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INTRODUCTION

Fish is increasingly consumed around the world despite disparities recorded between continents. [START_REF]The state of world fisheries and aquaculture[END_REF] It is a very convenient food, with good nutritional properties but is nevertheless highly perishable, with a short shelf-life ranging from a few days to around twenty days in cold storage, depending on fish species and packaging. [START_REF] Ashie | Spoilage and shelf-life extension of fresh fish and shellfish[END_REF][START_REF] Huss | Quality and quality changes in fresh fish[END_REF] Freshness estimation is a key issue concerning this food matrix, as in fish there is a close link between freshness and overall quality. [START_REF] Oehlenschläger | Criteria of seafish freshness and quality aspects, in Methods to Determine the Freshness of Fish in Research and Industries[END_REF] Consumers are more and more concerned about the quality of what they eat, with specific attentions to price and freshness. [START_REF] Brunsø | Consumer research on fish in Europe, in Quality of Fish from Catch to Consumer: Labelling, Monitoring and Traceability[END_REF] Accurate indicators and tools characterizing the decrease in freshness are therefore required. To date, numerous techniques have been developed including sensory, [START_REF] Warm | Development of quality index methods for evaluation of frozen cod (Gadus morhua) and cod fillets[END_REF][START_REF]The Commission of the European Communities, Council Regulation (EC) No 2406/96 laying down common marketing standards for certain fishery products[END_REF] physical, 8, 9 biochemical [START_REF] Malle | A new chemical criterion for the quality control of fish: trimethylamine/total volatile basic nitrogen (%)[END_REF][11][START_REF] Aubourg | Recent advances in assessment of marine lipid oxidation by using fluorescence[END_REF][START_REF] Duflos | Freshness characterisation of whiting (Merlangius merlangus) using an SPME/GC/MS method and a statistical multivariate approach[END_REF] and microbial [START_REF] Dalgaard | Conductance method for quantitative determination of Photobacterium phosphoreum in fish products[END_REF][START_REF] Dehaut | Monitoring the freshness of fish: development of a qPCR method applied to MAP chilled whiting[END_REF] methods, but sensory analysis remains the most widely used technique for freshness estimation by the industry. [START_REF]Future recommendations, in Methods to Determine the Freshness of Fish in Research and Industries[END_REF] Unfortunately, these techniques have certain drawbacks. Concerning sensory analysis, the need for a constantly trained, objective and available sensory panel can be problematic. [START_REF] Hyldig | Quality index Methods, in Handbook of Seafood and Seafood Products Analysis[END_REF] Physical methods usually require whole fish or fillets with skin, which makes them less efficient with processed fish. The main problem encountered with chemical analysis is their lack of reliability during the early stages of freshness decay. [START_REF] Huss | Quality and quality changes in fresh fish[END_REF] Finally, microbial methods require very long processing periods and these methods are highly variable regarding numerous parameters. [START_REF] Gibson | Total Viable Counts, in Methods to Determine the Freshness of Fish in Research and Industries[END_REF] After fish death and rigor mortis resolution, several processes occur, leading to freshness decrease and fish spoilage. Among these processes, endogenous enzyme activities, nucleotide degradation, lipid oxidation or development of specific spoilage organisms have been described as causative agents. [START_REF] Huss | Quality and quality changes in fresh fish[END_REF][START_REF] Howgate | A review of the kinetics of degradation of inosine monophosphate in some species of fish during chilled storage[END_REF][START_REF] Lopez-Amaya | Seafood Enzymes: Utilization and Influence on Postharvest Seafood Quality[END_REF][START_REF] Gram | Fish spoilage bacteria-problems and solutions[END_REF] Marine fish are characterized by the presence of trimethylamine N-oxide (TMAO) in their flesh, though its role remains uncertain: osmoregulation, buoyancy regulation, cryoprotection, etc. [START_REF] Sotelo | Seafood Enzymes: Utilization and Influence on Postharvest Seafood Quality[END_REF] In cod (Gadus morhua), the mean TMAO content has been calculated between 60 and 120 mg nitrogen 100 g -1 , depending on season or catching area. [START_REF] Huss | Quality and quality changes in fresh fish[END_REF] TMAO can be catabolized in two principal ways: an exogenous and an endogenous pathway. The first pathway results in its reduction to trimethylamine (TMA) by TMAO reductase (EC 1.6.6.9), a molybdoenzyme presents on the periplasm of specific spoilage organisms. [START_REF] Santos | Molecular analysis of the trimethylamine N-oxide (TMAO) reductase respiratory system from a Shewanella species[END_REF] The second pathway involves the action of endogenous TMAO demethylase (EC 4.1.2.32) and leads to the production of dimethylamine (DMA) and formaldehyde in equimolar proportions; this enzyme activity is particularly important in gadoid fish species. [START_REF] Sotelo | Seafood Enzymes: Utilization and Influence on Postharvest Seafood Quality[END_REF] Additional minor synthesis pathways were described for TMA, which might originate from the degradation of choline, acetylcholine, carnitine or betaines. [START_REF] Marzo | Determination of aliphatic amines by gas and high-performance liquid chromatography[END_REF] TMA and DMA are directly involved with quality and freshness issues as they result directly from the spoilage of fish through TMAO catabolism. On the one hand TMA is responsible of the characteristic fishy-odour, with a rejection level in chilled fish comprised between 10 and 15 mg nitrogen 100 g - 1 3, 25 while on the other hand DMA is produced soon after fish harvest, contributing to the overall flavour of fish, with no specific odour described. [START_REF] Ólafsdóttir | Volatile