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ABSTRACT

Climate warming is causing rapid spatial expansion of ocean warm pools from equatorial
latitudes towards the subtropics. Sedentary coral reef inhabitants in affected areas will thus
be trapped in high temperature regimes, which may become the “new normal’. In this
study, we used clownfish Amphiprion ocellaris as model organism to study reef fish
mechanisms of thermal adaptation and determine how high temperature affects multiple
lipid aspects that influence physiology and thermal tolerance. We exposed juvenile fish to
two different experimental conditions, implemented over 28 days: average tropical water
temperatures (26 °C, control) or average warm pool temperatures (30 °C). We then
performed several analyses on fish muscle and liver tissues: i) total lipid content (%), ii)
lipid peroxides, iii) fatty acid profiles, iv) lipid metabolic pathways, and v) weight as body
condition metric. Results showed that lipid storage capacity in A. ocellaris was not affected
by elevated temperature, even in the presence of lipid peroxides in both tissues assessed.
Additionally, fatty acid profiles were unresponsive to elevated temperature, and lipid
metabolic networks were consequently well conserved. Consistent with these results, we
did not observe changes in fish weight at elevated temperature. There were, however,
differences in fatty acid profiles between tissue types and over time. Liver showed
enhanced a-linolenic and linoleic acid metabolism, which is an important pathway in stress
response signaling and modulation on environmental changes. Temporal oscillations in
fatty acid profiles are most likely related to intrinsic factors such as growth, which leads to
the mobilization of energetic reserves between different tissues throughout time according
to organism needs. Based on these results, we propose that the stability of fatty acid
profiles and lipid metabolic pathways may be an important thermal adaptation feature of

fish exposed to warming environments.

Keywords: clownfish; warming environments; coral reefs; fatty acid profiling; lipid metabolic

networks
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1. Introduction

Oceans are a major heat sink for Earth’s climate system (Herbert et al., 2010). Global
warming has caused tropical oceans to warm by 0.8 ‘C to 1.6 °C in the past decades
(IPCC, 2019). As a consequence, large fluctuations of ocean isotherms are also occurring,
causing a rapid expansion of ocean warm pools (Arora et al., 2016). Areas with sea surface
temperatures (SST) between 29 °C — 30 °C in tropical oceans and seas have increased at
a rate of 2.29 x 108 km? per decade since the 1980s, whereas areas with SST between 26
°C and 28 °C have been contracting, and subtropical areas with SST below 25 °C have
changed little (Lin et al., 2011). The distribution of tropical ocean temperatures is thus being
skewed towards the warmer edge. Additional thermal pressures are expected to be exerted
on marine ecosystems, with predicted future anomalies for the tropical regions in the range
of + 0.9 °C to + 3.3 °C across the different climate warming scenarios for the late 21st

century (2081-2100; IPCC, 2014, 2013).

Previous studies of marine organisms’ responses to a warming environment have
highlighted the importance of reorganizing biodiversity in space and time (Groom et al.,
2012), with shifts in ecosystem structure and function (Bijma et al., 2013; Graham et al,,
2008). For instance, tropical reef fish have been found to be “on the move”, especially at
the latitudinal limits of their distribution (S. Bejarano, pers. com.). This ongoing process
depends on fish environmental tolerance limits as well as their capacity for adaptation and
rates of molecular and phenotypic trait evolution (Bruneel et al., 2018; Payne et al., 2016;
Rummer et al., 2014). However, ongoing expansion of ocean warm pools beyond areas of
regular occurrence means that many tropical and subtropical fish populations and species,
especially slow swimmers, or sedentary ones, may find themselves trapped and living
permanently at or beyond the limits of their optimum tolerance range. Despite the high
thermal tolerance of these ectotherms, it is not clear if such an environment will lead to
increased thermal specialization and novel adaptations or to deleterious effects for already

warm-adapted species. This knowledge is especially relevant given that species with low
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capacity for movement and/or limited ability for further acclimation to heat may be

disproportionally affected (Madeira et al., 2018; Roessig and Woodley, 2004 ).

The deleterious effects of high temperatures are usually a consequence of energetic
tradeoffs at the organism level, theorized by Sokolova (2013) as energy-limited tolerance to
stress. During stress, a higher energetic investment in physiological compensatory
mechanisms occurs, at the expense of growth and reproductive output (Angilletta et al.,
2003; Munday et al., 2012). This is explained by the loss of bioenergetics balance, in which
an exhaustion of cellular energetic fuels occurs, with consequent changes in availability,
structure and composition of the main energy reserves, namely lipids (Balogh et al., 2013;
Valles-Regino et al., 2015; Wen et al., 2017). These effects are expected to cascade
through the food web, with severe impacts for marine populations (Anacleto et al., 2014;
Colombo et al., 2020). In fact, lipids provide the densest form of energy in marine
ecosystems, but they are also very susceptible to oxidative damage arising from stressful
conditions (Parrish, 2013). Higher trophic levels are expected to be the most impacted by a
decrease in lipid quality and/or availability, because organisms will be left with no option but
to feed on less nutritious food. For instance, Hixson and Arts (2016) suggested that ocean
warming could lead to a worldwide reduction of omega-3 long-chain polyunsaturated fatty
acids (FA) availability in marine organisms. These essential FA are mostly obtained
through diet and have vital roles in cellular processes such as membrane remodeling and
homeoviscous adaptation, determinants of thermo-sensitivity (Csoboz et al., 2013; and see
also Ernst et al., 2016; Eghtesadi-Araghi and Bastami, 2011 and Sinensky, 1974 for a
review). Additionally, essential FA play important roles in nutrient transport and enzyme
activity (Neidleman, 1987). The decreased bioavailability of omega-3 FA under current
warming conditions is already affecting the fithess of top predators (e.g. decreasing
spawning and egg quality, fertilization and hatching rates, Rainuzzo et al., 1997) and

consequently ecosystem stability (Colombo et al., 2020; Parrish, 2013).
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In this context, the utility of systems-biology approaches, such as the large-scale study of
lipids and their interactions, pathways and networks, coupled to computational methods, is
useful for identifying metabolic state and organism health (Checa et al., 2015; Torok et al.,
2014). Specifically, targeted investigations of alterations in the composition and content of
lipid classes like fatty acids provide information on physiological and pathological condition
and facilitate mechanistic insights into changes in cellular function, biochemical

mechanisms of stress and impaired health processes under climate warming.

Past studies have shown that both freshwater and marine fish exposed to higher
temperatures usually i) decrease their overall body lipid content, e.g. Atlantic salmon Salmo
salar (Ruyter et al., 2006; Todd et al., 2008); ii) decrease diversity in FA composition, e.g.
duskytail grouper Epinephelus bleekeri (Dey et al., 1993); iii) decrease levels of
polyunsaturated and long-chain polyunsaturated fatty acids (PUFA and HUFA) over time,
e.g. seabass Dicentrarchus labrax, (Barbosa et al., 2017) ; iv) decrease levels of omega-3
FA, e.g. tuna Thunnus alalunga, (Pethybridge et al., 2015), v) increase overall levels of
saturated fatty acids (SFA), e.g. golden mahseer Tor putitora, (Akhtar et al., 2014) and vi)
have higher levels of polar lipids and decreased levels of neutral lipids (especially
triglycerides) (e.g., seabass D. labrax, Bouaziz et al.,, 2017). These studies ultimately
suggest that environmental variation leads to altered physiological phenotypes, with
significant internal stoichiometry, metabolic and bioenergetic consequences. However,
crucial knowledge gaps persist, especially with regards to the comprehension of the
mechanisms and layers of molecular networks that underlie these changes. Advances are
therefore needed to provide insights into the cellular regulatory pathways that determine

phenotypic outcomes of marine organisms under climate change.

In this study, we profiled fatty acids of the model tropical reef fish Amphiprion ocellaris to
understand how fatty acid metabolism shapes thermal acclimation and adaptation potential
of shallow water, sedentary tropical fish to a warmer environment. We have previously

shown that A. ocellaris responds to temperature increase by upregulating the cellular stress
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response in muscle, gills and liver (Madeira et al. 2016). As a follow-up, fatty acid profiles,
pathways and networks, as well as lipid contents and lipid peroxides, anchored in body
condition metrics (weight) were assessed in fish exposed to control (26 °C) and warmer
conditions (30 °C) in order to test the following hypotheses: H1) different tissues show
variable susceptibility to variation in lipid composition and metabolism under high
temperature; H2) tissues show reduced lipid contents as consequence of temperature-
induced lipid peroxidation damage and higher bioenergetic costs to maintain homeostasis;
H3) FA profiles display changes in saturated and unsaturated fatty acids as temperature
increases; H4) omega-3 FA concentrations decrease, whereas omega-6 FA concentrations

increase at high temperature, with cascading consequences for metabolic pathways.

2. Materials and methods

2.1. Animal housing

We selected the Pomacentridae fish Amphiprion ocellaris as study species since it has
proven to be a suitable model for climate change studies (Madeira et al., 2016; Madeira et
al., 2017). It is also a well-established ornamental aquaculture species, easy to obtain, with
simple handling and care (Khoo et al., 2018; Vargas et al., 2016). Ocellaris clownfish have
a bi-phasic life cycle with an oceanic larval phase (2 weeks) and a reef benthic phase in
juvenile (post-recruitment), adult and embryo stages, in which the fish live symbiotically
with their host sea anemones (Roux et al., 2019). Clownfish live in groups, in a dominance-
based social hierarchy composed of a breeding pair and several smaller non-breeding male
fish. The adults have an average life-span of 6-10 years in the wild (Fautin and Allen,
1992). Three-month old juvenile fish (N = 48, weight 1.05 £ 0.28 g, length 3.54 + 0.36 cm)
were purchased at the Tropical Marine Centre Iberia hatchery (Loures, Portugal) and
placed in a marine life-support system upon arrival at experimental facilities, where they

were acclimated for two weeks at a constant temperature of 26 £ 0.5 °C.
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2.2. Experimental setup

During experiment trials, 26 + 0.5 ‘C was set as the control temperature, which represents
the average water temperature at which A. ocellaris lives (Allen, 2009; Madeira et al.,
2017). Additionally, this temperature also reflects the thermal history conditions of our
specimens — clownfish from the hatchery were reared at this temperature, as well as the
original brood stock. The high temperature treatment was set at 30 + 0.5 °C, which
corresponds to warm pool temperatures, at the limit of A. ocellaris’ native thermal range (22
°C — 30 °C, Allen, 2009; Madeira et al., 2017). The aquaria system consisted of an indoor
re-circulating volume of 2,000 L, with filtered and aerated seawater. It comprised six
polyvinyl tanks (dimensions 35 x 35 x 55 cm), one common sump, an external skimmer and
a UV filter. Tanks were the experimental units, with three replicates for each temperature
condition (N = 8 animals.tank™', mirroring density of fish in nature in a single host anemone).
Fish were fed twice a day with a mixture of frozen and dry food (shrimp, mussels and
Spirulina pellets in proportion 1:1:1 weight). Salinity was kept at 35 ppt (measured once a
day); pH at 8 + 0.01, ammonia below < 0.1 mg.I"" and nitrites below 0.3 mg.I"" (measured
once a week). The light-dark cycle was kept at 12L:12D. Animal sampling was performed
once per week for 28 days. Five specimens were randomly sampled on day 0 from both
treatments as an overall baseline control (before any change in temperature), euthanized
by cervical dissection, measured, weighed, and muscle and liver tissues dissected and
frozen at -80 °C. Water temperature in the high temperature treatment tanks was then
increased at a rate of 0.10 °C.hr", maintained with thermostat heaters (ELITE 200W) and
continuously monitored with Petco thermometers (UK). On days 7, 14, 21 and 28, three to
five specimens from each temperature (control and high temperature) were sampled as
previously described (Nwtal = 3-5 specimens x 5 timepoints x 2 treatments = 38 specimens

sampled in total).

