish tissue matrix.
151  Linearity, recovery, and repeatability were assessed according to (Food and Drug Administration,

152 2001).

S5



153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169

170

171
172
173
174
175
176
177
178
179
180
181
182
183

4.1 Linearity

Linearity was determined by eleven deuterated lipid standards covering the major lipid
subclasses, i.e., PC (15:0/18:1(d7)), lysoPC (18:1(d7)), PE (15:0/18:1(d7)), lysoPE (18:1(d7)),
PG (15:0/18:1(d7)) (Na Salt), TG (15:0/18:1(d7)/15:0), DG (15:0/18:1(d7)), MG (18:1(d7)), CE
(18:1(d7)), SM (d18:1/18:1(d9)), and Cer (d18:1(d7)/15:0). All standards were spiked to fish
tissue samples at 9 different concentrations (Table S1) before lipid extraction. The mean peak
area of duplicate measurements at each concentration level was calculated, and the calibration
curve for each lipid standards was constructed based on the mean peak area vs its corresponding
concentration.
4.2 Recovery

The recoveries were calculated for each lipid standard as the ratio of the peak area of that
lipid in the sample spiked prior to extraction and that in the sample spiked after sample extraction.
4.3 Repeatability

Repeatability was evaluated by % RSD of peak area of the detected lipids obtained from
quality control (QC) samples. QC sample was prepared by pooling 10 uL of aliquots from each

sample. QC samples were inserted after every 10 samples throughout the analysis sequence.

5. Weighted correlation network analysis (WGCNA)

The weighted correlation network analysis (WGCNA) was constructed using the R package
WGCNA (Langfelder et al., 2008). All the annotated lipids of each tissue type were used for
network construction and assigned into modules. The intramodular connectivity (Kwithin)
represents the hubness of a lipid in one module, i.e., the higher Kwithin value would indicate the
stronger connection of one lipid to the other lipids in the specified module. To identify the
thermal treatment related modules, over-representation analysis of significantly altered lipids
were performed for each module using a hypergeometric test with P-values adjusted by the
Benjamini-Hochberg method for multiple-test correction (Langfelder et al., 2008; Benjamini et
al., 1995). Cytoscape was used for visualization of the co-expression networks (Shannon et al.,
2003). Parameters used for network construction are as follows:

Plasma: with the parameters of softPower = 11, minimum module size = 15, and cutting height =
0.995. All the 625 lipids that were confidently annotated by our lipidomics workflow were used

for network construction and were assigned into 5 modules.
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Brain: with the parameters of softPower = 14, minimum module size = 20 and cutting height =
0.997. All the 565 lipids that were confidently annotated by our lipidomics workflow were used
for network construction and were assigned into 7 modules.

Liver: with the parameters of softPower = 13, minimum module size = 20 and cutting height =
0.995. All the 455 lipids that were confidently annotated by our lipidomics workflow were used
for network construction and were assigned into 8 modules.

Muscle: with the parameters of softPower = 11, minimum module size = 20 and cutting height =
0.995. All the 462 lipids that were confidently annotated by our lipidomics workflow were used

for network construction and were assigned into 7 gene modules.
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Fig. S1. Experimental design for the collection of samples. Circles indicate dates of sampling.
For one-year-old fish, individual body mass and fork length were measured on each sampling day
(circles), and on day-53 all fish were anesthetized and blood plasma, brain, liver, and muscle
tissues were taken for lipidomics analysis. For eight-week-old fish, 8 or 10 randomly selected
fish were anesthetized on each sampling day, and body mass and fork length were measured.
Meanwhile, liver tissues were collected humanely for lipidomics analysis.
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202

203  Fig. S2. Reproducibility of untargeted lipidomics method for pooled QC samples in positive (a)
204  and negative (b) modes.
205
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206

207  Fig S3. Number of detected lipid species in plasma, brain, liver, and muscle in one-year-old
208  Arctic char.
209
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Fig. S4. Composition of significantly altered lipids in different tissue types of one-year-old
Arctic char. Benjamini-Hochberg corrected P value (FDR) < 0.05 by one-way ANOVA were
adopted as criteria for the determination of significantly altered lipids.
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215

216  Fig. S5. Upset plot showing the overlaps of significantly altered lipids in different tissue types of one-year-old Arctic char. The plot
217  was produced by UpsetR package.
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218

219  Fig. S6. Variability of lipid species in response to warm treatment. Each data point represents the absolute value of logx(fold change)
220  between warm treatment group and control group. Lipids are grouped by class.
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222 Fig. S7. Variability of lipid species in response to cold treatment. Each data point represents the absolute value of logx(fold change)
223 between cold treatment group and control group. Lipids are grouped by class.
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224

225  Fig. S8. Bubble plots illustrating altered fatty acid composition of PE species in brain, liver, and
226  muscle of one-year-old Arctic char. Dot color indicates the log>(fold change) relative to control.
227  The dot size indicates the significance.
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228

229  Fig. S9. Bubble plots illustrating altered fatty acid composition of PC species in brain, liver, and
230  muscle of one-year-old Arctic char. Dot color indicates the log>(fold change) relative to control.
231  The dot size indicates the significance.
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232

233 Fig. S10. Heatmap plots showing altered abundances of lysoglycerophospholipid (lysoGP) lipids
234  in one-year-old Arctic char by temperature shifts. The average values of significantly altered
235  lipids in each treatment group were presented. Data were log-transformed and Z-score scaled in
236  prior to data visualization.