aroma compounds in Fish[END_REF] In the case of freezing, DMA is also an indirect marker of flesh texture as it is produced together with formaldehyde, indeed methanal forms crosslinks with proteins resulting in a marked toughening of fish flesh. [START_REF] Huss | Quality and quality changes in fresh fish[END_REF] Historically; several methods have been developed to quantify TMA and DMA using capillary electrophoresis (CE), high-performance liquid chromatography (HPLC) or gas chromatography (GC). [START_REF] Marzo | Determination of aliphatic amines by gas and high-performance liquid chromatography[END_REF][START_REF] Timm | Simultaneous determination of ammonia, dimethylamine, trimethylamine and trimethylamine-N-oxide in fish extracts by capillary electrophoresis with indirect UV-detection[END_REF][START_REF] Veciana-Nogues | Validation of a gas-chromatographic method for volatile amine determination in fish samples[END_REF] Unfortunately, these methods usually necessitate an onerous sample preparation step with the use of hazardous solutions, but some, such as CE and HPLC, are usually more informative than GC concerning quantities of TMAO and some cations. Headspace analysis can markedly reduce sample preparation time. [START_REF] Timm | Simultaneous determination of ammonia, dimethylamine, trimethylamine and trimethylamine-N-oxide in fish extracts by capillary electrophoresis with indirect UV-detection[END_REF][START_REF] Veciana-Nogues | Validation of a gas-chromatographic method for volatile amine determination in fish samples[END_REF] More recently, solid-phase micro-extraction (SPME) headspace methods have been developed for quantification of volatile amines in fish. [START_REF] Béné | A new method for the rapid determination of volatile substances: the SPME-direct method: Part II. Determination of the freshness of fish[END_REF][29][START_REF] Chan | Evaluation of chemical indicators for monitoring freshness of food and determination of volatile amines in fish by headspace solid-phase microextraction and gas chromatography-mass spectrometry[END_REF][START_REF]Trimethylamine oxide, dimethylamine, trimethylamine and formaldehyde levels in main traded fish species in Hong Kong[END_REF][START_REF] Barbosa-Pereira | SPME-GC Method for the Determination of Volatile Amines as indices of freshness in fish samples[END_REF] Extraction steps together with separation of amines are usually well described and transferable, although two studies did not manage to clearly differentiate TMA and DMA signals. [START_REF] Béné | A new method for the rapid determination of volatile substances: the SPME-direct method: Part II. Determination of the freshness of fish[END_REF]29 Concerning fibres, most of the studies used fibres coated with CAR/DVB/PDMS, [START_REF] Chan | Evaluation of chemical indicators for monitoring freshness of food and determination of volatile amines in fish by headspace solid-phase microextraction and gas chromatography-mass spectrometry[END_REF][START_REF]Trimethylamine oxide, dimethylamine, trimethylamine and formaldehyde levels in main traded fish species in Hong Kong[END_REF][START_REF] Barbosa-Pereira | SPME-GC Method for the Determination of Volatile Amines as indices of freshness in fish samples[END_REF] only one study used a non-available, laboratory-developed fibre. 29 Regrettably, very few published studies described the optimization step for the sample preparation. 29, 30 SPME methods were applied to numerous fish species involving fresh water or mangrove fish [29][START_REF] Chan | Evaluation of chemical indicators for monitoring freshness of food and determination of volatile amines in fish by headspace solid-phase microextraction and gas chromatography-mass spectrometry[END_REF][START_REF]Trimethylamine oxide, dimethylamine, trimethylamine and formaldehyde levels in main traded fish species in Hong Kong[END_REF] and marine fish, 28, 31, 32 but except for one study, [START_REF] Béné | A new method for the rapid determination of volatile substances: the SPME-direct method: Part II. Determination of the freshness of fish[END_REF] it was not applied to the most consumed marine species in Europe. Among these studies, very few applied these methods to monitor the spoilage of fish. [START_REF] Béné | A new method for the rapid determination of volatile substances: the SPME-direct method: Part II. Determination of the freshness of fish[END_REF][START_REF] Chan | Evaluation of chemical indicators for monitoring freshness of food and determination of volatile amines in fish by headspace solid-phase microextraction and gas chromatography-mass spectrometry[END_REF] Finally, when used, comparative methods consist mostly of TVB-N analysis, [START_REF] Béné | A new method for the rapid determination of volatile substances: the SPME-direct method: Part II. Determination of the freshness of fish[END_REF][START_REF] Chan | Evaluation of chemical indicators for monitoring freshness of food and determination of volatile amines in fish by headspace solid-phase microextraction and gas chromatography-mass spectrometry[END_REF][START_REF] Barbosa-Pereira | SPME-GC Method for the Determination of Volatile Amines as indices of freshness in fish samples[END_REF] TMA-N assay being overlooked, and only one study used sensory tests. [START_REF] Chan | Evaluation of chemical indicators for monitoring freshness of food and determination of volatile amines in fish by headspace solid-phase microextraction and gas chromatography-mass spectrometry[END_REF] This paper deals with the development of a new SPME-GC-MS method that specifically quantifies TMA and DMA. This method, using a CAR/PDMS fibre, a new internal standard and fully commercially available consumables, was applied; together with QIM score evaluation, TVB-N and TMA-N assays, to the concrete case of a spoilage study on cod (Gadus morhua). The SPME-GC-MS method was able to quantify partial volatile basic nitrogen (PVB-N), the sum of TMA-N and DMA-N concentrations and to define the DMA-N/ TMA-N ratio (DTR) used to characterize the early decrease in freshness.