2.3. Total lipid extraction and quantification
All glassware used in this protocol was combusted prior to use at 450 °C for 5 h. Tissue

samples (Niotal = 38 specimens x 2 tissues = 76 samples) were freeze-dried and ground to

10
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a fine homogeneous powder. Lipids from 2-5 mg and 10-30 mg of tissue (liver and muscle,
respectively) were extracted with 1 ml of 2:1 dichloromethane:methanol (DCM:MeOH),
vortexed for 5 s and sonicated for 10 min in an ice-cold water bath. Samples were then
frozen at -20 °C overnight to allow the settlement of tissue particles in the solvent. The
supernatant from each sample was then transferred to new glass vials with glass pipettes
and the resulting total lipid extracts (TL) were evaporated to dryness under a stream of Na.
All the previous extraction steps were repeated at least three times for each sample. Lipid
content (LC) in each sample was then calculated as follows:

%LC = (WeightTL -+ Weightyissue Sample) x 100

2.4. Lipid peroxidation levels

Tissue samples (Niwtal = 38 specimens x 2 tissues = 76 samples) were homogenized in 1 ml
of phosphate buffer saline (140 mM NaCl, 3 mM KCI, 10 mM NaxHPO4, 2 mM KH2PO4, pH
7.4) using a Tissue Master 125 homogenizer on ice. The crude homogenates were then
centrifuged at 4 °C for 15 min at 10,000 x g. The supernatants were collected, transferred
to new microtubes and frozen immediately (-80 °C). The lipid peroxides assay was adapted
from the thiobarbituric acid reactive substances (TBARS) protocol (Uchiyama and Mihara,
1978). In brief, five pl of each sample were diluted in 45 pl of 50 mM NaH2PO, buffer. Then,
12.5 pl of SDS 8.1 %, 93.5 pl of trichloroacetic acid 20 % and 93.5 pl of thiobarbituric acid 1
% were added, together with 50.5 pul of ultrapure water before vortexing the microtubes for
30 s, followed by an incubation in boiling water for 10 min. Samples were afterwards placed
on ice for a few minutes to cool, 62.5 ul of Milli-Q grade ultrapure water were added and
absorbance was read at 530 nm in a microplate reader (Benchmark, Bio-Rad). To quantify
the lipid peroxides, an eight-point calibration curve (0 to 0.3 yM TBARS) was calculated
using malondialdehyde bis (dimethylacetal) standards (Merck). Lipid peroxides results were

then normalized per mg of TL.

2.5. Clownfish fatty acids profiling

11
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For fatty acid profiling, 50 ul of a recovery standard with n-Cg,0 alkanoic acid in ethyl
acetate were quantitatively added to the TL of each sample (Niwta = 38 specimens x 2
tissues = 76 samples). TL were then methylated to produce fatty acid methyl esters
(FAMESs) using 1 ml of BF3in MeOH (14% by volume, Sigma Aldrich), sonicated for 5 min
and placed in an oven for 2 h at 100 °C. After adding 2 ml of nanopure water, FAMEs were
extracted with 1 ml hexane, vortexed and then centrifuged for 3 min at 1500 rpm to
accelerate the separation process. The hexane phase of each sample was collected into
new vials. Extraction of FAMEs with hexane rinses was repeated at least three times.
Samples were then blown down to dryness with a N2 stream and dissolved in 300 pl of
ethyl acetate prior to quantification of FAMEs by gas chromatography with a flame
ionization detector (GC-FID) (GC-2010 Plus, Shimadzu, Japan). An AOC-20i autosampler
(Shimadzu) injected the samples through a split/splitless injector operated in splitless mode
at 280°C. The GC column was an InertCap 5MS/NP column (30 m; 0.25 mm; 0.25 ym; GL
Sciences, Japan). The GC oven program heated from 70 °C to 130 °C at 20 °C.min"" and
then from 130 °C to 320 °C at 4°C.min" and held for 20 min. The GC-FID limit of detection
(LOD) was 20 ng.ul" for all FA. All compounds were quantified relative to the n-C1g, fatty
acid recovery standard and the final concentration expressed as ug.mg’' of dry weight.
Compounds were identified by comparing their retention times to those of laboratory
standards (Supelco 37 Component FAME Mix, ref. CRM47885). Samples with unidentified
compounds were further analyzed under identical chromatographic conditions by gas
chromatography—mass spectrometry (GC-MS) with a QP2020 mass
spectrometer (Shimazdu) and comparing the resulting mass spectra to reference spectra in

the National Institute of Standards and Technology (NIST) library.

2.6. Data analysis

2.6.1. Fish body condition: weight
Body mass (g) was analyzed for outliers (box-whiskers plot) and tested for normality

(Shapiro’s Wilk test) and homoscedasticity (Levene’s test). Following assumptions, the

12
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effects of acclimating temperature on weight were tested with a Student’s t-test (p < 0.05

for significance).

2.6.2. Lipid contents and lipid peroxides

For lipid contents and lipid peroxides, data were first tested for outliers (box-whiskers plot),
normality (Shapiro’s Wilk test) and homoscedasticity (Levene’s test). To test if there was a
relationship between the extent of lipid peroxidation and a change in capacity for lipid
storage (as consequence of changes in metabolism with acclimating temperature), an
ANCOVA with a separate slope design was used, as lipid peroxides levels and temperature

are not independent. Analyses were done in STATISTICA v8 (Statsoft, USA).

2.6.3. Fatty acid profiles and data mining

Data matrices were pre-processed before statistical analysis. Datasets were assessed and
treated for missing data (MD) in Metimp v1.2 (free available web tool,
https://metabolomics.cc.hawaii.edu/software/Metimp/). A group-wise missing filter was
initially applied, eliminating all FAs with over 50 % MD. Then, MD imputation, which is a
standard procedure in GC data, as coherent and complete data matrices are a pre-requisite
for accurate and reliable statistical analysis (Kokla et al., 2019), was performed. To input
missing values to the remaining FA variables (16.45 % MD in the total dataset), we
followed the protocol established by Wei et al., (2018) for GC-MS data, and the
MCAR/MAR (Missing Completely at Random/Missing at Random) algorithm, based on

random-forests (with seed 1234) was used for this purpose.

The final data matrix was composed of 26 FA (Table 1) plus 9 added variables, consisting
of FA summed into different classes and 3 variables consisting of FA ratios, yielding 38
variables in total. The two latter included (i) SFA (0 double bonds: 14:0, 15:0, 16:0, 17:0,
18:0, 20:0 and 22:0), (i) MUFA (monounsaturated fatty acids, 1 double bond: 16:1n-7,
17:1n-7, 18:1n-9 cis and trans, 19:1n-9, 20:1n-9, 24:1n-9), (iii) PUFA (2-3 double bonds:

18:2n-6 cis and ftrans, 20:3n-3, 20:3n-6, 22:2n-6, 26:2n-6, 27:2), (iv) HUFA (highly

13
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unsaturated fatty acids, = 4 double bonds: 20:5n-3, 20:4n-6, 22:6n-3, 22:5n-3, 22:4n-6), (v)
omega-3 fatty acids (double bond three atoms away from the terminal methyl group: 20:3n-
3, 20:5n-3, 22:6n-3, 22:5n-3), (vi) omega-6 fatty acids (double bond six atoms away from
the terminal methyl group: 18:2n-6 cis and trans, 20:3n-6, 20:4n-6, 22:2n-6, 22:4n-6, 26:2n-
6), (vii) omega-7 fatty acids (double bond seven atoms away from the terminal methyl
group: 16:1n-7 and 17:1n7); (viii) omega-9 fatty acids (double bond nine atoms away from
the terminal methyl group: 18:1n-9 cis and trans, 19:1n-9, 20:1n-9, 24:1n-9), (ix) total sum
of all FA, and lastly fatty acid ratios (x) ARA/EPA (arachidonic acid 20:4n-
6/eicosapentanoic acid 20:5n-3), (xi) EPA/DHA (eicosapentanoic acid 20:5n-
3/docosahexaenoic acid 22:6n-3) and (xii) >n-6/3n-3. The complete dataset was log-
transformed and auto-scaled (mean centered and divided by the standard deviation of each

variable) prior to statistical analyses.

With the aim of identifying the main and interactive effects of (i) temperature, (ii) tissue and
(iii) time in FA profiles and classes, as well as the FA variables that contribute to the
differences found, several multivariate analyses were performed. An unsupervised principal
components analysis (PCA) was applied to explore FA data structure, followed by heat
maps with hierarchical clustering of FA classes, constructed based on the following metrics
(i) distance measure: Pearson correlation (similarity of expression profiles), (ii) clustering
algorithm: complete linkage (forms compact clusters), (iii) feature auto-scale. These

analyses were run in Metaboanalyst v4.0 (https://www.metaboanalyst.ca/) (Chong et al.,

2019). A PERMANOVA analysis was then run using PERMANOVA+ v1.0.6 as
implemented in PRIMER v6.1.16. A resemblance matrix was calculated based on
Euclidean distances, and the analysis was based on Type lll SS for unbalanced designs,
with 9999 permutations of residuals under a reduced model. For factors and interaction of
factors (with more than two factor categories) significantly affecting FA profiles, pairwise
tests were employed to test which groups were different. A SIMPER analysis was also run
to identify contributions from each FA and FA classes to the significant differences found

for main factors in the PERMANOVA.
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2.6.4. Fatty acid quantitative enrichment and pathway analysis

Functional enrichment and pathway analysis were performed only for relevant factors that
displayed significant effects on overall FA profiles of A. ocellaris, as detected by
PERMANOVA analysis. The objective was to gain biological insights into the functional
roles of pre-defined subsets of FA analytes in animal metabolism and physiology (Ma et al.,
2019). To define the set of individual FA variables to be enriched, a threshold was defined
based on the following criterion: within a significant factor effect, fatty acids identified in the
SIMPER analysis as contributing up to a cumulative percentage of 90% for the observed
differences were selected for analysis. Lipid annotation was then performed, based on
LIPID MAPS for chemical structure and KEGG (Kyoto Encyclopedia of Genes and
Genomes) as well as HMBD (Human Metabolome Database) for function (Fahy et al.,
2007; Kanehisa et al., 2017; Zullig et al., 2020). Only well annotated FA were mapped.
Functional enrichment and pathway analysis were then performed in Metaboanalyst v4.0

(Chong et al., 2019).

