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Abstract

The gilthead sea brearfparus aurata, L.) is very sensitive to low temperatures, which icelfasting and
reduced growth performances. There is a strongestein understanding the impact of cold on fish
metabolism to foster the development and optinomatf specific aquaculture practices for the winter
period. In this study, a 8 week feeding trial wasried out on gilthead sea bream juveniles reaned i
Recirculated Aquaculture System (RAS) by applyirtgraperature ramp in two phases of four weeks each:
a cooling phase from 18°C to 11°C and a cold maariee phase at 11°C. Liver protein profiles were
evaluated with a shotgun proteomics workflow basedilter-aided sample preparation (FASP) and tqui
chromatography-mass spectrometry (LC-ESI-Q-TOF MSYNbllowed by label-free differential analysis.
Along the whole trial, sea breams underwent severahges in liver protein abundance. These occurred
mostly during the cooling phase when catabolic ggees were mainly observed, including protein gnd |
degradation, together with a reduction in protgimtisesis and amino acid metabolism. A decreaseatein
mediators of oxidative stress protection was alsens Liver protein profiles changed less duringdcol
maintenance, but pathways such as the methionicle end sugar metabolism were significantly affdcte
These results provide novel insights on the dynamand extent of the metabolic shift occurring ia beeam
liver with decreasing water temperature, suppoffirtgre studies on temperature-adapted feed fotronk

The mass spectrometry proteomics data have beeassitig to the ProteomeXchange Consortium via the

PRIDE partner repository with the dataset identi#D011059.

Keywords: cold stress; winter syndrome; gilthead sea bream; liver proteins, methionine; shotgun

proteomics.
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1. Introduction

Gilthead sea breams3farus aurata, L.) have their natural habitat in the Mediterraneaa &t water
temperatures ranging seasonally from approximé&26RC in summer to 11-13°C or even lower in winter,
depending on the specific environment. Wild seame manage this temperature decrease by migrating t
deeper and warmer water (Davis, 1988). In factewstmperatures below 13°C lead to both behavioral
(e.g., erratic swimming, voluntary fasting, hyposéwity to stimuli) and physiological (e.g., imped
growth, fatty liver, tissue necrosis, infectionsjessful changes that can ultimately lead to phggioal
dysfunction and death (Contessi et al., 2006; Gidlat al., 2003; Ibarz et al., 2010b). Howevemnied sea
breams living in outdoor tanks and in floating sages are unable to avoid this thermal stress traid
prolonged exposure to temperatures below 13°C saleserease in activity (lbarz et al., 2003), grodetay
(Tort et al., 1998), metabolic depression (Ibarzakt 2018; Sanahuja et al.,, 2019) and reduced feed
consumption until total fasting when water tempares fall below 10°C (lbarz et al., 2010b). Other
physiological alterations include hepatic functiliigawith the liver becoming steatosic and whitidhe to a
large deposition of lipids, as well as reducedcadficy of adaptive immunity with increased susdsiitly to
infections (winter syndrome or winter disease) attdration of the main redox pathways (Abram et al.
2017; Ibarz et al., 2007, 2005; Sanchez-Nufio e88). These phenomena impact farming productions
causing relevant economic losses with a consegsteong interest of fish farmers in finding efficten
strategies for their reduction. One way for compéng thermal stress is represented by enhanciag th
nutritional state and metabolism through the usieeds specifically designed for the colder seaand,this
requires understanding the consequences of coftslormetabolism. To this aim, proteomic, metabolomi
and transcriptomic approaches have been appligdrioed and wild fish biofluids and tissues, such as
serum, liver, muscle and other organs, with diffgrdegrees of success (Addis, 2013; Addis et alLpa,
2010b; Alves et al., 2010; Braceland et al., 2Rint et al., 2008; Douxfils et al., 2011; Ghisaetaal.,
2014; Martin et al., 2001; Melis et al., 2017; Mini et al., 2014; Rodrigues et al., 2012). Protesnoiffers
several specific advantages when compared to genantranscriptomic strategies, including the #&pilo
evaluate the actual extent of protein abundanceggeeyond the estimates based on gene expredsion.
fact, proteins do not always follow a strict redaiship with gene transcription but are regulatedhat
translational or post-translational level. Livdretmain metabolic organ of the body, has gainedjtbatest
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attention in proteomic studies evaluating the iefice of farming practices on fish metabolism. Meaatnd
coworkers (Martin et al., 2001) studied the changesurring in the liver proteome as a consequerice o
different feeding regimens, including dietary plambtein substitution. Liver metabolism is consaldy
influenced also by other factors including envir@mtal stress, and might be affected by xenobiatus
toxins (Addis, 2013; Ghisaura et al., 2014). Nurnsreesearch groups focused on the gilthead seanbrea
liver proteome to investigate a variety of stres&fators, ranging from handling and crowding (Adwet al.,
2010) to the use of antiparasitic, or antibactesigénts and different environmental pollution (Isenal.,
2011; Kovacik et al., 2018; Varé et al., 2013).tBomics has also been used to assess the impeaidodn