EXPERIMENTAL

Chemicals

Concerning the chemicals used in this study, a C5 -C15 n-paraffin mix, and ammonium chloride, were acquired from Sigma-Aldrich (St-Quentin-Fallavier, France). Other chemicals were used as pure compounds solutions: trimethylamine hydrochloride (PubChem CID: 1146), dimethylamine hydrochloride (PubChem CID: 674), or internal standards: 2-phenylethylamine (PubChem CID: 1001), sec-butylamine (PubChem CID: 24874), N, N-diisopropylmethylamine (PubChem CID: 547370), 1,2dimethylpropylamine (PubChem CID: 61236), all of which were purchased from Sigma-Aldrich. Potassium hydroxide pellets used to raise pH levels were also acquired from Sigma-Aldrich. Formaldehyde solution was purchased from VWR (Fontenay-sous-Bois, France). Trichloroacetic-acid (TCA), 4% boric acid with methyl red and bromocresol green indicator, 0.1 N Titrinorm® sulphuric acid and 10% sodium hydroxide solutions were purchased from Dislab (Lens, France). Finally, sodium chloride (NaCl) was acquired from Oxoid (Dardilly, France).

Solutions of pure compounds were prepared and diluted, if required, using a saturated NaCl solution at 4 °C. Eleven mL of solution was then poured into 20 mL SPME vials from Chromoptic (Courtaboeuf, France), and a potassium hydroxide pellet (117 ± 14 mg, 85% purity) was added. Standard solutions were prepared on the day of analysis as follows, 10 µL of pure compound solution was added to 10 mL of bidistilled-grade water from Dislab and gently mixed, then 4.4 µL of standard solution was added in SPME vials. Finally, vials were hermetically sealed.

Fish sample preparation

As a first step of method optimization, the effects of NaCl concentration and of the solution's pH were evaluated. 50.0g of fish was blended with 100.0 mL of 30.0% (w/w) NaCl solution. After centrifugation at 10,000g for 10 min at 4 °C, 11 mL of supernatant was poured into SPME vials hermetically sealed after addition or not of a potassium hydroxide pellet.

During the storage study a single step of sample preparation was chosen, based on Regulation (EC) No.

2074/2005, [START_REF]Regulation (EC) No. 2074/2005 of 5[END_REF] to better compare SPME-GC-MS and steam distillation assays. Fillet was cut into 1 cmedge cubes, which were then mixed together to obtain a matrix representative of the overall freshness state of fillet. 100.0 ± 0.2 g of flesh was then put into a Waring blender and approximately 200 g of a 7.5 % (w/w) TCA solution was added to ensure a weight ratio of 2:1. The whole was then blended and filtrated through a 5 µm cut-off filter paper, the filtrate being used for both steam distillation and SPME-GC-MS assays.