Quantitative enrichment analysis (QEA) was performed by setting the ‘normal metabolic
pathways’ based on SMPDB (Small Molecule Pathway Database) metabolite library
(Frolkis et al., 2009; Jewison et al.,, 2014). The analysis was done based on FA
concentration and annotation, using the global test algorithm, in which a generalized linear
model is used to estimate a Q-statistic for the FA set (with FDR corrected p-values), to
describe the correlation between compound concentration profiles and phenotypes, as well
as list the different metabolic pathways in which each FA takes part. Pathway topology
analysis was also performed by selecting the pathway libraries from SMPDB (Howe et al.,
2013) and was based on two features (i) quantitative functional enrichment (described
previously, significant if FDR < 0.05) and (ii) pathway topology analysis to estimate node
importance. This analysis was implemented using the relative betweeness centrality, which
takes into account the role of the FA, position and direction of the interaction, measuring

the centrality of a given FA in the metabolic network (and ultimately gives information about
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the relative importance or role of the FA in the organization of the metabolic network, see
Xia and Wishart, 2010 for further details). The pathway impact was considered relevant if >

0.1.

3. Results

3.1. Body condition

Animals’ weight (mean £+ SD) was similar between temperature treatments after 28 days of
the experiment. Individuals raised at 26 °C had an average body mass of 1.09 + 0.26 g,
whereas individuals raised at 30 ‘C had an average body mass of 1.06 + 0.30 g (t-test =

0.404, p-value = 0.688).

3.2. Total lipids and lipid peroxidation levels

Results of the ANCOVA model with separate slopes suggest that there are no significant
changes in lipid contents in response to temperature in covariation with lipid peroxide
(LPO) levels, both in muscle (test of whole model multiple R = 0.270, F = 0.870, p-value =
0.466) and liver (test of whole model multiple R = 0.398, F = 1.949, p-value = 0.142).
Results indicate that both intercepts (temperature, F = 2.424, p-value = 0.129 for muscle,
and F = 0.811, p-value = 0.375 for liver) and slopes (temperature x LPO, F = 1.035, p-value
= 0.336 for muscle and F = 2.694, p-value = 0.083 for liver) are statistically equal, showing
that there is the same amount of lipid contents when there are no lipid peroxides at both
temperatures and that the rate of lipid content change per unit of lipid peroxides is also the

same at 26 °C and at 30 °C.

3.3. Fatty acid profiles
The list of FA analyzed in this study is presented in Table 1 (for complete data matrices
with mean * SD fatty acid masses at different temperatures, tissues and times see

supplemental material, Tables S1 and S2). The most abundant FA in A. ocellaris liver
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tissue were palmitic acid, stearic acid, linoleic acid and oleic acid (16:0, 18:0, 18:2n-6¢ and
18:1n-9c, respectively), whereas palmitic acid, linoleic acid, oleic acid and
docosahexaenoic acid (16:0, 18:2n-6t, 18:1n-9¢ and 22:6n-3 respectively) were the most
abundant in muscle tissue (see Tables S1 and S2). Results from PCA analyses, in which
FA were plotted grouped by factors (cumulative explained variance of 69.5 % for PC1 and
PC2) showed i) no specific patterns for temperature groups (Fig. 1), ii) two clear clusters
separating muscle from liver (Fig. 2), and also iii) no specific patterns for time groups (Fig.
3). Additionally, FA 14:0, 16:1n-7, 18:2n-6, 18:1n-9, 20:5n-3, 20:3n-6, 20:2n-3 and 20:1n-9
were all positively correlated, which in turn were negatively correlated to 18:0, 17:0, 22:5n-
3, 22:0, 24:1n-9, 26:2n-6 and 27:2. The collective behavior of these FA is mainly
represented by PC1. PC2 is influenced most by FA 15:0, 19:1n9, and 24:0, which are
positively correlated, and 20:4n-6, 22:5n6, 22:4n6, 22:2n-6, which were negatively

correlated to the previous ones (see Fig. S3 of PCA biplot in supplemental material).

In the heat map analyses of FA classes in response to temperature, results showed an
increasing trend of omega-3, -6, -7 and -9, as well as SFA, PUFA and HUFA at elevated
temperature, but a decreasing trend of MUFA and EPA/DHA as well as ARA/EPA ratios
(Fig. 1). Trends in FA classes between different tissues (Fig. 2) showed that liver displayed
higher concentrations of all classes and ratios when compared to muscle, except for
ARA/EPA ratio, which was higher in muscle. Finally, trends in FA classes between time
groups (Fig. 3) suggest oscillations in FA concentration along time, with higher

concentrations at TO, T14 and T28, and lower overall concentrations at T7 and T21.

Multi-factorial PERMANOVA testing the effects of temperature, tissue and time on fatty
acids and fatty acid classes and ratios showed significant differences for tissue (Pseudo-F
= 61.091, P(perm) < 0.001), time (Pseudo-F = 2.394, P(perm) = 0.004) and the interaction
of both (Pseudo-F = 1.966, P(perm) = 0.017) (Table 2). No significant differences were
found for temperature effects, or interactions of time and tissue with temperature. Pairwise

tests for time groups indicated that T14 was different from the rest of time levels except for

17



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

TO (T7 vs. T14, P(perm) = 0.004; T14 vs. T21, P(perm) = 0.001; T14 vs. T28, P(perm) =
0.028). No other differences were found between pairwise combinations of TO, T7, T21 and
T28. Moreover, pairwise tests for the interaction of tissue with time showed that liver was
different from muscle at all time levels (TO, T7, T14, T21 and T28 all had P(perm) < 0.001)
and that within liver, TO differed from T7 (P(perm) = 0.045) and that T14 was also different
from the remaining time levels (TO vs. T14, P(perm) = 0.005; T7 vs. T14, P(perm) = 0.001;
T14 vs. T21, P(perm) = 0.007; T14 vs. T28, P(perm) = 0.002). Within muscle, no

differences were detected along time, from TO to T28.

Results from SIMPER analysis are presented in Table 3 for the effects of independent
factors tissue and time on FA profiles. Up to 90 % of cumulative FA contribution to
significant differences observed among tissues and among time levels was homogenously
distributed between 25 and 31 fatty acid variables, out of the 38 analyzed. The top five
variables contributing to tissue differences were 27:2, 18:0, 26:2n-6; 17:0 and ) SFA,
whereas the top five variables contributing to multiple significant time comparisons were:

14:0, 20:3n-3+20:3n-6, 16:1n-7, 19:1n-9 and 20:5n-3 (Table 3).

3.4. Quantitative functional enrichment and pathway analysis

Based on PERMANOVA results, enrichment and pathway analysis were performed for
significant effects of tissue on FA profiles. Since no significant effects of temperature were
detected in FA concentrations, this implies that there are also no significant changes in FA
pathway topology or function under elevated temperature, when compared to the control
temperature. Effects of time, although significant on FA profiles, were not used in these
analyses, as oscillation of FA concentration along time is a regular occurrence of minor

interest to the objectives of this research.

Functional enrichment and pathway analysis were based on 20 FA for differences between
tissues. QEA identified 9 relevant metabolic pathways that showed significant differences
between liver and muscle tissues (FDR < 1.0E-12, Fig. 4). Among these pathways, the

18



514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

most relevant was a-linolenic and linoleic acid metabolism with an impact of 0.25 for
topology, indicating that the involved FA (C18:2n-6¢, C20:5n-3, C20:3n-6, C22:6n-3,

C22:5n-3, see Table S3) are central metabolites in this pathway.

4. Discussion

As modulators of biological membrane properties, lipids play a vital role in physiological
stress management and capacity for adaptive responses in the face of climate change
(Eghtesadi-Araghi and Bastami, 2011; Ernst et al., 2016). Here, we tested whether a
tropical shallow-water reef fish, A. ocellaris, displays thermal adaptations at the lipid level
that enable it to sustain elevated environmental temperatures. Specifically, we investigated
temperature induced changes in total lipids, lipid peroxidation, fatty acid profiles and
metabolic pathways in fish tissues that may signal either acclimation and tolerance or
impaired health processes (see Balogh et al., 2013; Neidleman, 1987), coupled to weight
assessments. Our main purpose was to evaluate warm-adapted species heat coping

strategies under ocean warm pool expansion scenarios.

Stability of lipid signatures as a thermal adaptation mechanism of juvenile clownfish

Overall, our results showed that bioenergetic balance, as well as fatty acid concentrations,
chain lengths and lipid metabolic pathways remained mostly unchanged under elevated
temperature in the studied tropical reef fish. Additionally, even with increasing levels of lipid
peroxides under elevated temperature, overall lipid contents in A. ocellaris were unchanged
and lipid accumulation rates also remained the same at 26 ‘C and 30 °C. This suggests
that lipid peroxide levels measured in muscle and liver tissues at elevated temperature
were merely a reflection of faster metabolism and higher respiration rates that occur during
acclimation to high temperature, given that no energy tradeoff was observed. In fact,
several authors have suggested that lipid peroxides, which occur mostly on phospholipids,
PUFA, glycolipids and cholesterol (Ayala et al., 2014; Parrish, 2013), may act as crucial
signaling molecules that initiate stress protein responses and membrane remodeling to
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control the extent of cellular thermo-sensitivity (Csoboz et al., 2013; Liu et al., 2020), which
was described by Tordk et al. (2014) as the ‘membrane sensor hypothesis’. When stress
levels remain below the threshold level of deleterious effects or when animals display
increased resistance to peroxidation (Munro and Blier, 2012), an acclimation process is
therefore induced until a new stage of physiological homeostasis is attained. This process
is temporary and usually lasts between 1 to 3 weeks (Lesser, 2006; Okazaki and Saito,
2014), a duration similar to our experiment ftrials. According to previous studies with
clownfish (see Madeira et al. 2016, 2017), a time-dependent induction of the heat stress
response did occur in the presence of lipid peroxides at 30 °C (e.g. induction of Hsp70 and
antioxidant enzymes such as catalase), which eventually resulted in full acclimation of this
species. Interestingly, previous studies have also suggested that peroxidation index and
longevity are negatively correlated in many vertebrate animals (Christen et al., 2020; Munro
and Blier, 2012), and ocellaris clownfish are known to live up to 10 years in the wild. This is
a considerable lifespan in comparison with other coral reef fish species and may be

partially related to generally low peroxidation levels for this species.

Moreover, FA profiles remained similar between temperature treatments and no
interactions of temperature with tissue type were detected. We also observed that
concentrations of unsaturated fatty acids as well as of saturated fatty acids between
temperature treatments remained stable, contrary to what would be expected during
adjustments of lipid properties under temperature change. These adjustments in fatty acid
saturation levels are crucial for plastic changes in cell membrane rigidity, thickness and
relative hydrophobicity (Neidleman, 1987). Nevertheless, it is worth noting that Hernando et
al. (2018) found that the maintenance of a stable unsaturated to saturated FA ratio actually
seemed to be important to mitigate lipid damage under environmental stress, but there is

still no clear consensus on the underlying biological pathways.

The assessed tissue of ocellaris clownfish contained low overall levels of HUFA (~ 13 % of

total FA), which are the most susceptible to warming as they lead to higher production of
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reactive alkyls that induce denaturation of functionally important biomolecules (Christen et
al., 2020; Valles-regino et al., 2015). This characteristic coupled to i) low overall EPA levels
(< 1 % of total FA in both tissues) which have been found to increase thermal resistance
(Christen et al., 2020) (for instance in contrast to Atlantic salmon which has ~ 5 % EPA in
total muscle FA and is considered rich in n-3 EPA contents, Horn et al., 2020), and to ii)
high overall MUFA levels (~ 17 % of total FA), which are preferential fuels for energy
metabolism in fish (Sidell et al., 1995) and play a significant role in maintaining ATP levels
can explain juvenile clownfish tolerance to elevated temperature. Indeed, we found no
further evidence of alteration in lipid metabolic pathways in clownfish at 30 °C in the

assessed life-stage.