fish metabolism (Ibarz et al., 2010a; Parringtond &oward, 2002; Vilhelmsson et al., 2003). However,
these studies applied a gel-based approach (2[@igetrophoresis, 1D GelC-MS/MS). With the aim of
gathering additional information, we investigathd thanges occurring in liver tissue by applyirgihatgun
proteomics workflow based on filter-aided sampleparation (FASP), tandem mass spectrometry (MS/MS),
label-free quantitation and, finally, pathway asédyby means of STRING and Ingenuity Pathway Ansalys
(IPA). In fact, this approach provides a highertpomne coverage and is less affected by the typical
limitations of gel-based studies, especially wh&ns2paration is involved (Westermeier et al., 2008
additional or complementary information can be oiagd in respect to previous studies. Liver proteome
changes were assessed by mimicking the winterestgsdl conditions in a Recirculated Aquaculture Sgste

(RAS), both immediately after temperature reductiad during cold maintenance.

2. Materialsand Methods

2.1. Experimental design

A detailed description of the trial can be foundim previous work (Melis et al., 2017). For thepgmses of
both studies, a total of 60 juvenile gilthead seealms with an average weight of 82.0 + 4.5 g were
uniformly distributed in three fiberglass tanks5&0 L with mechanical and biological filtration syss, a
pumping system, a water thermoregulation systehaarautomatic control for adjusting and monitoting
main physicochemical parameters. Fish were firstirmated for two weeks by linearly lowering water
temperature from 20°C to 18°C (t0). Then, tempeeatvas reduced at a rate of approximately 1°C every
Tuesday and Friday until reaching 11°C (coolinggeh40-t1, 4 weeks). Then, fish were maintainetillaC
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(cold maintenance phase, t1-t2) for the same tipas €4 weeks). Fish were fed by hand, once a day, a
experimental feed formulation (Aller Aqua, Christséeld, Denmark) with 43% protein and 14% fat. Feed
ration was adjusted accounting for fish size, bissrand temperature (0.9 + 0.03 g during coolingGadt
0.03 g during cold maintenance). During the growthl no mortality occurred, and fish never stopped
eating below 13°C. For the purposes of this statljhie beginning of the trial (t0) and at each tpo@t (t1,
t2), 9 fishes were anesthetized with 1,1,1-tricbi@drmethylpropan-2-ol (2% in marine water) and
transferred in a mixture of marine water and icga{tnumber of sacrificed subjects = 27). Liver wasised
from each fish, weighed and frozen rapidly in Idjuiitrogen in Petri dishes as described by Melid an

coworkers (2017).

2.2. Protein extraction and quantification

Fish liver protein extraction was performed accogdio Ghisaura et al. (2016). Briefly, a small mortof
each tissue (100 mg) was placed in a 2 ml Eppersddei-lock tube (Eppendorf, Hamburg, Germany) and
immersed at 25% w/v in lysis buffer (7 M urea, ZTMiourea, 2% CHAPS) plus protease inhibitor cocktai
(Protease Inhibitor Cocktail for General Use, Sighhdrich, Saint Louis, MO) as indicated in the
manufacturer instructions. Samples were then psecesind subjected to three cycles of 5 min at 30
oscillations/s in a TissueLyser mechanical homaggm(Qiagen, Hilden, Germany). Samples were frazen
between homogenization cycles to ease tissue disnuand avoid excessive sample heating. Protein
extracts were then centrifuged for 15 min at 18,8 at 4°C, quantified with the Pierce 660 nm Eirot
Assay Kit (Thermo Scientific - Rockford, IL), evalied for quality and integrity by SDS-PAGE (datd no

shown), and stored at —80°C until use

2.3. Shotgun proteomics

Three protein samples for each time point (t0t2), each constituted by a biological pool of thfish
liver extracts, were used for shotgun proteomicalyais. Protein extracts (n = 9) were subjectedrto
filter reduction, alkylation, and trypsin digesti@aecording to the filter-aided sample preparatibA3P)
protocol (Wkniewski et al., 2009), with minor modifications (G&ura et al., 2016; Tanca et al., 2013)
using Amicon Ultra-0.5 centrifugal filter units WitUItracel-10 membrane (Millipore, Billerica, MA,
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123 USA). Peptide mixture concentration was estimatgdiding BCA protein assay kit (Thermo Scientific -
124  Rockford, IL). LC-MS/MS analyses were performeda®-TOF hybrid mass spectrometer with a nano
125 lock Z spray source, coupled on-line with a Nanafiggchromatography system (Waters) (Pagnozzi et
126  al., 2014). Two technical replicates were analylmrdeach biological pool (total LC-MS/MS runs = 18)
127  Peptide mixtures were concentrated and washedamitanrichment column and then fractionated over a
128 250 min gradient on a C18 reverse phase column.iridieiment was set up in a data-dependent MS/MS
129  mode, with a full-scan spectrum followed by tand®eass spectra, selecting peptide ions as the those m
130 intense peaks of the previous scan. ProteinLynitvsoé (Version 2.2.5), was used to produce the peak
131 lists as pkl files.