SPME-GC-MS procedure

Vials were managed automatically thanks to a CTC Analytics CombiPAL (Zwingen, Switzerland). Firstly, a sample was transferred to the extraction chamber, heated and shaken at 500 rpm for 10 min for the headspace equilibration. A 23 Ga, 75 µm, Carboxen®/Polydimethylsiloxane (CAR/PDMS) SPME fibre from Supelco (Saint-Germain-en-Laye, France) was then inserted into the headspace and volatile adsorption was carried out. Times and temperatures of extraction were tested from 1 to 40 min at 35 °C and 50 °C in order to determine the best temperature and extraction time. Once the volatiles had been extracted, the SPME fibre was transferred to a Merlin Microseal injector from Supelco, where volatiles were desorbed at a temperature of 210 °C for 1 min. Finally, after each injection SPME fibre was heated to 300 °C, under a helium flow, for 20 min in the fibre conditioner device. Two types of liner were tested during this study: regular SPME glass liner and deactivated SPME glass liner from Restek (Lisses, France). Volatile compounds were separated and identified using a GC-MS QP2010 Plus from Shimadzu (Noisel, France). The GC device was successively equipped with two capillary columns; an SLB-5ms capillary column 60 m x 0.25 mm x 0.25 µm from Sigma-Aldrich and a Stabilwax DB capillary column 30 m x 0.25 mm x 0.25 µm from Restek. Helium was used as the carrier gas for both, with respective flows of 1.78 mL min -1 and 1.20 mL min -1 . The GC conditions applied with SLB-5ms were the same as described in a previous study. [START_REF] Leduc | Differentiation of fresh and frozen/thawed fish, European sea bass (Dicentrarchus labrax), gilthead seabream (Sparus aurata), cod (Gadus morhua) and salmon (Salmo salar), using volatile compounds by SPME/GC/MS[END_REF] The Stabilwax DB capillary column was used under the following conditions: the oven temperature was initially set at 60 °C for 5 min, then increased to 210 °C at 15 °C.min -1 and maintained for 5 min. To optimize the method, an experimental plan-like approach was used on two levels of three parameters: split value (splitless or split of 5), injection temperature (150 °C and 210 °C) and initial oven temperature (45 °C and 60 °C). To determine the impact of these parameters on peaks, two shape indicators were used: tailing factor (TF) and full width at half maximum (FWHM). MS conditions were set as follows: interface temperature equal to the final oven temperature to avoid any recondensation, 70 eV of ionization voltage and for the early development steps, a mass range from 33 to 200 m/z for total ion chromatogram (TIC) tracing. In the later phases, single ion monitoring (SIM) was preferred with specific ions of TMA, DMA and internal standard (42 m/z, 44 m/z, 45 m/z, 55 m/z, 58 m/z, 59 m/z and 72 m/z). Volatile compounds were identified using the NIST08 spectral database and comparison of linear retention indices (LRI) with those of the corresponding pure chemicals.

Shelf-life assessment

Eleven gutted, whole cod (Gadus morhua) were purchased at a local fish retailer in Boulogne-sur-Mer (France). Fish were caught in the north-east Atlantic, during spring, and were packed into two polystyrene boxes, covered by crushed ice and insulated by a plastic film. Fish were acquired from the auction of the day to ensure the best freshness grade. Based on QIM attributes, the initial quality of raw fish was very good; skin was bright and flesh was greyish, flat eyes clearly revealing a black pupil thanks to a transparent cornea, with only the gills displaying a slight discoloured aspect. Fish preparation was carried out at the innovation platform PFI-Nouvelles Vagues (Boulogne-sur-Mer, France). In a room with ambient temperature maintained at 10 °C, each fish was filleted with skin. Three fillets were placed in new polystyrene boxes, taking care to place the two fillets of any given fish in separate boxes. After insulation with plastic film, boxes were filled with fresh crushed ice and placed in a cold room at +2.0 °C. The day of fillet preparation was the day of the first analysis and was considered as D01 of the study.

On days D01, D04, D07, D09, D11, D14 and D16, a single box was withdrawn and the three fillets were analysed.