The maintenance of FA ratios among temperature treatments corroborates our previous
results, given that altered ratios of different omega fatty acids can signal physiological
imbalance. For instance, maintaining high levels of n-7 fatty acids is thought to improve
heart function in vertebrates (Vannice and Rasmussen, 2014). This is an important feature
for ectothermic animals, given that heart function relies on tissue aerobic capacity (Christen
et al., 2020), and high temperatures lead to increased heart rate and oxygen demand
(Portner et al., 2004). Moreover, n-9, n-6 and n-3 fatty acids are important mediators in pro-
and anti-inflammatory pathways, which are usually triggered by higher availability and/or
oxidation of fatty acids (Calder, 2011, 2010). Therefore, these FA play significant roles in
stress responses. For instance, a balanced EPA/DHA ratio is thought to be efficient at
reducing changes in ROS and for curtailing systemic inflammation, as the metabolization of
n-3 FA gives rise to resolvins, which have powerful anti-inflammatory action (Calder, 2012,
2011). On the other hand, an increase in ARA/EPA ratio leads to a cascade of pro-
inflammatory effects (e.g. ARA is a precursor of inflammatory prostaglandins and
leukotrienes as well as proapoptotic metabolites) (Christen et al., 2020; Innes and Calder,
2018). Therefore, the stability of such FA ratios suggests that a healthy and balanced
metabolism was maintained in fish at 30 ‘C. Similarly, Coleman et al., (2019) found that

health, tissue biochemistry and nutritional properties of the yellowfin bream (Acanthopagrus
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australis) were unaffected under near-future temperature conditions. The authors suggest
that this may be an evolutionary consequence of species inhabiting environmentally

challenging conditions, as may be the case for species inhabiting shallow coral reefs.

Additionally, this fish species showed no signs of weight changes after 28 days of exposure
to 30 °C. The combination of these results suggests that juvenile A. ocellaris has the ability
to persist in an elevated temperature regime. The thermal tolerance of this species’ life-
stage had also been observed in a previous study that evaluated juvenile A. ocellaris
thermal preference, thermal limits and aerobic scope. Indeed, Velasco-Blanco et al.,
(2019), showed a thermal window width of 301.5 *C? and a critical thermal maximum of 34
°C to 40 °C for juvenile clownfish (depending on acclimation temperature). This clearly
evidences eurythermal characteristics for this life-stage. As Christen et al., (2020) noted, it
may well be that upper thermal limits are potentially related to cell and organelle
membranes robustness against oxidation and maintenance of lipid peroxide levels below
deleterious thresholds, as observed in this study. Nevertheless, other authors have
observed that juveniles’ growth rate and condition at high temperature in related

Amphiprion spp. seem to vary widely (Rushworth et al., 2011).

It should be noted that this life stage is known to be more tolerant to heat than larvae or
adults (e.g., as shown for Sparus aurata, Madeira et al., 2020), as juveniles generally have
wider thermal windows (Dahlke et al., 2020). This is relevant considering that A. ocellaris is
likely more exposed to high temperatures during the reef phase of its life cycle (that
includes juveniles, adults and embryos) where it inhabits shallow waters, when compared
to the oceanic larval phase. Within the reef phase, we expect that embryos and spawning
adults may possibly display higher vulnerabilities than juveniles, as the latter seem to be
well-equipped to deal with changing environmental conditions, as would be expected from
a life-stage that is ready to settle in new reef environments. Interestingly, other studies with
species from the Amphiprion genus have shown that adults exposed to 30 “C had reduced

reproductive output (A. melanopus, Miller et al., 2015) and that adult dominant behavior
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and aggression towards conspecifics seems to be accentuated with increasing temperature
(A. latezonatus, Rushworth et al., 2011), which may result in higher mortality. To
corroborate this, a recent meta-analysis by Dahlke et al., (2020) of 694 marine and
freshwater fish species from all climatic zones showed that the adult mature stage is often
the most sensitive to environmental challenges in the life cycle of a fish, as temperature
requirements for reproduction and energetic trade-offs represent a critical bottleneck at this
stage. Additionally, recent research has shown that (i) temperature effects on reproduction
are modulated by nutritional status in coral reef fish (Donelson et al. 2010), and (ii) long-
term thermal stress may cause decreased egg and sperm quality and viability in reef fish,
including Amphiprion species (Miller et al., 2015). This is partially associated with reduced
lipid reserves and yolk volume and/or lack of adequate fish nutrition (Bobe, 2015). There
may even be a complete inhibition of reproduction in species that are constrained in their
capacity to shift geographic range (Pankhurst and Munday, 2011), as is the case of coral-
reef dependent species. Ultimately, thermal stress in the most severe cases can lead to a
disarrangement of compensatory restructuring of FA in fish tissues, causing health
impairments, organ failure and death (Liu et al., 2020). Given that our experiments only
lasted for 28 days, it is unknown whether longer exposures could have different outcomes.
We emphasize that other life-stages would have to be evaluated before conclusions can be

drawn on the overall species tolerance level, warranting further studies in A. ocellaris.

Finally, the increase in temperature tested in this study is still within the thermal range of
the species as a whole (22 ‘C — 30 °C) and can be experienced by fish populations in
specific locations. Thus, a 4 °C increase in temperature may be an abiotic change that
clownfish can broadly tolerate, except possibly at its lowest latitude limit. If 30 °C were to
become the “new normal” for this fish species, it would be relevant to investigate whether
population thermal history and local adaptation comparing the center to the edge of the
distribution range populations leads to distinct response patterns and thermal adaptation
ability. Moreover, if temperature further increases up to 32 °C during El Nifio events,

organisms may switch from a physiological compensation strategy (i.e., allocation of energy
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to cellular defenses, repair mechanisms and molecular adjustments) to a metabolic
conservation strategy (i.e., blocking stress responses, with severe deleterious effects) (see
Petitiean et al., 2019). In the second option, severe thermal stress would likely lead to a
depletion of lipid reserves with a loss of lipid storage capacity due to bioenergetic
imbalance and lipid damage (Klepsatel et al., 2016), causing sublethal stress and animal

mortality.

Enhanced lipid metabolic pathways: muscle vs. liver

The overall amount of lipid contents was higher in liver in comparison to muscle, as were
the overall concentrations of each FA per mg of dry tissue, demonstrating that this organ is
an important source of these biomolecules, similarly to other marine and freshwater fish
(e.g. Pagellus acarne, Sardina pilchardus, Trachinus draco, Guil-Guerrero et al., 2011 and
Salmo trutta macrostigma, Haliloglu et al., 2011). However, this natural richness in lipids
did not seem to increase the thermo-sensitivity of liver tissue, contrary to what most

literature suggests (e.g. see study by Sun et al., 2019 with freshwater fish Cyprinus carpio).

The differences found in fatty acid profiles between muscle and liver tissues were mainly
related to the abundance of long chain fatty acids, which had higher concentrations in liver.
Most FA in animal tissues is usually composed of 16 to 18 carbons (Sargent et al., 1997),
which are dietary FA, and the way in which these and the other FA produced by the
organism are then used by the various organs is reflected in their structure and function. In
liver, which is the main organ where FA are synthesized, stored and metabolized (Boglino
et al., 2012; Guil-Guerrero et al., 2011; Haliloglu et al., 2011), we found higher relative
proportions of SFA and PUFA, although absolute concentrations of all FA classes were
higher per mg of liver tissue. In contrast, muscle had higher relative proportions of MUFA,
PUFA and HUFA, when compared to other FA classes. This may be related to the fact that
muscle metabolism presents a considerable degree of flexibility. Although glycolysis is the
main pathway for energy production in this tissue, thermogenic functions in muscle may

lead to lipid uptake, with FA mobilization from storage to active sites under mild exercise, or
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during starvation when glycogen reserves are not readily available, or even during
overfeeding, as lipid oversupply inhibits glucose oxidation (Hocquette et al., 2010; Morales
et al., 2017; Sheridan, 1988). These differences in organ function and metabolic pathways

explain the differences we found between their FA profiles.

Our results from pathway analysis with gene enrichment tools between tissues confirm
variability in metabolic pathways, as the differences found were mainly related to fatty acid
biosynthesis (which occurs mostly in liver) and B-oxidation (which occurs in muscle).
Nevertheless, the most impactful pathway was a-linolenic and linoleic acid metabolism,
which was enhanced in liver. This pathway leads to the formation of omega-3 and omega-6
fatty acids through a series of conversions of the precursors a-linolenic and linoleic acid
(respectively), which are then metabolized into a series of short-lived metabolites
(eicosanoids) that act as signaling molecules in cells (Salway, 2013). These eicosanoids
play important roles in stress responses (autocrine, paracrine and endocrine functions, e.g.
mounting or inhibiting inflammation and other immune responses, changes in ion transport,
regulation of cell growth and blood flow to tissues, see Calder, 2011; Calder, 1998). The
enhancement of this pathway in liver when compared to muscle of A. ocellaris therefore
suggests that liver tissue may be significantly involved in acclimation and maintenance of

homeostasis during environmental stress.

Temporal oscillations in FA profiles

Our results showed significant temporal variations in FA profile throughout the experiment
(with 28 FA contributing to 90 % of differences found), and interactions between time and
tissue indicated that these occurred mainly in liver during the first two weeks of the
experiment. Arguably, liver serves a major role in lipid storage especially in slow swimming
teleost fish (Braekkan, 1959), as is the case of ocellaris clownfish. More importantly, liver is
the interface between exogenous and endogenous fatty acid interorgan transport loops in
fish (Sheridan, 1988). For instance, liver repackages dietary lipids and combines it with de

novo synthesized lipids and carrier proteins for transport and delivery to other organs and
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storage sites (e.g. see studies by Black & Skinner, 1986, and by Salmerdén, 2018, in
rainbow trout Oncorhynchus mykiss and a review of several fish species — including
zebrafish Danio rerio, Salmoniformes and Perciformes, respectively). Therefore, it is
expected that as lipids are mobilized from liver to supply energetic needs of different
tissues as juvenile fish grow, the FA profile in liver will vary with time. Moreover, the
regulation of lipid mobilization throughout time depends on various hormones that act as
adipokinetic agents (Sheridan, 1988) and modulate endogenous lipogenesis and lipolysis
(e.g. insulin, growth factors, cortisol and sex hormones, Weil et al.,, 2013). In turn,
hormones can be affected by several internal or external factors. Given that water
parameters (except for temperature in this study, which did not affect FA profiles), as well
as feed supplied to animals during the experiments were the same for all animals at all
times, it is likely that other factors affecting hormones were at play, including intrinsic ones
such as developmental stage and sexual maturity (Leaf et al., 2018; Li et al., 2018). In our
experimental trials, each tank contained several fish in typical dominance-based social
groups. Dominance is a key determinant of development and maturation in this fish species
(Khoo et al., 2018; Mitchell and Dill, 2005), as there is usually a dominant fish pair that
reaches sexual maturity and smaller non-breeding fish within each social group. Although
we did not assess developmental status throughout the experiment, we suggest that
temporal lipid dynamics may have been affected as social relationships between fish
changed throughout the experiment. For instance, after each sampling time point, when
some fish were removed from tanks and euthanized for analyses, rearrangements in social
dominance may have occurred. Social dominance not only affects growth and maturation of
fish through hormonal changes, but could also influence the food intake of the smaller fish
which are lower in hierarchy, leading to oscillations in lipid accumulation and mobilization

and, consequently, FA profile over time.