132

133  2.4.Protein identification and differential proteomic analysis by label-fr ee quantitation

134  The Q-TOF peak lists were analyzed by Proteomedveser software (version 1.4; Thermo Scientific),
135  after conversion into MGF files. Technical replesitwere processed as merged, generating one list of
136 identified proteins for each biological sample hg Proteome Discoverer Daemon utility. The workflow
137 was made up of the following nodes (and respeqgbi@eameters). Spectrum Selector for spectra pre-
138  processing (precursor mass range: 350-5000 Da; Th#eshold: 1.5), Sequest-HT as search engine
139  (Protein Database: Chordata sequences from UniBrdidzyme: Trypsin; Max. missed cleavage sites: 2;
140  Peptide length range 5-50 amino acids; Max. Defta0d5; Precursor mass tolerance: 50 ppm; Fragment
141  mass tolerance 0.4 Da; Static modification: cystesarbamidomethylation; Dynamic modification:
142  methionine oxidation), and Percolator for peptiddidation (FDR < 1% based on peptide g-value) (Choi
143 and Nesvizhskii, 2008; Kall et al., 2009, 2008;\@gi et al., 2009). In order to estimate the extdnt
144  differential protein abundance among sample grotmesNormalized Spectral Abundance Factor (NSAF)

145 was calculated for each protein according to Zyvaiet al. (Zybailov et al., 2006) as follows:

N .
146 NSAF:SAFi/ZizlsAFI , Where subscript indicates a protein identity, N represents thaltaumber of
147  proteins, and SAF is a protein spectral abundaactoif (protein spectral counts divided by its Iéhgt
148  Finally, the NSAF log ratio (fkar) Was calculated as follows\Bir = I0g(NSAF, + CF)/(NSAFR + CF),
149  where NSAK and NSAF are the summed NSAF values for each protein irpkagroups to be compared

150 (x =1tl or t2; y = t0 or t1, respectively) and CGFa correction factor, empirically set to 2 (Tamtal.,
6
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2015, 2012) . Statistical significance of diffeiahprotein abundance was further assessed by iagplye
Student'st-test (two-sample comparison, p < 0.05) on logamnthNSAF values, after replacing missing
values with 0.1 (empirically determined as in Zytaiet al., 2006) and corrected by using falsealiecy

rate (FDR) as a multiple hypothesis testing, wiliR< 0.1as a threshold limit. Only proteins with & >

0.5 or < -0.5 were considered. The mass spectrgnmtteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partngogitory with the dataset identifier PXD011059

(Deutsch et al., 2017; Sanchez et al., 2015; Viecat al., 2016) and are reported in Ghisaura €2@19.

2.5. Multivariate data statistical analysis

Multivariate statistical data analyses (MVDA) werede using SIMCA-P 13.0 version (Umetrics, Inc.,
Kinnelon, NJ). Prior to analysis, NSAF values wsubjected to log transformation and Pareto scakiog.
multivariate preliminary inspection, an unsuperdig®gincipal component analysis (PCA) was performed,
followed by supervised OPLS-DA (orthogonal partedst square discriminant analysis) to displaycases
plot the NSAF clustering, according to each temjpeeavariation. Goodness of all MVA models was
evaluated by the cumulative R2(cum) and the pregidR2Y(cum) and Q2(cum) parameters, calculated
according to the cross-validation method. In paféic R2Y(cum) is defined as the proportion of aade in

the data explained by the models and indicatesgtoeiness of fit, whereas Q2(cum) is defined as the
proportion of variance in the data predictable by inodel. Both R2Y(cum) and Q2(cum) vary between 0
and 1: a good prediction model is indicated by Q&(c> 0.5, whereas a Q2(cum) > 0.8-0.9 means an
excellent predictive ability of the model; for QQo) values close to 0.5, no statistical group sajmar

between observed clusters was considered (Westezhal., 2008).

2.6. Pathway analysis

Gene ontology and protein annotations were retdefrem UniProtKB (http://www.uniprot.org). The
uncharacterized sequences were blasted on NCBI  rethmdant database:
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) to finde homologous proteins. For pathway analysis twmen
software packages were used: STRING version 10r¢Bedool for the Retrieval of Interacting
Genes/Proteins; http://string-db.org) (Szklarcziykle 2017) and the online software package IP&gion
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9.0; Ingenuity Systems, Redwood City, CA). For SN&| an enrichment analysis was performed with all
differentially expressed proteins, and KEGG pathsya@O Biological Processes and GO Molecular
Functions implemented in the web platform were stigated by using thBanio rerio as organism model.
Only the pathways and molecular networks displayangFDR < 0.05 were considered as significantly
enriched in the protein list and were consideradidaher analyses. For IPA analysis, since thévwsok
operates on a database built on the literaturergtatk for humans and rodents, fish UniProt IDs were
replaced with the closest mouddus musculus) protein equivalents to enable a wider knowledgsedl
investigation of pathways as previously describ&dd{s et al., 2011; Ghisaura et al., 2014; Teravale
2014), being this a larger and better investigalathbase. The list of protein identifications (IDs)th
their respective ar and p values (< 0.05) were used for the gene egyobnalysis. Diseases and
functions were specifically considered to focugtom physiological and health state of the fishrlignaring

cold treatment.