On the day of analysis each of the fillets was processed in the same way, as follows. Firstly, the fillet was subjected to sensory analysis, carried out by three judges, using QIM score evaluation as described by Cardenas Bonilla et al. [START_REF] Bonilla | Development of Quality Index Method (QIM) scheme for fresh cod (Gadus morhua) fillets and application in shelf life study[END_REF] After fish preparation as previously described, 1 mL of filtrate was conserved for SPME-GC-MS analysis and the remainder was used for total volatile basic nitrogen (TVB-N) and TMA-N assays, in duplicate, by steam distillation as previously described. [START_REF] Leduc | Differentiation of fresh and frozen/thawed fish, European sea bass (Dicentrarchus labrax), gilthead seabream (Sparus aurata), cod (Gadus morhua) and salmon (Salmo salar), using volatile compounds by SPME/GC/MS[END_REF] Briefly, before the tube to be placed in a Gerhardt Vapodest distillation unit (Les Essarts-le-Roi, France), 25 mL of filtrate were loaded in tube. In case of TMA-N assays, with 20 mL of formaldehyde were added. Then, 6 mL of 10% NaOH was poured and the distillation was performed. The distillate was collected into a beaker containing 10 mL of 4% boric acid, before titration with a 0.1 N sulfuric acid solution. According to Regulation (EC) No. 2074/2005, [START_REF]Regulation (EC) No. 2074/2005 of 5[END_REF] a solution of NH4Cl at 1.91g.L -1 was used as a control for steam distillation assays. Results were considered as valid for recovery rates comprised between 98% and 101%. For SPME-GC-MS, the filtrate was diluted with a saturated NaCl solution from 1/100 to 1/4000 depending on the day of analysis concerned. On each day, filtrate was analysed in triplicate as follows: 11 mL of diluted filtrate was poured into SPME vials, 4.4 µL of 1,2-dimethylpropylamine standard solution was added together with one potassium hydroxide pellet and vials were hermetically sealed.

Descriptive statistics, inferential statistics and modelling

All of the statistical work was carried out using R software 3.1.1 (http://www.r-project.org). Except where otherwise indicated, error bars shown on bar charts and line graphs illustrate twice the standarderror value (standard deviation of the sampling distribution), thus showing the 95% confidence limits of the measurement. When least significant difference (LSD) tests are performed, two results tagged with different letters are significantly different with an error risk of 5%. ANOVA were carried out after carefully establishing normality of the distribution using Shapiro-Wilks test and distribution homoscedasticity using Bartlett's test, all under the independent sample hypothesis. Interdependence of the values yielded by this research was evaluated by calculating Pearson's correlation or Spearman's correlation coefficients depending on the linear relationships between them.

TMA production being a reflection of the specific spoilage organisms' metabolism activity, modelling of TMA-N by a microbial growth model was tested. Using a modified Gompertz model, [START_REF] Zwietering | Modeling of bacterial growth as a function of temperature[END_REF] a non-linear regression was performed with R software (Supporting information -Algorithm S1). The three parameters A, µm and λ were entered as input variables in accordance with the observed data and an iterative process was followed to refine the parameters in order to fit the model to observed data. The DMA-N/TMA-N ratio (DTR) was modelled against QIM using an exponential equation with another nonlinear regression (Supporting information -Algorithm S2), the data structure suggesting this type of approach. In both cases a special care was taken to enter the most probable parameter values to reduce the risk of reaching local minima during the iterative process.

RESULTS AND DISCUSSION

Sample preparation optimization

In a first step of method optimization, special attention was applied to the chemical conditions of the sample. In absence of potassium hydroxide (KOH), pH values of solutions were lower than 8.0 and no detectable peak was recorded on chromatogram. It was already known that TMA and DMA are only volatiles in their conjugate base form [START_REF] Béné | A new method for the rapid determination of volatile substances: the SPME-direct method: Part II. Determination of the freshness of fish[END_REF] and have respective pKa of 9.76 and 10.64. [START_REF] Hall | Correlation of the base strengths of amines[END_REF] Addition of KOH in the solution increased the pH above 12.0 and clear peaks appeared on chromatograms. NaCl tended to increase both TMA and DMA recovery with a clear improvement of the peak area for TMA and a slighter increase concerning DMA which is in accordance with previous observations. 29 It was thus decided to retain the use of a saturated solution of NaCl, with the addition of a KOH pellet into the vial for the preparation of samples.

