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1. Final publishable summary report

This section must be of suitable quality to enable direct publication by the Commission and should preferably not exceed 40 pages. This report should address a wide audience, including the general public.

The publishable summary has to include 5 distinct parts described below:

· An executive summary (not exceeding 1 page).

The aim of this proposal was to characterize the metabolic impact of the deletion of key genes involved in fatty acid metabolism by using the model organism Caenorhabditis elegans. In particular, the main focus of the project has been on the systemic manipulation of the expression of genes for the fatty acid desaturases to understand their key role as regulatory control points in metabolism. To achieve this aim we have made use of state of the art metabolomic approaches to provide a global, non-targeted description of systemic metabolism. The major objectives for the funding period were focused on setting a range of techniques to cover a wide range of metabolites and understanding the differences between C. elegans and mammalian metabolism, to be able to translate the results from one organism to the other in the proper manner. For this reason, the focus of the first half of the funding period was to determine the conditions for culturing, obtaining and treating C. elegans. Subsequently, the newly developed methods were used for the study of the role of desaturases in regulating the whole animal lipidome. 

Liquid chromatography mass spectrometry (LC-MS), gas chromatography mass spectrometry (GC-MS) and nuclear magnetic resonance (NMR) spectroscopy were used to define the metabolome of all the possible knock-outs for the Δ9 desaturases, including for the first time their intact lipid complement. Despite the genes having similar enzymatic roles, excellent discrimination was achievable for all single and viable double mutants highlighting the distinctive roles of fat-6 and fat-7, which both express steroyl-CoA desaturases but have different roles at the whole organism level. The metabolomic changes extend to aqueous metabolites demonstrating the influence Δ9 desaturases have on regulating global metabolism and highlighting how comprehensive metabolomics is more discriminatory than classically used dyes for fat staining. This analysis has been complemented by standard staining methods, used in the C. elegans community to characterize the fat content in the animals.
The propagation of metabolic changes across the network of metabolism demonstrates that modification of the Δ9 desaturases places C.elegans into a catabolic state compared with wild-type controls.
In addition, to allow a metabolic characterization of these strains, the work has strengthened the available methodologies to perform metabolomics experiments on C. elegans, showing the potential of this technique to the worm community. This resulted in a closer collaboration with Dr. Eric Miska’s lab to analyse the metabolic characteristics of mutants where all microRNA levels have been deleted in the adult, and how this impacts on lipid metabolism. 