5. Conclusions
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Overall, current increases in tropical ocean temperatures do not affect A. ocellaris lipid
contents, fatty acid profile and lipid metabolism or weight, suggesting that stable lipid
signatures may be an adaptive feature of thermal tolerant juvenile fish stages, as also
recently suggested for marine invertebrate species (e.g. marine annelids, Madeira et al.
2021). By maintaining overall energetic balance at higher temperature, these organisms
may persist during the expansion of ocean warm pools, at least in the short term. Whether
the thermal tolerance found in this study will allow long-term persistence of the species in
the environment under temperature regime changes will however ultimately depend on
other interactive factors, such as i) A. ocellaris life-stage specific vulnerability and capacity
for adaption on evolutionary timeframes; ii) habitat suitability, as coral reefs have already
been severely affected at 30 ‘C in past years, see Hoegh-Guldberg et al., 2017 for a
review); iii) clownfish host anemone survival under climate change, as there have reports of
anemone mortality or reduction in size during bleaching events, with detrimental effects on
anemonefish populations, including reduced social group sizes, decreased dominant fish
length, and reduced fecundity and recruitment, namely in Amphiprion spp. (Mitchell and
Dill, 2005; Saenz-Agudelo et al., 2011; Beldade et al., 2017); and iv) plankton nutrition
quality and availability, coupled to foraging efficiency of ocellaris clownfish in warming

oceans (Nowicki et al., 2012).

We also conclude that FA profile differences between muscles and liver coupled to specific
enhanced lipid metabolic pathways in liver, namely a-linolenic and linoleic acid metabolism,
indicate that liver plays an important role in maintaining homeostasis during
environmentally challenging situations, through the production of lipid-derived metabolites
that drive stress responses and/or acclimation. Additionally, temporal changes detected in
FA profiles, mainly in liver, may be a result of growth processes that modulate organism

lipid metabolism through time.

Finally, we conclude that the influence of future oceans in organisms’ lipid signatures may

be difficult to predict, as species-, population- or even life-stage-specific mechanisms seem
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to regulate energy and lipid homeostasis. Particularly, we highlight the need for research
comparing climate change effects on lipid metabolic networks and plasticity mechanisms
between wild populations from different areas of the distribution range, or among species
along natural thermal gradients, to infer selection gradients that influence energy-limited
tolerance to stress. Translocation experiments would also be useful to test the influence of

local adaption on lipid responses to environmental change.

For now, it seems plausible to expect that changes in individuals’ FA profiles and
composition may be less affected when compared to overall changes in lipid availability in
ecosystems as consequence of shifts in taxonomic structure of communities and

biodiversity reorganization with climate change.
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FIGURE CAPTIONS

Fig. 1 Fatty acid profiles of clownfish Amphiprion ocellaris subjected to 26 ‘C (n = 21 fish)
and 30 °C (n = 17 fish). (A) PCA 2D score plot of FA profiles (B) heatmap of clustered FA
classes; the colour scale ranges from red (higher than mean concentration) to blue (lower
than mean concentration). Rows are the fatty acid classes and ratios, and columns are the
mean of sample values. No significant differences were found in FA profiles between

temperatures (PERMANOVA Pseudo-F = 0.910, p-value = 0.435).

Fig. 2 Fatty acid differences between muscle vs liver tissue, analysed in n = 38 clownfish.
(A) PCA 2D score plot of FA profiles (B) heatmap of clustered FA classes; the colour scale
ranges from red (higher than mean concentration) to blue (lower than mean concentration).
Rows are the fatty acid classes and ratios, and columns are the mean of sample values.
Significant differences were found in FA profiles between tissues (PERMANOVA Pseudo-F

=61.091, p-value < 0.001).

Fig. 3 Fatty acid differences between TO vs T7 vs T14 vs T21 vs T28 sampling timepoints
assessed in the clownfish Amphiprion ocellaris (n = 3-5 fish per time-point). (A) PCA 2D
score plot of FA profiles (B) heatmap of clustered FA classes; the colour scale ranges from
red (higher than mean concentration) to blue (lower than mean concentration). Rows are

the fatty acid classes and ratios, and columns are the mean of sample values. Significant
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differences were found in FA profiles between times (PERMANOVA Pseudo-F = 2.394, p-

value = 0.004).

Fig. 4 Quantitative enrichment and pathway analysis of clownfish (Amphiprion ocellaris)
fatty acid concentration comparing muscle vs liver tissues. (A) Metabolite set enrichment
analysis showing significantly enriched pathways based on the group of 20 functionally
related FA used as input data (B) pathway topology analysis, higher pathway relevance if
impact > 0.1 and -log(p) > 8 (for FDR < 0.05). All the matched pathways are displayed as
circles and the colour and size of each circle are based on p-value and pathway impact

value, respectively.

41



[47

zz' e 8ZG90009ANH  €1G9LD  #70000¥0V4HINT g-u V4ANH  20"H%D (Vd@) pioe ojousejuadesoooq £-ug:zz
90°'LE €81Z0009ANH  62¥900  S8LOSOLOVHINT e-u V4NH  20%H%D (VHQ) p1oe olousexayesooo( €-u9:zZ
0982 ZLZZ0009ANH  SZ¥900  0Z00LOLOVHINT - v4S  Z00"H%ZD p1oe oipiyoely 0:02
60’82 1€220009AINH 925910  G800€0LOVANT 6-u V4NN Z08eH0%2D pioe olopuob-si) 6-U1:02
05°.2 GZ6Z0009ANH  2bbE0D  88€0€0LOVAINT 9-u vdnd  20"eH%O ploe olousiyesools-7Zy L ‘32178 9-ug:0Z
05°.2 6£009009ANH  ZZS9LD  6SLOSOLOVHINT g-u vdnd  20*eH%O pIoe OlouBIes0DIe-/ L 'pL || £-ug:0z
TR €¥0L0009ANH 612000  LOOOESOLOVHINT 9-u V4NH  20%H02) (VHV) pioe ojuopiyoesy 9-Uy:0Z
(N4 66610009ANH  82v900  6S.0€0LOV4INT g-u V4NH  20%H02) (vd3) proe ojousejuadesoolq €-ug:0z
26'GZ ZZ9SL009ANH  ¥2100D  29£0£0LOVHINT 6-u V4NN 20%H8'D ploe dlousdspeuou-Z0 | 6-UL:61
0€'¥e /Z800009ANH  0£5L0O  8L00LOLOVHINT - V4S  20%H8D pioe olesls 0:81L
G8'eT €/G00009ANH  ZLZL0D  €200£0LOVHINT 6-u V4NN ZO*eHE'D ploe oIpieje-6 16-UL:glL
zL€T ,0Z00009ANH 212000  2000€0LOVHINT 6-u V4ANW  2O*eH8'D p1oe 218]0-s1D 26-UL:8L
zL€T 0/290009ANH VN €210€0L0V4INT 9-u vdnd  20%HeO pIoe olpiejeour 19-uz:g|
vSeT €/900009ANH  G6GL0O  0ZLOSOLOVHINT 9-u vdnd  20%HeO ploe olsjoul 09-UzZ:8l
1022 65220009aNH VYN Z1L00LOLOV4NT - v4S 2O HLD proe ouebie|y 0:L1
25T 8£009009ANH  9€G9LD  €820£0LOVHINT L-u V4NN 20%HLD p1oe ojousdspejdaH-z01L L-ulil)
126l 02200009ANH  6%2000  LO0OOLOLOVHINT - v4S  20%H9D pioe opiwled 0:91
1161 622€0009ANH  Z9€800  9S00£0LOVHINT ,-u V4NN 20%H9'D ploe ofejojw|ed-6-S10 L-uLi9)
62,1 9Z800009ANH  Z£59L0  SLO0LOLOVHINT - v4S  20%HS'D p1oe oljhoepejuad 0:Gl
L6'¥L 90800009ANH  ¥Z¥900  #100L0LOVLINT - v4S  ZO%HY'O p1oe onsuAN 071
(uw) awy uonualay dl 9anNH al 993y ai asmi ebawo sse|y)  ejnwio4 aweu uowwo) (v4) sajhjeuy

‘aseqele awojogels|\ uewnH — QgINH ‘Sewouas) pue sauaxs) Jo eipadojohous 0j0Ay

— 993Y ‘eseqejeq ainjonug sdey pidiT — ASINT ‘BlgelieAe JON — VN :spioe Ajey pejeinjesun Alybly — v4nH ‘spioe Aney psjeinjesunijod — v4nd

‘spioe Aje} pajelnjesun-ouow — V4NN ‘Spioe Ajey pajeinies — 4S ‘spioe Ae) — 4 :qqy ‘Apnis siyj ui pazAjeue spioe Anej xis-Ajusmy Jo 1S *| |qeL

s3iavil



15474

“(UoNQLI}UOD BAIRINWIND % 06 }& PloYsaIy}

Joino) sdnoub swipy pue sanssi; Buowe punoj saoualayIp jJuedyiubis 0} uonNguUIUOD aAlelal Y4 1o (MIJINIS) SisAjleue abejuadiad jo Ajuejiwig "¢ a|qe

€066 6950 0680 ARAVA* 1% awll] x anssi] x ainjesadwa ]
6166 «L10°0 996°L 800°8¢ 14 awl] x anssi]
1266 LGE0 180°L 0L6'0¢ 1% awll ] x ainjesadwa |
6266 ¢Le0 0l0°1L 1256l I anssi] x ainjesadwa]
9166 «700°0 y6€°¢ 1829 14 awl]
6266 «100°0> 160719 oocigLL | anssi|
Ge66 gevo 0160 G6G°Ll I ainjesadwa ]
swad (wiad)gd 4-opnasd SH P

"yslIe)Se Ue Yim pajuasald ale sjnsal Jueoyiubis "uonesjusouod spioe Ajjej Uo suonoelsiul J0oe) se ||em se (8Z1 ‘1Z1

‘P11 ‘1 ‘'01) dwil pue (JaAll SA 8josnw) anssi| (D, 0€ SA O, 92) @injeladwa] Jo sjoays ulew ay) bunss) ‘synsal YAONVINYIC dleleAlniy ‘g 8|qel