Optimization of headspace extraction

The second group of parameters optimized concerned the conditions for headspace extraction, mostly concerning time and temperature of extraction as, these have already been described as key parameters, although few studies include a documented optimization step. [START_REF] Chan | Evaluation of chemical indicators for monitoring freshness of food and determination of volatile amines in fish by headspace solid-phase microextraction and gas chromatography-mass spectrometry[END_REF] conclude that a significant increase of peak area was observed between 20 min and 30 min of extraction, whereas area increase between 30 min and 40 min was not significant. Regarding these results, extractions at 35 °C for 30 min were chosen as the best compromise for extracting volatiles. Extraction by SPME is the result of two concomitant equilibria: first between matrix and headspace and then between fibre and headspace. Results giving smaller areas observed with an extraction temperature of 50 °C could be explained by the fact that equilibrium between fibre and headspace displaced towards the headspace, as previously reported. [START_REF] Jia | Optimization of solid-phase microextraction analysis for headspace flavor compounds of orange juice[END_REF] Following this observation, increasing the time of extraction at a fixed low extraction temperature resulted in the adsorption of more volatile compounds on SPME fibre. The temperature of 35 °C was confirmed by two other studies, [START_REF] Chan | Evaluation of chemical indicators for monitoring freshness of food and determination of volatile amines in fish by headspace solid-phase microextraction and gas chromatography-mass spectrometry[END_REF][START_REF]Trimethylamine oxide, dimethylamine, trimethylamine and formaldehyde levels in main traded fish species in Hong Kong[END_REF] but in contrast the time of extraction was slightly higher than the range from 5 to 22 min described elsewhere. [START_REF] Béné | A new method for the rapid determination of volatile substances: the SPME-direct method: Part II. Determination of the freshness of fish[END_REF][29][START_REF] Chan | Evaluation of chemical indicators for monitoring freshness of food and determination of volatile amines in fish by headspace solid-phase microextraction and gas chromatography-mass spectrometry[END_REF][START_REF]Trimethylamine oxide, dimethylamine, trimethylamine and formaldehyde levels in main traded fish species in Hong Kong[END_REF][START_REF] Barbosa-Pereira | SPME-GC Method for the Determination of Volatile Amines as indices of freshness in fish samples[END_REF] This difference could be ex- 

Injection and separation optimizations

A comparison of the above-mentioned columns concluded that Stabilwax-DB columns offer the best peak shapes (data not shown). Improvement of peak shapes could be explained by the phase coated on the Stabilwax-DB columns composed of Carbowax® polyethylene glycol, with higher polarity than 5% diphenyl/95% methyl-siloxane coated on the SLB-5ms columns. Apart from the phase coated on the columns, peak resolutions and shapes are also influenced by numerous parameters, including injector temperature, oven temperature or split value. Table 1 reports ANOVA results assessing the impact of the three parameters tested on TMA and DMA peak shapes. Except for the initial temperature of the col-umn, which has no significant impact on the tailing factor of TMA, the three parameters had a significant impact on both tailing factor and full-width at half-maximum of TMA and DMA. The shape of DMA peaks is significantly influenced by all the interactions between the parameters, whereas the shape of TMA peaks is more likely significantly influenced by the injection parameters, i.e. injector temperature and split value. For each assessed parameter, the highest levels led to the best values concerning shape indicators. An injection at 210 °C with a split value of 5 and an initial column temperature of 60 °C were thus chosen to perform the next analysis.

Deactivated SPME glass liner (data not shown) led to greater areas for both TMA and DMA; it was thus selected for analysis of volatile amines.

Internal standard screening and quantification range

To overcome signal variation, an internal standard was added for sample preparation. Four compounds, 2-phenylethylamine, sec-butylamine, N,N-diisopropylmethylamine and 1,2-dimethylpropylamine were tested, as they share structures or chemical properties close to the amines studied. As special attention was paid to safety issues when selecting internal standards, sec-butylamine was rapidly discarded because of its toxic, polluting and highly corrosive properties. Among the remaining compounds 1,2dimethylpropylamine was the molecule that led to best linearity of the signal for both TMA and DMA (data not shown). Using 1,2-dimethylpropylamine as internal standard enabled a quantification range from 100 µg kg -1 to 900 µg kg -1 for TMA and from 150 µg kg -1 to 1300 µg kg -1 for DMA with good linearity characterized by respective determination coefficients of R²TMA = 0.98 and R²DMA = 0.99 (Supporting information -Figure S1). No further investigations were brought to LOD estimation, considering that lower TMA and DMA values, observed in fish preparation, will rarely be lower than 1 mg kg - . 39

Application to fish freshness assessment monitoring

Sensory analysis results are show in Figure S2 (Supporting information). A marked evolution is recorded from D01 to D11 with an average QIM score increase from 0 to 13; no significant increase being observed afterwards, this might reflect a final spoilage state of cod fillets. Throughout the study the av-erage QIM score values were linear in comparison with conservation days with an acceptable determination coefficient (adjusted R² = 0.97); these results are consistent with those of previous published results. [START_REF] Bonilla | Development of Quality Index Method (QIM) scheme for fresh cod (Gadus morhua) fillets and application in shelf life study[END_REF] Based on the Cardenas Bonilla et al. method, the rejection limit, corresponding to a QIM score of 8, was observed in the neighbourhood of Day ous study on gutted whole cods, 40 but values are almost ten times higher; it could be hypothesized that fish filleting might have discharged TMAO demethylase and induced an increase in its activity in comparison with the one in whole fish.