3. Results and Discussion

3.1. Cooling phase

A preliminary evaluation of experimental NSAF datdh PCA indicated that liver proteomes at t1 were
clearly separated from those at Edgure S1). This result was confirmed by a further supemdia@proach
based on OPLS-DAFjgure 1a). Indeed, the OPLS-DA model showed a very gooddiameter (R2Y(cum)

= 0.819) and a fairly good prediction ability (Q&ge) = 0.828), as shown by the model validation ltesu
(Figurel).

A total of 42 proteins showed statistically sigcaint differences in abundance aw$ltO (Rysar > 0.5 or <
-0.5, p < 0.05, FDR < 0.1) and are listedlable 1. According to STRING, numerous metabolic pathways
were affected, as reported Trable S1. KEGG pathways were mainly related to carbon nudisdn such as
amino acid metabolism, including the phenylalanityepsine and cysteine and methionine metabolisms.
Other general pathways that encompass metabolwvpgs and carbon metabolism were also statistically
significant (FDR <0.05). Amino acid metabolism @agn important role in fish metabolism for protein

synthesis, glucose formation, and energy. For el@ntostas et al, (2011) observed increased lefels
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amino acids and other metabolites during long tiesd deprivation in Senegalese sole fish, and aanits

are considered the major source of energy in thisigorous fish species. Feed deprivation led tovac
gluconeogenic active processes in the liver suppdotty proteolysis in 21 days feed-deprived sole,
suggesting that amino acids are employed as a rcestwarce for gluconeogenesis for the maintenance of
plasma glucose levels. Phenylalanine and tyrosameinfluence pigmentation, development, feed intake
growth performance, immunity, and survival of fishthe natural environment. Tyrosine synthesizeanfr
the essential amino acid phenylalanine is a precufsr important hormones and neurotransmitters,
including thyroid hormones that play an importaoliernext to energy metabolism and protein synthesis
(Jasour et al., 2017; Li et al., 2009).

According to IPA, increased proteins were mainlgoasated to cellular stress and to protein andl lipi
degradation processes, while decreased proteine mestly related to protein synthesis, actin-bigdin
activity, amino acid metabolism, and protectiomiroxidative stressT(@ble S2). Several enzymes included
in amino acid metabolism showed significant changesincrease in fumarylacetoacetase and a reduitio
4-hydroxyphenylpyruvate dioxygenase were observeable 1), both enzymes being involved in the
catabolism of phenylalanine and tyrosine. Downratjoh of phenylalanine and tyrosine catabolism has
been associated to liver damage (Richard et al6)2@onfirming the key role of these amino aclshe
physiological response of sea bream to cold chgdlerCatabolism of specific amino acids, including
tyrosine and phenylalanine through homogentisétalibxygenase, was also observed to be reduced unde
cold stress by Ibarz and coworkers (2010a). Thésteeen associated to the possible entrance ofrigrasd
phenylalanine in the TCA cycle to produce energikely, it has been suggested that high dietary
availability of amino acids, methyl donors (betainkoline) and cofactors (folate) supports the tioward

the methionine cycle thus favoring optimal homesistahelping fish to cope with exogenous stress and
finally improving feed performance (Richard et &016). Amino acids can be considered an important
glucogenic source in fish. In this regard, highluson levels of feathermeal in feed have beenetated
with hepatic levels of leucine, isoleucine, tyr@simaline, methionine, arginine, and phenylalamivelved

in energy metabolism. Moreover, an increased cdragon of these amino acids in the liver was obser

in the same study, indicating their inhibition frantering the TCA metabolic pathway to generategne
(Jasour et al., 2017). Formimidoyltransferase-ajeminase was also increased. This enzyme is iedahvy
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the sub-pathway that synthesizes glutamate by medinkistidine degradation and tetrahydrofolate
conversion in the pathway of one carbon metaboliEmoredoxin and metallothionein were reduced. €hes
proteins act as primary liver defense under oxidatack at low temperatures. Their reduction migéat
associated to loss of hepatic functionality undad cstress (liver failure), confirming that oxidadi stress
and amino acid metabolisms are the pathways maifigcted by cold. Previous results by Ibarz et al.
(2010a) are in line with our findings. In their promic study on gilthead sea bream liver undereacatd
challenge, they identified oxidative stress, anaom metabolisms and carbohydrate metabolism asts¢
perturbed pathways.

Actin-related proteins such as cofilin-2 were reztlicduring water cooling. Similarly, Ibarz and cotwns
(2010a) found decreased actin levels in cold-stigkéish. Both alpha and beta tubulins, the comptneh
cytoskeletal microtubules, were increased, as @yrezbserved in previous studies on cold challenged
gilthead sea breams. The same authors suggestadiibiin has a protective effect against coldssirdout
the exact mechanisms are still under study. Thdesviincrease seen in proteasome-associated otein
together with the observed changes in cytoskelptateins, might suggest the occurrence of tissue
remodeling processes induced by thermal stresgd@ction in heart-like FABP or FABP3 was observed
(Table 1). Mininni and coworkers (2014) reported severahrges in FABP isoforms according to
transcriptomics, but did not report changes in FBBP

Several “diseases and functions” categories waie significant according to IPA éble S2). These results,
although obtained by comparison of literature basednouse, support the finding that the most releva
changes in liver metabolism occurred during theliogophase. As summarized hable S2, it is worth
noting that several significantly modified proteimgere involved in cellular growth and proliferatjon
inflammatory response, and infectious diseasess Ty suggest some similarity with the well-known

effects of winter syndrome in gilthead sea bredbafz et al., 2010b).