16'LY
Ll'6€
98°G¢
09°¢ce
00°ce
Ge'Le

VN
VN
89€20009ANH
¥¥600009ANH
6122¢9009ANH
9¢2¢¢0009anH

VN
VN
€¢€800
182800
€€G910
129910

€9€02010VdINT
€CL0C0LOV4INT
¢600€010VdINT
¢c00L0LOV4NT
GO0v0€0LOVINT
8210€0L0OV4INT

vd4nd
v4nd
V4NN

v4S
vd4nd
v4nH

ZQ0SHL2D)
ZQ8YH92D
ZQ9rHED
ZQvrHZeD
ZQ0rHEED
zQ9eHzeD

pioe ojousipesooelday-z6'ZS 2:12
pIoE 210UBIpES0oEeXay-0z‘ L] 9-Uz:9Z

ploe JIUOAISN 6-UL:¥Z

pioe oluayeg 0:2Z

ploe 0l0UaIPEs0o0p-Z91 Z¢E L 9-Uz:zZ
pIoe oluaipy 9-upze



144

60'68 VL vd3a/veY  62°G8 z6°L Vd3/veY 1688 20¢ g-u</9-ul 18°G. G'Z 9-ugoz + £-ug.0z
/€18 G6'L 022  1£€8 €6l v4nw< G598 Lz 6-u< 1£€. 26T 96-UL:8L +1}9-UZ:8)
Zv's8 86°1L g-uL9-ul  v¥'L8 Z 9-uz:8L  v¥'v8 11T 6-UL.0Z G8'0. ¥G'C 022
ev'es 60T 6-UL:0Z  Vv¥'6. ¥0'C 6-UL:0Z  1Z2C8 €2'C v4nnw< 1€£89 6G°C /-UL:9}
8’18 90'C 6-u< v/l 60°C g-u/9-ul G008 GC (vd3) €-ug:zz 2,89 69'C 2-ul
£€'6. vL'e 9-uz:gL  1€'S. 8L 6-ul GG'// 99°¢C 29-UZ:8} €0'€9 €LC 29-UZ:8}
6L'LL vZ'e 9-ul ¢Lel (5 9-ul 88y. 8¢ 0:02 €09 182 6-UL:02
96'v. Ge'e v4nnw<  €8°0. vv'e 9-uz:zz 12 8¢ 9-ul 6t'LS 182 YHA/VYd3
1922 18'C 96-UL8L +19-UZ8L  6E£'89 29C 0:2Z 1€69 10°¢ 0°G} 891 ¥8'C g-u</9-ul
¥.'69 L' 9-upizz  11'S9 86'C 9-up:zz €99 20°¢ 022 ¥8'LS 98'C 9-uX
Z£'99 ar'e v4nHL 8'29 €0'¢ /ULl 8Z°€9 LLe 9-uz:zz 86'8Y 182 (vd3) €-ug:zz
1829 LG e-ul /165 44> 0:02 1109 9z’ UL/ LL9Y 66C 0:9}
9¢°'65 GG'E 0:0Z  SS9S ¥G'e /Ul 16'99 SY'e  06-UL8L +19-UZ:Q) zZLey €0'c UL/l
18'GS 9'¢ /ULl 10°€S 89°¢ v4nHL  8v'€s 1G¢ (vyv) 9-up:02 80°0F S0'¢ 6-u<
A4 €L'e (vdv) 9-uy:0z  €£'6¥ 9.'¢ VYHA/VdT  86'6% L€ £-Ug:02 €0°'L€ eLe Vd3/veyY
Ly’ 8Y €8¢ (vHa) €-u9:zz  1S'S¥ 18°¢ /-uLi9L  8Z9¥% 6'¢ 9-up:zZ 6'¢e 9l'e v=4nnw<
v9 v Gg8'e 0°G} L'l ¥0'y g-ul  8eTh L0'Y YHa/Yd3 ¥1°0€ A v4nd<
8.0t 69°¢ YHA/NVdT — 99°.€ 80t (vHa) €-u9:zz  8¢'8¢ L2 ¥ v4nH<L 26'.2 e 6-UL:vZ
6'9¢ 16°C 6-UL6L  /GEE 60 06k  LL'VE 8Z'v ,-ul zTve e 16-ULg)
66'2¢ 86°¢ 9-uz:zz 8¥'ee 60'Y (v4v) 9-uy:0z 6862 VA% (vHa) €-u9:z2 16°02 Ge'e 1ejos <
10'62 GZ'¥ £-UG:0Z  6£'SC LY 6-UL6L  LY¥'ST 1GY g-ul 9G'/L 6E°C v4S<
R4 16V /-ul  zzle L'y 96-UL:8L +19-UZ:8L  G8'0C 29'v 6-UL6) LLpL ev'e 01}
8.6l GG'S /-uL9L  Zs9l 86'Y £-ug:0z  €Z9l 89'Y /-UL:9} G/ 0L G'¢e 9-uz:92
€Tyl LG9 9-UE0Z + £-UL0Z  GG'LL ¥9'S  9-Ug.0Z + £-Ug0Z  GGLL G'g 9-Ug:0Z + £-Ug:0Z GZ'. 9¢ 0-8}
2l zl . 0t} L6'S L6'S 0t} G0'9 G0'9 0t} G9'¢ Go'¢ 212
% WND  %quUu0Y proe Aped % wn)  %quUpuoo proe Aped % wny  %Qqupuoy proe Aped 9% wny  %QquUiuoy proe Ape
8ZL 'SAVLL LZL'SApLL yLLSA LL T'SAN

awi] anssi]




5174

6,88
L1718

c9'l
181

v4nd<
0:94

968
v .8
1268
G6°¢8
1908
9¢'8.

(A4
€ce
9¢'¢
yee
Ggee
6€°¢

g-ul

9-uz:zz

0°GL

0t

£-Ug:02
(vHa) €-ug9:zz



FIGURES

© T0
o T7
o T4
o T21

T28

15 Class
- - T0
! § e
Ti4
- o5 M2
o~ = T28
0
z B -05
5 e
pios -1
Pt
Qo
a Total e
o
d ARAIEPA
MUFA
- - n-7
EPA/DHA
? HUFA
n-3
= < = o =
T T T T T ~ N ~ (= =
E ® IS
-10 5 0 5 10
PC1(52.4%)
oL
M
© -
class class
06 [
ARAEPA ™
< - 04
[e) ° Total 02
2 Og @ n-6in-3 0
o] Co
g % o © EPA/DHA 0.2
- o (e]
5 o o o n7 04
b B o © R}
Q o @ g o (e} [e} n3 0.6
(o]
(e]
o e} @0 o HUFA
@) © O%
o o 80 SFA
o © 000
o o @0 MUFA
¥ @ (o] n-9
PUFA
n-6
A T T T
=
5 0 5 z
PC 1(52.4 %)

46



©w - 26
© 30
<
o
°©
te o
o~ o~ q .’
. [0} © o
@] ©
g 8 o 5 Cb.
~ O -
- & o) ;o
4 © © @D (o]
() Q O%
oo o go°
o© Q00
(o]
) o &
¥ 49 © o]
T T T T T
-10 -5 0 5 10
PC1(524%)

Plasmalogen Synthesis

Mitochondrial Beta-Oxidation of Long...

P value
Alpha Linolenic Acid and Linoleic Acid... 7034
Steroid Biosynthesis
Bile Acid Biosynthesis 2e-13
Glyceralipid Metabolism
4e-13

Faity acid Metabolism

Falty Acid Elongation In Mitochondria

Fatty Acid Biosynthesis

oy

T T T T T 1
10 20 30 40 50 60 70

o

Enrichment Ratio

-log10(p)

20

35

30

25

15

10

I — class class

0.6 Wl 26

Total 30
04
0.2

HUFA 0

SFA 0.2

PUFA -0.4
-0.6

EPA/DHA

n-6/n-3

MUFA

ARAJEPA

©
o =1

@ Mitochondrial B-oxidation of LC-SFA

O Fatty acid elongation in mitochondria
O Fatty acid biosynthesis

a-linolenic and linoleic acid metabolism
T T T T T
0.00 0.05 0.10 0.15 0.20

O

0.25

Pathway Impact

47



514

"5 8y} Ul yead pabisw a|buls B Ul painje aie pue awl} UOIJUS)a) awes 8y} 8A_Y Y4 9S8 ¢+

[AVN RS TAR 6L°0¥lC’€ GL'0¥8l°€ 6L°0¥€1°€ 69'0¥GC’€ 08'0+.8¢ AR TA G8'0F¥6Cy  €G0Frl'C 81'0F26'¢ 9L'LF9V°E €.°0%6G°¢ (VHa) gu9:22d
Y2 0F1€0 ¥¢'0%62°0 ¢e0¥LY0 ¥1'0%€2°0 €L°0¥vC’0 0¢'0%¥GC°0 G2'0+€€0 €0°0¥21L°0  ZL'0FLE0 81°0¥9¢°0 G¢'0¥9Y°0 ¢€'0%9€°0 0:020
¢6'0F6Y'L ¥8'0FLY L 00°'1L¥68°L 09°0FvL°L 8L°0FEY’L 1G'0¥9C")L 00°1L¥2G'L 62°0+0S'L  v1°0¥.9°0 08°0F.G°L LE71¥8L°L CO'LFLLL 6U1L:020
8¢ 0FV¥'0 LE0FIY'0 61°0¥55°0 02'0¥8€°0 ¢r'0%¢L0 91'0¥5¢'0 2 0¥cy'0 810450 L0°0%€C0 9L'0Fv¥'0 GE'0FSY'0 0C°0%LY'0 Z9U€:02D + €ue:02O
L7°0%6€° L 8C°0+.E°L 8¢'0¥¢cC’t LG'0¥9G°) 0€°0¥LE’L €e°0¥aC’) Y OFLY'L LG'0F9LL LL'0F10°) LE0FLCL 81°0¥8G°L 8C°0¥8Y’L (viv) 9up:029
6¢°0¥.8°0 ¥€'0%¥68°0 67°0¥91°1 ¥G°0%¥90°L 0L°0%¥G8°0 0L°0%€L0 ¢¢’0+68°0 LL0FLL'L G0°0¥8L°0 0L°0+180 8¢°0%18°0 €L'0%64°0 €ug:02o
G1°0¥8¢°0 €1°0¥L2°0 61°0¥8¢°0 60°0+8¢°0 0L'0¥€C’0 ¥1'0¥62°0 GlL'0¥0€0 ¢0'0¥€c’0  80°0FLv0 v1°0¥¢C’0 LL'OFLY0 Y1'0%.2°0 6UL:6LD
88°0F09°¢ G8'0¥¥9'¢ €G°0F.G°C 06°0¥8¢°¢ 96'0¥56'¢ LL0FeeC ¢6'0¥95°¢ 19°0%.6°C FAV TN 19°0%9G°¢ LLbFey'e 66°0+¥56°C 0:810
16°0¥9S°L 00°L¥6G°L 8G°0Fv¥'L G6°0¥€E’L T LF6’L €L°0¥8L°L €6°0%¢G’1 19°0¥vL'L  90°0%19°0 6S°0FLY'L 9L'LFLOL 86°0F16°L J6ui:8LI
08'¢c+68'Y G6°¢+0C'S L2°C¥SL'S c8LFL0Y 0L'€¥5¢9 0€'¢+66'€ 6S°CFLSY L9'LFL9'S  69°0%¢8C 68'LF18Y GLCH8E'E 90'€¥€6’S ,96UL:8LD +39uUZ:8LD
v l¥ev'e Ly LFEEC PASNOEIA &4 ¥9'0%9.°L SL'1¥19¢C LELFY97L L' 1¥¢G'C /8°0¥G8°¢  LL'0FLS'L 9/°0%.€°¢C G8'L¥1vG'¢C 89'L¥G0°¢ o9ug:gLo
60°0F¥¢’0 80°0¥€C’0 L0°0¥9¢°0 L0°0¥1C0 80°0¥8¢°0 S0'0¥61°0 0L°0¥¥C'0 G0'0¥€C’'0  €0°0¥ZL°0 80°0F.C0 91°0¥LC°0 L0°0%¥C°0 0:21D
61°0%62°0 GL°'0¥8¢°0 01'0%62°0 60°0¥61°0 L1°0¥8€°0 L1'0¥12°0 €2¢°0%0€°0 ¢L'0¥82°0 LO'0F¥L°0 60°0+¥.2°0 8C°0¥¢Y'0 SL°0F0€°0 LUl:LLD
8¥'¥+08°9 L yFre 9 SO'L¥cve LE°€FIC9 9¢'v+00°L €9'CFGY'9 LY y¥8E°L 98'¢cFE9'8  LE0F6EC cy'¢+06°.L 0€'G¥GE'8 8L'GFYS 'L 0:910
0L L¥8E°L ELLFOV'L LLOFLY') G1'0%/80 8C'L¥G6°) 18°0%€6°0 L07L¥GE"L ¢L'0¥¢¥’'L  80°0%LC0 L9'0FCY’L LE7L¥GG°L 9L'L¥69'L LUl:91LD
¢c0F0¥'0 LC0FLY0 ¥1°0¥2€0 61°0¥9€°0 €1°0¥8€°0 SL'0FL¥0 €C°0F0¥°0 90'0¥G¢'0  ¥0°0¥8S°0 61°0¥8¢°0 81°0¥¢¥'0 L€0¥8Y°0 0:G10
99'0¥92°0 G/°0¥8.°0 9€'0%¥48°0 €1°0¥0€°0 9L LFLLL /8°0¥¢9°0 G9'0+1L°0 EV'0¥rL'0  2¢0°0¥¥C 0 ¢'0¥09°0 2/°0¥96°0 61°0¥96°0 0:¥10
Qo 0€ 184970 871 X48 vl LL Do 9C lIB49A0 821 X48 1428 Ll 0L
ajosnw |oJ3uod
ljes@10 Q. 0€ Q. 9¢C lle43A0 3T73SNIN