Proposition of the DTR ratio

Despite acceptable correlations with QIM scores and number of days of storage throughout the storage period, neither TMA-N nor DMA-N evolved markedly in the early stages of fish freshness decrease. It was decided to further investigate the quantities of PVB-N compounds using ratio as described in an earlier study. [START_REF] Malle | A new chemical criterion for the quality control of fish: trimethylamine/total volatile basic nitrogen (%)[END_REF] Many ratios were tested including: TMA-N/PVB-N, DMA-N/PVB-N, PVB-N/ TMA-N and PVB-N/DMA-N, but none of them provided sufficiently accurate information. By contrast, the DMA-N/ TMA-N ratio (DTR) led to interesting results; it illustrates the relative proportion of autolytic activity in the degradation of TMAO relative to the spoilage activity. Plotting DTR against QIM score values (Figure 3) showed a marked decrease of DTR values for QIM scores comprised between 0 and 7, corresponding to fish suitable for human consumption. DTR values were found to be homogeneous with an exponential function of QIM values (Figure 3). Globally, DTR values decreased from 0.9 to 0.2 throughout storage, illustrating the increasing preponderance of the activity of specific spoilage organisms in comparison with autolysis. The limit of 0.2 corresponded to QIM values higher than the maximum storage time estimated for the fillets of this study. It should be mentioned that three outlier values were recorded for a QIM value in the neighbourhood of 0 with DTR value slightly lower than 0.4; these values correspond to the analysis in triplicate of a single fillet performed on D01. These atypical values are the result of TMA-N values markedly superior to those for the other fish and might be the fingerprint of an early development of spoilage flora.

No recovery rate was calculated in this study, as it was in another studies, [START_REF] Timm | Simultaneous determination of ammonia, dimethylamine, trimethylamine and trimethylamine-N-oxide in fish extracts by capillary electrophoresis with indirect UV-detection[END_REF] to assess the matrix effect on volatile amine extraction and analysis method. Nonetheless, the SPME-GC-MS method was applied together with steam distillation assays, which is well characterized and used as a reference in Europe, [START_REF]Regulation (EC) No. 2074/2005 of 5[END_REF] and TMA-N results from both methods were not significantly different.

The authors note that further storage studies, species, catch seasons, and fish processing techniques need to be analysed with this method in order to confirm the suitability of DTR in assessing fish freshness.

The developed method made it possible to completely dispense with the use of formaldehyde, sulphuric acid and boric acid. For steam distillation assays, all these compounds require special care concerning the safety of technicians and waste management, because of their polluting, highly corrosive and toxic properties. In the future the use of TCA, which is polluting and corrosive, could be avoided; a procedure for fillet preparation with TCA solution replaced by a saturated NaCl solution should be considered.

This method of sample preparation was not used in this study to enable a better comparison of SPME-GC-MS with steam distillation assays. Nonetheless, preliminary results (data not shown) demonstrated that the use of a saturated NaCl solution for fillet preparation did not affect TMA and DMA results recorded on chromatograms. The main drawback of the developed method is analysis time compared with steam distillation assays; nonetheless this is quickly offset by the specificity of the detection of volatile 

*c+1))) } ################################################################ #

  Two temperatures (35 °C and 50 °C) and seven extraction times (1, 2, 5, 10, 20, 30 and 40 min) were tested, as illustrated in Figure 1. Compared with similar extraction times at 50 °C, bar graphs clearly show that an extraction temperature of 35 °C produced peaks higher intensities from time of 5 min and longer (p-value < 0.001). Concerning time of extraction, longer times led to higher peak intensities. Least significant difference tests tended to

  plained by the fact that a CAR/PDMS fibre was used instead of Carbox-en®/Polydimethylsiloxane/Divinylbenzene (CAR/PDMS/DVB) or Polydimethylsiloxane/Divinylbenzene (PDMS/DVB) fibres, and in addition no saturation was noted after 10 min, as was observed by Chan et al.[START_REF] Chan | Evaluation of chemical indicators for monitoring freshness of food and determination of volatile amines in fish by headspace solid-phase microextraction and gas chromatography-mass spectrometry[END_REF] 

1

 1 

7 .