Moreover, part of the results obtained from this research has been made available to the scientific community through MetaboLight, a database developed at the European Bioinformatics Institute (EBI) in Hinxton, Cambridge, UK. Its aim is to store metabolomics experiments and derived information (the experimental meta data). The database is cross-species, cross-technique and covers metabolite structures and their reference spectra as well as their biological roles, locations and concentrations, and experimental data from metabolic experiments.
· A summary description of project context and objectives (not exceeding 4 pages).
Regulatory networks that govern fat and glucose metabolism are optimized to expend carbohydrates and accumulate fat when food intake is abundant, and switch to the consumption of stored fat when food is scarce [Spiegelman and Fliers, 2001; van den Berghe, 1991]. Indeed, even subtle misregulation of these pathways can bring about obesity [Spiegelman and Fliers, 2001; Lewis et al., 2002] [van Gilst et al., 2005a], a significant risk factor for major diseases including Type II diabetes, coronary heart disease, hypertension and certain forms of cancer [Barsh et al., 2000; Kopelman, 2000; Luchsinger 2006] [Ashrafi, 2007].
Obesity is a complex trait influenced by many factors such as diet, developmental stage, age and physical activity [Brockmann and Bevova 2002; Friedman, 2003]. However, familial aggregation, twin and adoption studies demonstrated that genetic predisposition is a key contributing factor in obesity, estimated from 40 to 70% [Friedman, 2003] [Allison et al., 1996; Friedman, 2003; Stunkard, et al. 1990]. Furthermore, the idea that genetic loci alter body fat content has been substantiated by identification of mutations that cause low- or high-fat phenotypes in rodents and humans [Brockmann and Bevova, 2002; Delrue and Michaud 2004] [Ashrafi, 2007].
Therefore, it is important to understand how the network of genes involved in fat metabolism exerts regulation across the whole system.
To achieve this aim, recent studies have been performed on Caenorhabditis elegans, revealing, for example, conservation of several fat metabolism pathways [Ashrafi et al. 2003; Van Gilst et al., 2005b; McKay et al., 2003; Wang and Kim, 2003]. The value of C. elegans as a model organism for understanding human health and disease has long been recognized [Ahringer, 1997]. [van Gilst et al., 2005a], being the first multi-cellular organism to have its genome sequenced [The C. elegans Sequencing Consortium, 1998]. The use of C. elegans as a functional genomic tool has also been assisted by the development of powerful downstream genomic resources such as genome-wide gene inactivation by RNA interference. In this way, it was possible to assign an RNAi phenotype to 1,528 genes, of which over two-thirds had not been previously associated with a biological function in vivo, and to create an RNAi feeding library of bacterial clones reusable for future genome-wide RNAi screens [Kamath et al., 2003].[Sternberg et al., 2003].
In spite of the relatively simplicity of C. elegans, over half of its genes have human orthologs, while ~42% of human disease genes have a homolog in C. elegans [Culetto and Sattelle, 2000]. For this reason, the normal functions of disease genes involved in cancer, polycystic kidney disease, torsion dystonia, and mucolipidosis, among others, were elucidated in part based on studies on this organism. [Sternberg et al., 2003]. 
In particular, C. elegans is an important model for the study of fat metabolism, as it synthesizes a wide range of fatty acids. Furthermore, it can incorporate dietary fatty acids into lipids, allowing researchers to modify the fatty acid composition of live animals [Kahn-Kirby et al., 2004; Watts et al., 2003]. [Brock et al., 2006].
Using a whole-genome RNAi library for C. elegans established by the Ahringer laboratory at the Gurdon Institute, University of Cambridge [Kamath et al., 2003], Ashrafi and colleagues (2003) identified 112 genes that were involved in increased fat accumulation, excluding those genes that reduced worm viability. In addition they also identified 305 genes that decreased fat accumulation in the insulin-like signalling pathway (daf-2) and the tubby (tub-1) pathway. Over 50% of the C. elegans fat regulatory genes have mammalian homologues, but have not been identified as controlling mammalian body weight.
The short-term adaptation of metabolic gene expression to fasting in C. elegans has also been characterized, choosing a ‘‘biased’’ set of 97 genes predicted to be involved in fat and glucose metabolism [Van Gilst et al., 2005a]. In this way, it was possible to study, with a high degree of resolution, the effects of food availability on the regulation of metabolic pathways known to be important for processing dietary intake.
Consistent with studies in mammals, it was found that fasting mediated the induction of genes involved in converting fat stores into energy. In addition, many changes in metabolic gene expression, not previously associated with a fasting response, were also observed, including regulation of fatty acid desaturases, repression of mitochondrial β-oxidation genes, and activation and repression of genes that encode fatty acid-binding proteins. Furthermore, nhr-49 was found to be essential for the fasting-dependent induction of genes predicted to facilitate the mobilization of fat for energy generation, as well as for the feeding-dependent induction of a stearoyl-CoA desaturase. However, fasting response genes that are independent of nhr-49 were also identified. [Van Gilst et al., 2005a].
C. elegans synthesizes a wide variety of unsaturated fatty acids using a broad range of desaturases. These enzymes introduce a double bond in a specific position of long-chain fatty acids, and are conserved across kingdoms. In particular, C. elegans expresses the full range of desaturases activities: a Δ12 desaturase (catalysing the first step in the synthesis of polyunsaturated fatty acids, desaturating oleic acid at C12); a ω3 desaturase (catalysing a reaction that introduces a double bond between third and fourth carbons from the methyl end of fatty acids); a Δ5 desaturase (catalysing synthesis of highly unsaturated fatty acid, as it introduces a third double bond at the Δ5 position of 20-carbon fatty acids); a Δ6 desaturase (introducing a double bond between a pre-existing double bond and the carboxyl (front) end of the fatty acid); three Δ9 desaturases (introducing a double bond between the 9th and 10th carbon of a saturated fatty acyl chain) [Watts and Browse, 2002; Watts and Browse 2000]. The first two enzymes (Δ12 and ω3) are found only in plants, while the others also in animals. Among desaturases, the most important is Δ9, the rate limiting enzyme in the biosynthesis of monounsaturated fatty acid which are used as major substrates for the synthesis of various kinds of lipids including phospholipids, triglycerides and cholesteryl esters. As a key control point in metabolic regulation, Δ9 could be therapeutic targets for treatment of obesity, diabetes, and cardiovascular disease. [Ntambi and Miyazaki, 2004]. The crucial role of these enzymes is due to the fact that unsaturation of a fatty acid chain is a major determinant of the melting temperature of triglycerides, as well as the fluidity of biological membranes that are made of bilayers of phospholipids. [Nakamura and Nara, 2004].
In addition to the easy use of RNAi based approaches to modify the expression of desaturases, another advantage of C. elegans is that it can incorporate dietary fatty acids into lipids, allowing researchers to modify the fatty acid composition of live animals directly [Kahn-Kirby et al., 2004; Watts et al., 2003]. [Brock et al., 2006].
Measures of mono and polyunsaturated lipids as a function of systemic knocked out of desaurases’ genes have been performed previously by Gas Chromatography Mass Spectrometry (GC-MS)[Watts and Browse, 2002; Brock et al., 2006; Brock et al. 2007]. All the possible knocked-down strains for the three Δ9 desaturases genes (fat-5, fat-6, fat-7) were analysed. Mutant strains lacking each Δ9 desaturases activity have been characterised, revealing only slight effects on fatty acid composition, due to compensation by the remaining isoforms. However, Δ9 desaturases are essential, because fat-5;fat-6;fat-7 triple mutants that lack all activity are unable to survive unless they are supplemented with dietary oleic acid. [Brock T et al, 2006]
· Δ9 desaturases double mutants show non-lethal effects that arise from reduced Δ9 desaturase activity. The characterization reveals striking roles for Δ9 desaturases in maintaining energy homeostasis as well as for growth and development. All three double mutants combinations affect growth and viability at low temperatures. In particular,