"suswioads g¢ = MoN ‘(8L ‘LZL ‘vi1 ‘ZL ‘01) siulodawny

pue (D, 0 SA O, 92) suonIpuod ainjeladwa) JUSISHIP Je aNssl) 8[oSNW SLEJe20 Y/ Jo (gSFuesw ‘wbrem anssi Aup .bw-6r) sjyoid proe Ayeq *|S ajqel

VIMALVIN TVLININT1ddNS



6t

G9'V1¥9G°GE Y1 '71¥50°GE 18°9%¥96°¢C€ 05°0L+8¢°0¢ 86'v1¥69'8€  €O'ELFYI0€ GL'GL¥80°9€  LO'LLFEQ' LY L9'LFLLCC 08'6+86'¥¢ CL8LFLELE  6L9OLFL60V vdlejo1<
69°0¥GE°€C 0L°0¥G€°€ LE°0F9€°€ 0lL'0%€6°¢ 06'0¥p¥'€ 09'0¥¥C’e L9°0FVE'E LC’0¥Gl’e  89'0*¥lCE LG 0FvY'e 1L9°0¥90°€ 8L°0¥cL’E g-ug/9-ul
0€'¢+cl9 LC'C¥18°9 AL VFLLG 0/'¢¥¢0'8 8¢'1¥6.9 LL'CF1I89 [ASRATA RS €8°0¥¥8°L  09'0¥0S'S 61°C¥€59 €L'EF.IT9 8L°1¥6.°9 vd3a/viv
90°0¥80°0 €0°0¥20°0 L0'0¥20°0 €0°0¥20°0 c0'0¥90°0 G0'0+80°0 80°0¥60°0 L0'0¥G0°'0  €0°0¥60°0 ¢0'0¥L0°0 SL°0¥S1°0 ¢0°0¥90°0 VHA/Vd3
SY'v+.6'8 99'7+GC'6 69°€¥01°0l Lexer’. 8/°G¥0G°0l L EFSY'L 0C'7+89°8 GG'C¥686  ¢O'LFEE'S 66°C¥.9'8 G8'v+06°.L S6'v¥9.°01 6-ul
9C'1¥99°L LCVFLO') G8'0F9L'L €8°0¥90°L Y9 LFEEC 16°0¥€L°L GC'LFS9'L ¥8°0F0L°L 80°0FL¥0 19°0%69°L 0L'1¥86°L 6C1¥66°L L-ul

88°9¥8€°9| 00°2¥6¥'91 Ye'GFLY LL ECVFLEEL ¢e'8¥L1'8l 86'G¥GGEl 9/°9%¥8C°91 €€'G¥00°0¢c €4°0%GE0l VL' v+Ge°GlL 8V’ L¥¥G Gl 61',¥9C°6l 9-uX
EVIF6LY ECLFLLY €C'1F0L'G 8V L¥8LY cL’'1¥20°S 00'L¥S0'¥ CO'LFI8 Y 8C'LFIC'9  LG0FVEE LL0F9EY CceCFL0S c0'1¥20°S g-ul
bL'C*rL'9 V. 1%G9°9 88°1¥68'9 G0'C*¥8.9 ¢S L¥9°9 R TA EV'C¥E8'9 ¥v'¢¥80'6  ¢L0F9SV ELLFLESG 81°¢¥9¢’. EV'1¥9C’. v4nHL
CeGFYL LI G9'GFL6 LI L9'€FL6°CL G9'C+6C'6 LLLFGEEL ¢S'v+08'6 Y6 v+LS LI c6crevel LE1¥66°.L 68°CFLV LI 66'v+7C 0l €C'9¥20Y viand<
€0°CFrL'G 16°C¥CL’G GC'cFLL9 VL'CFLY'Y L9°€¥8G°9 80°C+6S ¥ 80°C+.LL'G €L°1%86°G LYV'0+€6°C ¥8'1¥9G°G €CV+0G'9 61°€¥2¢8'9 vanin<
€G°GFEC || ¢e'G+8.0l 8/°0¥86°9 18'€F6.°6 08'v+cl ¢l €0°GFIY°0l 69'G¥l6LI €6'€F9l°€El I¥°0¥89°9 61°€¥50°¢l S6'9+.C°€l ¥6'9¥18°¢l vis<
8¢'0+00°L 8¢'0¥.6°0 G¢'0+80°L 01°0¥€8°0 cL'0¥€8°0 €e°0FCl’L 8¢'0¥¢0'L ¢’ 0+60°L LE0FVC’L G¢'0¥¢0')L 80°0¥68°0 €¢°0¥00°L [AVEAS)
1,¢°0%¢S’) 0¢'0+0G°L 0L°0%L9°L 61°0%0G°1 0L°0%9€’L GC'0+€9’L ce0+vS’L 6€°0¥G9°L LG'0¥16°) 0C°0%L¥'L vL'0¥cv’L ELOFVYL quzZ:9¢20
LC'0¥SL°0 0C'0¥€L°0 LL'0FrL0 €0°0¥09°0 L1'0¥59°0 LL'0¥LL0 LC'0¥8L°0 60°0¥18°0  €C°0¥€80 GL'0¥290 1°0%¢L0 1,2'0%06°0 6UL:¥2d
L1°0%¢C’0 €L°0¥8L°0 ¢0'0¥91L°0 €0°0%G1°0 ¥0°0¥91°0 ¢0'0%G1°0 1¢'0%¥92¢°0 00°0¥41°0  G0°0¥0C0 90°0+¥81°0 0€°0+6€°0 €2¢°0¥82°0 0:220
ECLFLY'L E€CLFSY'L 00°'LFLG'}L €€°0¥GL°0 cCLFEG L YO'LF9L°L €CLF6Y' L €8°0F79°L 10°0¥62°0 88°0F9¢"L 8L°L¥9G°L ¢s'l¥0ce que:Zed
9G6°0+00°} Gv'0¥.6°0 Sy 0FLL'L 8€°0+¢80 9r'0+€0’L GE'0¥GL°0 99°0+€0°} 2¢8'0%€9’L G0°0+G¥°0 6¢°0¥2L°0 8,°0%¥91°1 Sv'0+LL°L Quy:22o
L1°0¥€C0 90°0%1¢’0 ¥0°0¥2C’0 ¥0°0¥LC°0 L0°0+0¢°0 £0°0+0¢°0 ¥1°0¥5C°0 60°0+€C0 10°0¥8L°0 ¥0°0+0¢°0 €¢°0F9€°0 L0°0%€C0 (vd3) eus:zeo



0S

"5 8y} Ul yead pabisw a|buls B Ul painje 8ie pue sawl} UoUS)al awes 8yl 8ARY Y4 9S8 ¢