3.2. Cold maintenance phase

In the cold maintenance phase (constant 11°C, cosgpat2 vs t1), liver proteins showed less marked
changes than in the cooling phase. Consequentyt2zhand t1 sample clusters displayed a lower PCA
separation Kigure Slb). Quantitative estimation of discriminative valugfsthe model is given by lower

10



263 Q2(cum) index (Q2(cum) = 0.55), close to the thoédhimit for a biological model discrimination
264  (Westerhuis et al., 2008). Similarly, the goodnegdit of the related OPLS-DA model led to a lower
265  Q2(cum) value (Q2 (cursdomant = 0.69,Figure 2) when compared to the cooling phase (Q2(¢dBine
266 = 0.83,Figure1). These observations indicate a lower predictiafita of all the MVDA models associated
267 to the cold maintenance phasg the cooling phase, and suggest that t2 and tl (thaalong cold
268 maintenance) are more similar to each otliégure Slb) than t0 and t1 (beginning and end of cooling
269  phase).

270 In this case, only 24 significantly differentialopeins were identified in all samplesydz=>0.5 or <-0.5, p <
271 0.05, FDR < 0.1) and are listedTable 2. Several proteins were associated to the methearynle, such as
272  betaine-homocysteine-S-methyltransferase (BHMTierbstingly, this protein underwent the most ingens
273 change in abundance observed in the whole stugy,éR 2.96). Other proteins with ribosomal activity,
274  glycolytic and gluconeogenetic function, were irased in t2 vs t1, whereas proteins associatedaienger
275  activity, migration and cellular organization, it transport and proteolysis, adenosine and hosteicye
276  synthesis were decreasddble S1).

277  Enrichment analysis indicated the main KEGG pathsrdigred during the cold maintenance phasable
278  S1). Among them, the categories metabolic pathways dymblysis/gluconeogenesis had three molecules
279  involved. Amino acid metabolisms, including alanirespartate and glutamate metabolism, cysteine and
280 methionine metabolisms, were also significant, worihg the key role of energy metabolism and of the
281  methionine cycle. KEGG pathways, GO Biological Rsges, and GO Molecular functions are fully dedaile
282  in Table S1. Only two diseases and function features were aat®atio the cold maintenance phakable
283  S2), supporting the above observations.

284  In a previous investigation on the metabolic resgoof sea breams to low water temperatures (Mehs e
285  2017), liver gluconeogenesis was more affected titgeolysis during constant cold temperatures.hiis t
286  study, an increased abundance of proteins impticatearbohydrate metabolism was observed in theesa
287  conditions. Also, the observed perturbation of amacid metabolism during the cold maintenance plsase
288  confirmed by previous proteomic investigations {Rid et al., 2016). In particular, the methioniyele
289  and several related molecules (betaine, cholinafgtmcholine and glutathione) were found to be &dfibc
290 during prolonged exposure to low temperatures. Bé&eientific reports on cold challenged gilthesah

11



291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

bream highlight a methionine cycle activation undgess conditions (lbarz et al., 2010; Mininniagt
2014; Richard et al., 2016). Amino acid intercosi@n and catabolism processes, often resulting in
upregulation of BHMT, are likely triggered duringld stress to prevent hepatic accumulation of oyiot
molecules such as homocysteine. However, althoagfhwater temperature decrease such as 20°C tm8°C
3 days (Ibarz et al.,, 2010a) can lead to downrd¢ignlaof BHMT, slower cooling conditions seem to
consistently result in an increased expression.pberious work (Melis et al., 2017), based on st fyradual
temperature decrease followed by a cold maintengihase, reached a similar conclusion, i.e. adjusisnef
methionine cycle metabolism are activated duringgerged stress while they are not observed dutieg t
first, more acute phases of temperature decreadbisl sense, BHMT appears as a key proteomic aegul
throughout a persistent stressful condition, actiiay antioxidant mechanisms by balancing S-aderosyl
methionine and preventing toxic homocysteine acdatian. The increase in BHMT was also associated to
an unbalanced amino acid composition of diets reath increased oxidative stress (Ghisaura e2@l4),
which suggests that BHMT is a good indicator relat® general fish homeostasis. The changes in BHMT
levels might therefore be related also to glutatbibiosynthesis, reflecting a different extent gidative
stress caused on hepatocytes by the different teypes; more specifically, its increase in thedcol
maintenance phase (18 t1) indicates that a higher oxidative stress ierexd by long exposure to winter
temperatures (Ghisaura et al., 2014). Other anuibdegradation pathways and changes in proteimsiyna
implicated in stress response and cellular deferege represented by Adenosylhomocysteinase (AHCY or
SAM) that is involved in the superpathway of metiine degradation, as well as in the methionineaggv
pathway; specifically, it catalyzes the reversibWerolysis of S-adenosylhomocysteine to adenosirela
homocysteine and has a central role in the reguladif methyltransferase reactions, important foerli
homeostasis maintenance (Ghisaura et al., 2014jpoikded out by Richard et al., (2016) its deficigns
usually associated with hepatic damages.