 7 Priority has been given to mean QIM score values in the development below. Results concerning steam distillation assays are presented on Figure S3 (Supporting information).Unfortunately, a technical problem on D09 (Day 9) prevented the acquisition of workable data concerning biochemical analysis; this day does not appear in the charts. Based on TVB-N measurement and EC Regulation No. 2074/2005,[START_REF]Regulation (EC) No. 2074/2005 of 5[END_REF] fillets were considered as spoiled between D04 and D07, probably after D06. These results are consistent with the sensory analysis and previous observation with the same methods of fillet processing and storage.[START_REF] Bonilla | Development of Quality Index Method (QIM) scheme for fresh cod (Gadus morhua) fillets and application in shelf life study[END_REF] Comparison of TMA-N concentrations measured by steam distillation assay and SPME-GC-MS (Figure2a) led to highly correlated values (r = 0.98; p-value < 0.001). Moreover, there is a linear relationship between values of the TMA-N obtained by the two methods (adjusted R² = 0.99) (Supporting information -FigureS4), and no significant difference was observed between the two methods throughout the study (p-value = 0.42). In addition, TMA-N concentration is highly correlated with both QIM values (r = 0.97; p-value < 0.001) and days of storage (r = 0.93; p-value < 0.001). A modified Gompertz model enabled TMA-N production to be modelled accurately throughout the study and additional information was inferred from this model. Thanks to modelling, the lag phase of TMA-N production was estimated to be 4.8 days. During the exponential phase, the daily average increase of TMA-N concentration was 8.5 mg nitrogen 100 g -1 . Finally, theoretical initial and final TMA-N concentrations in cod fillets were respectively estimated to 4.4 and 66.3 mg nitrogen 100 g -1 . Compared with steam distillation, PVB-N monitoring by SPME-GC-MS was capable of the specific detection of DMA-N, so it was possible to monitor concentration throughout the storage period (Figure2 b). Compared with TMA-N, DMA-N levels remained lower than 20 mg nitrogen 100 g -1 in the flesh of cod fillet. Additionally, DMA-N correlation values are lower than those of TMA-N, but correlation factors remain acceptable for QIM values (r = 0.93; p-value < 0.001) and days of storage (r = 0.88; pvalue < 0.001). Recorded concentrations of DMA-N follow the same linear trend mentioned in a previ-

  amines and the possibilities it opens up. Moreover, based on the results shown in Figure1, it might be possible to reduce extraction times considerably by reducing dilutions during samples preparation; nevertheless, linearity of the signal would have to be checked beforehand.CONCLUSIONA new SPME-GC-MS procedure for quantification of both TMA and DMA was developed. Special care was paid to optimize different parameters such as solution preparation, extraction, volatile compounds separation and signal normalization, with the use of a new internal standard. The developed method proved capable of analysing PVB-N, and quantifying of both TMA-N and DMA-N, in a sample within fifty minutes. PVB-N measurement by the SPME-GC-MS procedure was applied, together with reference steam distillation assays and sensory analysis, to a shelf-life monitoring study on cod fillets conserved under melting ice. First results are encouraging, indeed TMA-N results using SPME-GC-MS and steam distillation assay were very highly correlated. Modelling of TMA-N production throughout the storage period was successfully carried out using a modified Gompertz model. Finally, the study of DTR evolution in regard to QIM score values made it possible to visualize the early freshness decrease of cod
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 123456S37S48 Figure 1: Bar plot of TMA peak intensities depending on extraction time and temperature of extraction from pure solutions. Error bars indicate the min/max peak intensities as measurements were carried out in duplicate. LSD tests were carried out in series (50°C and 35°C). Letters must be compared within a considered series. 79x79mm (600 x 600 DPI)
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 S2S3 Figure S1: TMA and DMA calibration curves

Figure S4 :

 S4 Figure S4: Relation between TMA steam distillation and TMA SPME values

Table 1 : ANOVA results obtained to assess the impact of three parameters on the shapes of both trimethylamine and dimethylamine peaks.

 1 ANOVA described here were achieved after normalization of the factors using the log (X+1) normalization method. a Data of ANOVA with trimethylamine pure solution, for each combination of split levels, injection and column temperatures, 5 replicated measurements were performed. b Data of ANOVA with dimethylamine pure solutions, for each combination of split levels, injection and column temperatures, 5 replicated measurements were performed. c,d Influence of parameters and combination of parameters on full width half maximum c and tailing factor d shape indicators; asterisks illustrate the significance level of the parameters impacts, in accordance with probabilities (*** p<0.001, ** p<0.01, * p<0.05).

	Trimethylamine a	Dimethylamine b
	FWHM c	TF d	FWHM c	TF d
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fillets. The authors thus propose DTR as a new tool for monitoring the early freshness evolution in fish.

The Authors also note that further investigations need to be carried out to confirm the reliability of the method; nevertheless, the use of hazardous chemicals can already be significantly reduced by adopting this SPME-GC-MS method.