237
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238

239  Fig. S11. Heatmap plots showing significantly altered abundances of ether-linked lipids in one-
240  year-old Arctic char by temperature shifts. The average values of significantly altered lipids in
241  each treatment group were presented. Data were log-transformed and Z-score scaled in prior to
242 data visualization.
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Fig. S12. Changes in acyl chain profile of ceramide (Cer), hexosylceramide (HexCer), and
sulfatide (SHexCer) molecules in one-year-old Arctic char by temperature shifts. The average
values of significantly altered lipids in each treatment group were presented. Data were log-
transformed and Z-score scaled in prior to data visualization. The lipids within each tissue type
are sorted first by the increasing total number of double bonds and then by the total number of
carbons in the hydrocarbon chains.
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250

251  Fig. S13. Heatmap plot showing significantly altered abundances of sphingomyelin (SM) species
252  in one-year-old Arctic char in response to thermal treatment. All data were log-transformed and
253 Z-score scaled in prior to heatmap analysis.

254
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255

256  Fig. S14. Bubble plots illustrating altered fatty acid composition of TG species in plasma after
257  exposure to cold treatment. Dot color indicates the log, fold change relative to control. The dot
258  size indicates the significance.

259
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Fig. S15. Heatmap plot showing significantly altered abundances of diacylglycerol (DG)
molecules in plasma of one-year-old Arctic char in response to temperature shifts. All data were
log-transformed and Z-score scaled in prior to heatmap analysis.
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Fig. S16. Correlation networks and modules for the Arctic char plasma (a), brain (b), liver (¢), and muscle (d) after exposure to
temperature shifts. Dendrograms were produced by average linkage hierarchical clustering of lipids on the basis of a topological
overlap. Horizontal color bars represent different modules of correlated lipids. Unassigned lipids are indicated in grey. PM, plasma
module; BM, brain module; LM, liver module; MM, muscle module.
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270

271  Fig. S17. Pairwise comparisons between modules constructed by WGCNA. Significance of the most highly overlapping modules for
272  each pairwise comparison is given alongside the number of overlapping lipids per module. The shading in the tables illustrates the
273 significance of overlapping as logio (P value). Abbreviated names of each module were assigned for simplicity. PM, plasma module;
274  BM, brain module; LM, liver module; MM, muscle module.
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Fig. S18. Principal component analysis (PCA) of detected lipids in liver of eight-week-old fish
on sampling day 0, 5, 10, and 15. The first two canonical axes are plotted. Data were log-
transformed and auto-scaled in prior to PCA analysis.
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280

281  Fig. S19. Heatmap plot and hierarchical clustering (Euclidean distance and Ward procedure) of all identified lipids in liver of eight-
282  week-old Arctic char. All data were log-transformed and Z-score scaled before analysis.
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283

284  Fig. S20. Number of significantly altered glycerophospholipid (GP), glycerolipid (GL), or
285  sphingolipid (SP) species in liver of eight-week-old Arctic char by temperature shifts.
286  Significantly altered lipids were determined by one-way ANOVA followed by Fisher’s LSD test
287  (FDR <0.05).

S27



288

289  Fig. S21. Changes in fatty acid composition of PE and TG species in liver of eight-week-old Arctic char during the course of stepwise
290  temperature decreases. Dot color indicates the logx(fold change) relative to control. The dot size indicates the significance. FC: fold
291  change.
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292

293 Fig. S22. Changes in fatty acid composition of PE and TG species in liver of eight-week-old Arctic char during the course of stepwise
294  temperature increases. Dot color indicates the logx(fold change) relative to control. The dot size indicates the significance. FC: fold
295  change.
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297  Fig. S23. Changes in fatty acid composition of PC species in liver of eight-week-old Arctic char during temperature shifts. Dot color
298 indicates the log2(fold change) relative to control. The dot size indicates the significance. FC: fold change.
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Table S1. Analytical characteristics of the untargeted lipidomics method'

Linearity
Lipid Standards Exact Mass RT (min) Adduct Ion Recovery Rate (%)
Concentration Range (ug/mL) R’
PC (15:0/18:1(d7)) 752.6061 17.20 [M+H]+ 0.05-10 0.998 80.98
lysoPC (18:1(d7)) 528.3921 4.53 [M+H]+ 0.01-10 0.998 89.52
PE (15:0/18:1(d7)) 710.5591 17.59 [M+H]+ 0.05-10 0.999 94.60
lysoPE (18:1(d7)) 486.3451 4.75 [M+H]+ 0.01-10 1.000 88.25
PG (15:0/18:1(d7)) 741.5537 16.47 [M-H]+ 0.05-10 0.999 79.90
TG (15:0/18:1(d7)/15:0) 811.7464 24.95 [M+NH4]+ 0.05-10 0.999 107.21
DG (15:0/18:1(d7)) 587.5506 16.54 [M+NH4]+ 0.05-10 0.997 97.37
MG (18:1(d7)) 363.3366 7.83 [M+H]+ 1-10 0.999 113.50
CE (18:1(d7)) 657.6441 26.33 [M+H]+ 1-10 0.999 91.47
SM (d18:1/18:1(d9)) 737.6397 16.36 [M+H]+ 0.05-10 0.999 99.79
Cer (d18:1(d7)/15:0) 530.5404 17.07 [M+H]+ 0.01-10 0.998 90.04

!'Validation of the lipidomics method was performed in the presence of fish tissue matrix.
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