Increased purine metabolism also plays a cruclalirofacing cold stress. Its involvement was obedrin
both muscle and liver of gilthead sea bream ducinlg maintenance phases by metabolomics (Melis et a
2017) and was confirmed here by the observed iser@apurine nucleoside phosphorylase-like (PNP). |

was also postulated that the involvement of purimetabolism pathways in cold challenged gilthead sea
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bream might be somewhat associated to other syngptdrine winter syndrome, such as skin pigmentation

and immune suppression (Melis et al., 2017).

3.3. Overall changes

Proteomic profiles at the starting time (t0) wdrert compared with those at the end of the tridlt2jain a
general overview of the changes occurring alondppged thermal stress. A very clear separatiohmeftivo
conditions was highlighted by the PCA score pkiggre Slc) showing a Q2(cum) = 0.68. Furthermore,
OPLS-DA score plot and related model validatieig(re 3) showed an excellent cluster separation with a
Q2(cum) closer to 0.9 (Q2(cum) = 0.885), which impla higher goodness of discrimination with respec
both t1/t0 Figure 1) and t2/t1 Figure 2).

In this case, 59 proteins showed differences imdance (Rsar > 0.5 or < -0.5, p < 0.05, FDR < 0.1) and
are listed inTable 3. Proteins related to proteolysis processes, ensvgyersion, carbohydrate and amino
acid metabolism and mitochondrial activity werer@ased, while those involved in fatty acid metadoli
and amino acid conversion were decreased, as wellaeins associated to protection from oxidasivess
and purine degradatiornT éble S1). Several stress-driven metabolic changes were obderybundance
variations affected proteins involved in the meteno of key amino acids (histidine, alanine, aspi@rand
glutamate; tyrosine, phenylalanine, arginine analipe; cysteine and methionindjull KEGG pathways,
GO Biological Processes and GO Molecular functiares detailed ifTable S1. The categories pyruvate
metabolism and starch and sucrose metabolisms algvenvolved. Moreover, five significantly increas
diseases and functions categories were represeyptieflammatory responses of the organism, geraraif
reactive oxygen species (and related free radoaalenging functions), liver necrosis, lipid metasmls and
their oxidation (functional to energy productioigaple S2).

The analysis of the overall cold challenge confiintee observations done on the two separate phases
(cooling and cold maintenance). Upon constant teatpee decrease, proteins implicated in proteaglysis
lipolysis, glycolysis and glycogenolysis, togetiéth those implicated in amino acid metabolismréased

in abundance, possibly to intensify energy produrctiuring cold stress. In fact, as seen in mangliesu
(Chang et al., 2018; Ibarz et al., 2010b, 2010&h&id et al., 2016), there is a strong mobilizatién
extrahepatic fat deposits to liver and glycogeremess. Amino acid degradation pathways (phenylatani
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and tyrosine catabolism) and changes in proteingalynanplicated in stress response and cellulaedsé
were represented by a slightly lowered uricaBable 3), that catalyzes the oxidation of uric acid to 5-
hydroxyisourate and then to allantoin, a degradafiooduct of purine nucleobaseBable S2 reports
diseases and functions categories affected by stodds exposure. Cold mainly affected inflammatorg
organ damage processes, oxidative stress respodggrasine degradation. The involvement of thitela
pathway was recently confirmed by our researchgrming'H NMR-based metabolic fingerprinting (Melis
et al., 2017) and by Richard and coworkers (Ricledrdl., 2016) who specifically described phenylade
and tyrosine catabolism and their interconversioithie proteomic response of gilthead sea brearowo |

temperature.

4. Conclusions

The protein makeup of sea bream liver undergoesrakxhanges upon exposure to decreasing water
temperature, suggesting the occurrence of a métasioft enabling adaptation to changed environment
conditions. This shift occurs mainly along temperatiowering in a cold adaptation phase. The maanee

of low but constant temperatures seems to affeatepr levels to a lesser extent, although sigmifica
changes emerge also in this phase, such as inangthimetabolism. Gaining a greater knowledge af se
bream metabolic changes to cold adaptation mightfhese to fish farmers for the development of gpec
aquaculture practices aimed at mitigating the negaffects of cold on fish growth, including thesign of

novel feed formulations for the winter season.
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Tablel

Sea bream liver proteins undergoing significaningies during the cooling phase Y&lt0). Rysar >
0.5 or <-0.5; p value < 0.05; FDR multiple compari test <0.1.