GL°0¥.0°L L6°0FLC'L GCO0¥LL'L ¥¥'0¥66°0 GZ'0F9G°L GG'LF08°L 9v'0¥.8°0 ¥0'0F1LC’L ¢y'0¥¢6°0 €¥'0¥€6°0 L¥'0¥.9°0 ¢S'0F.L°0 9uy:22¢0
S9'0F¥6°0 08°0%GL°L 8€°0¥8¢C’L LE0F6L°L 65°0¥98°0 €L1¥06°L 0€'0¥cL0 ¢0'0¥56°0 €€°0¥¢6°0 L2 0¥vL°0 L2°0¥€9°0 ¥2'0¥¢S°0 (vd3) gus:zzo
0€'L¥8Y'C ¢6°0F0L°¢C €E'0¥1L9¢C 06°0+¢S'¢ 19'0¥€0°€ £8'0FeL’C 8G'L¥9¢'¢C 91'0%G.L'¢C 67°0¥6€°C GECFLV'C Z6°L¥86°L 18°0F%¥6°L (vHQ) gu9:zzo
0L'0¥6€°0 LL'0F0¥°0 ¢0°0¥6€°0 LL'0¥CE0 71°0¥91°0 90°0%G1°0 60°0¥6€°0 00°0¥9€°0 90°0¥8€°0 CL'0¥EV'0 90°0%v1°0 L0°0¥v€°0 0:022
18°'L¥18°€ €0°¢¥L9°¢C 9¢'0¥¢e’C 6L CFYC Yy €8'LF8E Y Vg cFLv'e 99°'L¥l0'Y €S LF¥PC’S 69°0¥9.L°¢€ 00°'L¥¢LY LSLFPLE 10°¢¥8S°C 6UL:020
€CLFVE’L LY LFY9'L LC'0FLL0 GC'0¥SE’L v L¥0'v 80°0¥08°0 €8°0F70°L 90°'0¥58°0 Y2 0¥€9°0 7L'1¥00°¢C €€°0¥€9°0 €V 0¥¥8°0 y9uUE:0ZD + €UE:02D
6G°0+0G°L 6G°0+C9’L 8€'0FlC’L €9'0¥8¢’L 7€'0¥68°L GE0FLLC 1G°0¥8E°L L1'0F.9°L LE0F.LE7L 67'0¥GS°L 9L°0%pL°L GG'0¥6¢C'L (vyv) 9up:0zo
9/'0%GE’L VL 0¥cv’L €€°0¥¢6°0 L2'0¥.8°0 v.0¥8L°¢C 8¥'0¥cl’L 8.°0%8¢C’L Y0'0¥LL'L LE0FPLL 00°L¥€9°L G8'0¥¥6°0 09°0%0L°L €ug:02¢o
€1°0¥82°0 60°0¥.2°0 L0'0¥S€0 60°0¥0€°0 80°0%.¢°0 60°0¥62°0 G1'0¥62°0 ¥0°0¥¢¢°0 S0'0¥SE°0 61°0¥G€°0 81°0¥9¢€°0 S0'0¥8L°0 6UL:61LD
(XA TA RN (Aefraseic oy SLLFLYEL ye'2¥8e°¢cl L6°LFL9VL 26'0Fr 1L 78'€F0V'El L0'1¥99°Gl 01'9%¥80°0L ¥1'¢¥L0°GL ySCcFrLEL 89'¢¥20ClL 0:81D
VLC¥1C9 60°€¥c'9 Yy’ 0F0E Y GS'L¥8Y'9 96'C¥61'6 ¢C'Z¥69'S €ee¥el’9 €8°'1L¥00°L 9G°0%SV'S SLg¥el’ L [A\ R4S YA 0€'¢¥6C’S I6UL:8LD
¥G'8F6E°CL 61'6¥89°GL G6°0¥98°L €8'v¥86°L1 8€'0LF61°9¢C €9'6¥L9°0L ¥0°/¥00°LL Ly yF6CElL VG EFVEY 8€'8¥6E°GL CL'GFSY L 09'v¥6.2L ¢96UL:8LD +319UZ:8LD
G8'¢c¥ev’S €e'e¥l09 ¢r'0¥lo'e G9'ZF9E'8 8YV'€¥.6°L G2'EFee’S L0°CF08' ¥ LT LFLES [AXAI TR 90'L¥EL’S 9G9°C¥8L'¢E 0L'2¥99'Vv o9ug:gLd
8E'0FVC’L 0v'0F.C’L 0C'0F9Y'L Ly'0F0€’L ov'0¥LY'L 0€°0FLE"L 9€'0¥LC’L 70°0%61°L 80°0F61°L 7€°0¥0C’L 8C'0FGLL €€'0¥56°0 0:1D
89°0F¥L°L L2°0¥%9L°L /1°0¥85°0 0€'0¥86°0 v.'0¥lC'¢C L¥'0+¢9°0 GS'0¥cl’L SY'0+v0°L €€°0¥8L°0 95°0+09°L L¥'0¥68°0 IV’ 0FvLL LUL:LLD
€G'6LFLGVE 9€'€CFlC’'8E ey L¥ER'SC LV ¥+9.°6€ 8L'E€EFEC’C9  0L'¥LF9C'9¢C SY'ELF9L°0€ LOLFLL2E  LE€'2LFE0°0C L8'CLF76°8E 0C'L¥GC'9C¢ ce'SlFlece 091D
GZ'GFE0'9 ¢v'G¥90°9 €eoFeEYy’L 9/,'0%vE’S 16'8F00' V1 c0'L¥96°L ¢0'S+00°9 S0'L¥L0°€E SY'L¥E6'Cc  VL'ELFBLEL V. L¥GC'¢C 69°C+99°S LUL:91Ld
61°0¥2S°0 €2°0¥¢5°0 L0°0%GE°0 L1'0¥8Y°0 8C°0¥SL°0 0L'0F¥¥°0 GL'0¥1S°0 91L'0¥1G°0 c0'0¥€S°0 0L'0¥1GS°0 L1'0FLG0 61°0¥1S°0 0:G1D
69°'L¥8.°L 06°L¥¥6°L ¢L'0¥¢v'0 0C'0¥40°L 88°L¥66'1 ¢V'0¥GL°0 8G9 LFL9'L €¥7'0¥96°0 G2'0¥06°0 6L CFPE'E LV’ 0¥79°0 08'0¥89°L 0:vLD

Qo 0€ 11B419A0 8Z.L 2L 1421 L1 D, 92 lIe4snQ0 8Z.L 2L vil Ll 0L

J2A]| |os3uod
l1e49A0 2, 0¢ 0,92 lleldAQ H3AIN

"suswioads g¢ =N (8ZL ‘LZL ‘vLL ‘2L ‘01) siuodawny

pue (D, 0€ SA D, 92) suonpuod ainjesadwa) JUsSISHIP e anssl) JOAl| SLej820 "y Jo (aSFuesw ‘yblem anssiy Aip | -Bwbrl) ajyosd pioe Aned 'zs s|qe



TS

LV'6EFLYCLL [ASN a2 TANAS CL'G¥€L'98 6l'ccFeeect 0L°0€¥0S°L8L  LV¥'8C+VC L6 Py LEFO8'C0L CG'LeFO6'LLL VY PL¥88'6L 0G'8LF¥G8ECL  ¥S'GCF6C 98 L6°EEFS6°001 lejor<
1/'¢¥8¢'9 Yy ¢Fr6'S 8L1F9L°S 6L°0F71°.L €0'LF6¥'S veLFYLY Y0'€¥€9'9 LC1¥¢S'S 6V'1F9¢'S LOvFGLL 181¥6€°9 L9°EFY8’L g-ug/9-ul
90°1+00°¢ LELFE6°)L €1°0¥66°0 ceoFvl’lL 61°1¥9€°€ LG'0¥.LE°) 89'0+%.0°¢C 61°0¥9L°1L €C°0%.G°L 99'0%.¢°¢ LL'0¥€8°L ¢9'0%¥09°¢ vd3a/viv
09°0+0S°0 0¥'0¥S¥°0 L1°0¥8Y°0 90°0F6¥°0 91'0¥9¢0 €L°0¥€L°0 9/,°0¥95°0 ¢0'0¥S€0 80°0F.E0 LE1LFELL 1,2'0¥¢S0 ¥0'0%.2°0 VHA/Vd3

€1°Cl+8G°GC A AATTA YRS GG'1¥2991 06'8+26°0€ LLELFEGCY  €0°0LFLLLC 0l'0l¥ccee Lg'8¥€L’LC G6°C¥69°G1 98'6+€C°0€ 1L'8%98° L1 LC6FLY'EC 6-ul
SLLFLLVL 00°,¥¢c’.L Ly'0¥20°¢ 0.°0¥€€9 GC'6FLC9l cr'1¥8S°¢C o' 9¥cCl’.L 0S5 LFLL'Y SLLFLLE  69€LFBESGL 6L°CFrL'E G8'¢¥69'9 L-ul
0C'v1F9CvE 89'Gl¥2C8¢ 8¢°¢*¥8l'LC 62 LIFCECY G9'9LF0L°99 8C'6¥495°LE co’Ll¥cl0€ 99 LFrY vE 8G'¥*¥¢C'S¢ 86'8¥86'9¢  18¢CL¥EEEC 16'6¥8€°0¢ 9-uX
¥8'¢+cl9 GG'C¥16'9 61°1F€S'S cy'L¥26'S vy LFLL 0L 16°0¥9.°. 68°¢+6¢C'S 90°0¥5¢9 9€'1+60°G 9,°€¥€89 GCeF6L Y L0°CF6EY g-ul
0€'€+5E"L ¢6'¢+¥91°8 8G'L¥¢L’. 'CFr6'9 16°1¥€G6 G9'1¥98°01 9'€+0G°9 01°0¥8C'8 18°LFrL9 Yev+ee’.L 9L v*.LES LL'C*1L9'G v4nHXL
9G°€L¥8CEe 18'GL+299€ L0 ¢¥Sv'9¢ €¢oL¥ec oy 6°LLF¥99'VG 0€'6+EY'8C ¥5'6+8.°6¢ oy’ /Fe0°€Ee ¥8°¢HreE Ve LG L¥9Y°9¢€ €9'6¥¢Cve 11'6%96°6C viand<
€9°0L¥5€6) 0€'01L¥9€6) LL'L¥82°01 98'C+9C’61 ¢6'L1FGC¢ce 18°GFrLEL GL°0L¥GE6) €¢'G¥GG'8l €G°¢¥90°'GL  €2¢'Gl¥cc0e ¥8'G¥GG €L GO'GFLELL vann<
OV’ Lc*EY ¢S 80°GCHpi'9G 8¢'¢FLECY 69'9+56°'99 Py’ 1€¥90°G8  ¥0'GLFOC VY ¥9'GL*€C 8y ¢L'8¥0L'¢S <clcl¥vlee  09°'L1¥98'69 96'6¥GL° €y G8'8L*.0°8Y vias<
0C'L+L0Y LE1¥86°E LL°0F6L'Y 0v'1+08¢ 6G°L¥50°S €8°0¥Cl'y 66°0FLL'Y S0'0FcC’y ¢6'0+08°€ €S LFEY' Y 9¢'0+89'% 00°L¥8G°¢ [AVEAS)
91'¢¥6.'9 8€°C+96'9 LE'0FVS6 L9'1F/8°9 91°2%06°L 8CCFLL'G /8°1¥19°9 12°0%¥€0°. 18°0%66°. v, 1%¥69°9 ¢L'c¥9¢'9 €ELFCLS quzZ:9¢0
9G°0F6.L°) GG'0+8L°L 90°0+08°}L ¥S'0+06°L G9'0+06°1 LCOFLL) 1G°0%08°L GE'0¥86°L 9L°0%6.°L €L°0¥10°¢C LC'0¥89°} VL' 0%.G°L 6UL:yed
61°0F0¥'0 Y2’ 0%¥9%v°0 ¥0°0+¢5°0 0¢'0+G¥°0 ¥€0¥€S°0 1C'0%9G°0 01°0%6€°0 90°0+¥€°0 0L°0+6€°0 L1'0FSE0 60°0+¥¢¥'0 L0°0¥42C°0 0:¢20
9¢'LF9¢’¢ 6C'1F9€°¢C ccoFelL’L 1G°0¥.8¢C G¢'l¥cc’e 16°0¥08°L cecl¥le yvl¥LCC Yv'0¥1L0°¢C LG'0¥¢8'¢ Y6°0FLE"L 8G'L¥.EC queg:Zed



Before Mormalization
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Figure S1. Fatty acid concentration (ug.mg™" dry weight, distribution, and variance) before

and after normalization procedure (log transformed and auto-scaled — mean centered and

divided by the standard deviation of each variable).
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Figure S2. Fatty acid classes concentration (ug.mg” dry weight) and fatty acid ratios

(distribution and variance) before and after normalization procedure (log transformed and

auto-scaled — mean centered and divided by the standard deviation of each variable).
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Figure S3. PCA biplot of samples scores (black) and fatty acids’ loadings (vectors in red).
The further away the vectors are from a PC origin, the more influence they have on that
PC. Small angles between vectors imply positive correlation between them, whereas large
angles suggest negative correlation and a 90° angle indicates no correlation between two

fatty acids.

54



P value
() Fatty acid Metabolism 7e-34

O Bile Acid Biosynthesis

.Mituchondrial Beta-Oxidation of Long Chain Saturated Fatty Acids

() Fatty Acid Biosynthesis 2613

OFatt‘j Acid Elongation In Mitochondria

() steroid Biosynthesis O Glycerolipid Metabolism

. Flasmalogen Synthesis L1 4813

Figure S4. Functional network for enriched FA set for differences between muscle vs liver.
Each node represents a metabolite set with its colour based on its p-value (FDR corrected)
and its size is based on the number of hits (FA). Two metabolite sets are connected by an
edge if the number of their shared metabolites is over 25 % of the total number of their

combined metabolite sets.
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