Accession

number Protein name Rnsar t1/t0
Increased proteins

Q4RBW9 Proteasome subunit beta type-2 2.0501
B3F9U6 Hemoglobin beta chain 1.7291
Q1PCB2 Beta globin 1.6826
P86232 Ezrin (Fragments) 1.5108
P11748 Hemoglobin subunit alpha 1.3526
K7GAK5 Tubulin beta-7 chain 0.9969
Q4S3J3 GTP-binding nuclear protein Ran 0.8656
Q91060 Tubulin alpha chain 0.8281
M9OP052 Lysosomal acid lipase 0.8276
Q4RVSO ATP synthase F(0) complex subunit B1, mitochial 0.7537
L5M3T4 GTP-binding protein SAR1a 0.707
Q4S798 Nucleolin isoform X2 (Fragment) 0.6757
H2MYW8 Fumarylacetoacetase 0.6599
J7FN7 Glutathione S-transferase (Fragment) 0.6588
G9l0G6 Transferrin 0.6428
S4S3W7 Phosphoglucomutase 1 (Fragment) 0.5869
I3JSE9 Formimidoyltransferase-cyclodeaminase-like 5706
G1QD60 H3 histone (Fragment) 0.5705
H2LS09 Nucleolin isoform X1 0.5106
Decreased proteins

QOGPQ8 Cytochrome P450 2P11 -0.5457
AOAOGOVGES Cytochrome oxidase subunit Il -0.5506
W5LDH9 Uricase -0.584
G3PTX7 Endoplasmic reticulum resident protein 27 .5906
HOYZDO Electron transfer flavoprotein subunit alphatochondrial -0.6356
W5N925 Protein disulfide-isomerase (Fragment) 4846
H2RKV3 Malic enzyme -0.6595
M4AX90 Peroxisomal 2,4-dienoyl-CoA reductase-like 0.6643
Q27HS3 Vascular smooth muscle alpha-actin (Fragment -0.6784
Q4RKE4 Fatty acid-binding protein, heart-like -R82
Q8JHCS Metallothionein (Fragment) -0.7259
F1Q6E1l 4-hydroxyphenylpyruvate dioxygenase -0.7963
AOAO060WA9 Adenosylhomocysteinase B -0.8248
M4VQFO Glyceraldehyde-3-phosphate dehydrogenase 866Q.
M4AAN9 Phosphate carrier protein, mitochondriaklisoform X1 -0.8739
F7DQ24 11-cis retinol dehydrogenase-like -0.92
F7FYK5 40S ribosomal protein SA-like -1.0889
AOA060YQHO Aspartate aminotransferase, cytopladikiz- -1.1398
B5X8Y0 Cofilin-2 -1.2505
H2VEH5 Peptidyl-prolyl cis-trans isomerase -1.2816
BOENS8 Thioredoxin -1.841
G3HK42 60S ribosomal protein L30 -2.441
G3UYv7 40S ribosomal protein S28 (Fragment) -22702
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381
382
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384
385

Table?2

Sea bream liver proteins undergoing significaninges during the maintenance phasev§t?l).

Rnsar > 0.5 or < -0.5; p value < 0.05; FDR multiple caripon test <0.1.

ﬁsrcnebsesrlon Protein name Rnsar t2/t1
Increased proteins

I3KAP1 Betaine-homocysteine S-methyltransferasée.-| 2.9636
E9QBFO Triosephosphate isomerase 1.4764
M7BNBO 60S ribosomal protein L30 1.4457
P61155 40S ribosomal protein S19 1.4016
F6Q602 Probable imidazolonepropionase 1.3571
C1KBH6 Phosphoenolpyruvate carboxykinase 1.3021
H2L7M4 Keratin, type | cytoskeletal 18-like 1.1887
F1QXV8 Phosphoglycerate kinase 1.0446
W5LXZ1 Purine nucleoside phosphorylase-like (Fragthe 0.9842
H2MFCO Obg-like ATPase 1 0.9796
M4ANES Glutamate dehydrogenase, mitochondrial-like 0.766
G3Q9K3 ATP synthase subunit gamma 0.7505
C3KIP4 Myosin light polypeptide 0.7423
B5X124 Deoxyribose-phosphate aldolase 0.6882
I3KYC9 Fumarate hydratase, mitochondrial-like 0861
F1R0A9 Glucose-6-phosphate translocase isoform X1 5549
Decreased proteins

MONZ74 94 kDa glucose-regulated protein -0.5354
L5M3T4 GTP-binding protein SAR1a -0.6744
Q4QY80 Elastase 4-like protein (Fragment) -0.9622
H2UYH6 60S ribosomal protein L6-like -1.0566
H3CCF6 Delta-1-pyrroline-5-carboxylate dehydrogenasitochondrial -1.1152
G5DYLO Putative s-adenosylhomocysteine hydrolasagifient) -1.294
H7C3T4 Peroxiredoxin-4 (Fragment) -1.366
P86232 Ezrin -1.4512
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Table3

Sea bream liver proteins undergoing significaningfes along the whole trial (i t0). Rysar >
0.5 or <-0.5; p value < 0.05; FDR multiple compari test <0.1.

Accession

number Protein name Rnsar t2/t0
Increased proteins

S7TMY91 60S ribosomal protein L12 2.434
Q4RBW9 Proteasome subunit beta type-2 2.1625
Q1PCB2 Beta globin 1.8357
P56251 Hemoglobin subunit beta 1.6591
P11748 Hemoglobin subunit alpha 1.5843
E9QH32 Nucleoside diphosphate kinase 1.5778
M4ABNS Mitochondrial pyruvate carrier 2-like 1.463
F2YLAl Transferrin 1.1602
H2V638 Profilin 1.0975
H2uO0L4 Mitochondrial 2-oxodicarboxylate carrier 443
HOVMR9 Histone H2B 1.023
K7GAK5 Tubulin beta-7 chain 0.9934
E9QBFO Triosephosphate isomerase 0.9793
M4AJN9 L-2-hydroxyglutarate dehydrogenase, mitochai-like 0.9785
B5XDR2 Inorganic pyrophosphatase 2, mitochondrial 0.7825
H2MWNS8 Formimidoyltransferase-cyclodeaminase 0.7612
H2LS09 nucleolin isoform X1 0.7608
H2L7M4 Keratin, type | cytoskeletal 18-like 0.7579
C4PAW7 Microsomal epoxide hydrolase 0.7529
I3KYC9 Fumarate hydratase, mitochondrial-like 0945
13JD93 40S ribosomal protein S25-like 0.718
M4ANES Glutamate dehydrogenase, mitochondrial-like 0.7107
A0A060Z139 Ubiquitin-like modifier-activating enzyarl 0.6808
Q9HAP1 Valosin-containing protein (Fragment) 0560
F1ROA9 Glucose-6-phosphate translocase isoform X1 .6310
H2MNV5 Tubulin beta-1 chain 0.6074
G3Q9Y8 Clathrin heavy chain 1 isoform X2 0.5594
Q45798 nucleolin isoform X2 0.5317
FEY7A5 Aldehyde dehydrogenase family 8 member AfoisnX1 0.5194
K7FFD9 Delta-1-pyrroline-5-carboxylate dehydrogemasitochondrial 0.5045
Decreased proteins

E6ZHH2 Catechol-O-methyltransferase domain-contgitpirotein 1 -0.5385
G3NRH9 Transketolase -0.5529
H2RKV3 Malic enzyme -0.5545
QOGPQS8 Cytochrome P450 2P11 -0.5905
E9L835 Beta actin-1 -0.5967
H2L6X3 Urocanate hydratase -0.6063
G3PTX7 Endoplasmic reticulum resident protein 27 .6304
D3TJKO Alpha-amylase -0.6405
W5N925 Protein disulfide-isomerase (Fragment) 1097
M4AX90 Peroxisomal 2,4-dienoyl-CoA reductase-like 0.7159
M9POAS8 Catalase -0.7396
Q6USBS8 Glutathione S-transferase (Fragment) -@841
H2TY77 Carboxypeptidase Al-like -0.8624
Q4QY80 Elastase 4-like protein (Fragment) -0.8795
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Q8JHCS5
F1Q6E1
M4AANO
K4GALG
F7DQ24
W5LDH9
ROLYE9
F7FYK5
B5X3S0
MOPON9

AOA0BOYQHO

S9XSMO
P81399
H2VEH5
B5X8Y0

Metallothionein (Fragment)
4-hydroxyphenylpyruvate dioxygenase
Phosphate carrier protein, mitochondriaklisoform X1
Adenosylhomocysteinase

11-cis retinol dehydrogenase-like, partial
Uricase

Maleylacetoacetate isomerase (Fragment)
40S ribosomal protein SA-like

Estradiol 17-beta-dehydrogenase 12-B
Heart-type fatty acid binding protein
Aspartate aminotransferase, cytopladifi-
Actin, cytoplasmic 2

Fatty acid-binding protein 1, liver
Peptidyl-prolyl cis-trans isomerase
Cofilin-2

-0.8796
-0.8941
-0.9372
-0.9525
0.9856
-1.0609
864.0
-1.1605
-1.1615
-1.892
-1.2149
-1.26
-1.336
-1.3479
-1.7414
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Figure captions

Fig. 1.
OPLS-DA score plot based on the NSAF values of liver proteins observed during the cooling phase
(t1/t0). Cross-validation parameters R2X (cum), R2Y (cumil &2 (cum) are reported. The ellipse

represents T2 Hotelling's plot with 95% confidence.

Fig. 2.
OPL S-DA score plot based on the NSAF values of liver proteins observed during the cold maintenance
phase (t2/t1). Cross-validation parameters R2X (cum), R2Y (cung @2 (cum) are reported. The ellipse

represents T2 Hotelling's plots with 95% confidence

Fig. 3.
OPLS-DA score plot based on on the NSAF values of liver proteins undergoing abundance changes
along the cooling trial (t2/t0). Cross-validation parameters R2X (cum), R2Y (cumi &2 (cum) are

reported. The ellipse represents T2 Hotelling'sspldth 95% confidence.
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Highlights
v Exposure to cold temperature modifies the sea bream liver protein abundance profile
v Proteolysis and aminoacid catabolism are most affected during temperature decrease
v Methionine cycle and sugar metabolism are most affected upon prolonged cold stress

v" Shotgun proteomics complements the data on hepatic metabolism changes following cold stress