· fat-5;fat-6 display relatively subtle fatty acid composition alterations under standard conditions, but extreme fatty acid composition changes and reduced survival in the absence of food;

· fat-6;fat-7 display the greatest fatty acid composition alterations under standard conditions and exhibit the broadest range of defects, including slow growth and reduced fertility;

· fat6;fat7 have reduced fat stores and have inductions of genes encoding components of peroxisomal and mitochondrial β-oxidation. [Brock et al., (2007)]
However, to date the focus has been on measuring total fatty acids in these studies and the fate of these fats has largely been unstudied. In particular little is known as to whether triglycerides or polar lipids are more affected, or what the consequences are for the synthesis and functions of key structures such as intracellular membranes. Furthermore the interface between perturbed lipid metabolism and interactions with the TCA cycle, glycolysis and gluconeogenesis have been largely unstudied. 
Metabolomics is the measurement of the metabolite complement of a cell, tissue or organism in order to monitor a perturbation such as a genetic modification or pathophysiological stimulus [Lindon et al., 2001]. The main purpose of -omic technologies is the non-targeted characterization of all the genetic products (transcripts, proteins and metabolites) present in a specific biological system. Because of their characteristics, these technologies can afford global insight into the active processes of the cell, without any loss of intrinsic complexity. Global analytical approaches, such as NMR spectroscopy or MS are used to detect a wide range of metabolites (the metabolome). This is usually carried out in conjunction with multivariate statistics to define the pattern of metabolic changes associated with the biological manipulation, and separate this from innate metabolic variation present within the system. The analytical approaches used are relatively cheap on a per sample basis, rapid and robust in terms of reproducibility allowing the acquisition of large datasets.

· A description of the main S&T results/foregrounds (not exceeding 25 pages),
Results

To understand the consequences of Δ9 desaturase deletion on the metabolism of the whole organism in C. elegans, mutants defective in this enzyme were analysed using a wide range of metabolomic techniques that allowed us to characterize both aqueous and lipid metabolites. We complemented our analysis by visualizing the fat content by vital and fixative staining methods. The aim was to integrate the rapid but generic results of the dyes with the deeper insights into metabolic changes obtained using the NMR or LC-MS techniques. 

Staining of lipid deposits. The wild type, fat‑5, fat‑6 and fat‑7 mutants, as well as fat‑5;fat‑6 and fat‑5;fat‑7 double mutants were stained with both the vital dye Nile Red and with the fixative dye Oil Red-O, both of which have previously been used to characterize fat storage in C. elegans. In 
[image: image1.emf]
Quantification of Nile Red staining in L4 animals showed significant decreases in the intensity of staining for fat-5 (p=0.0006), fat-6 (p=0.032) and fat-5;fat-6 (p=0.004) genotypes (Figure 1 and 2) compared with wild type. However, use of Nile Red has been criticized recently, suggesting that the dye could be treated as a xenobiotic by the animal and partitioned into a degradative compartment and hence not reflect global lipid changes. To address this the Oil Red-O assay was performed (Figure 1), but did not show any significant difference between the strains (Figure 2).
[image: image2.emf]
The overall content of fatty acids (Figure 2, as quantified by GC-FID, decreased in mutants significantly compared with wild type for all the strains except the fat-7 mutant. However, the ratio between triglycerides and phospholipids (Figure 2), as obtained by LC-MS, showed no significant differences between wild type and any of the Δ9 desaturase mutant genotypes, except the fat-5 mutant: these results indicate that there is genetic redundancy between the Δ9 desaturases and suggest more complex remodelling of the lipid fraction than a simple decrease in the triglyceride content. Therefore, these changes were investigated further in these mutants.
To date most studies focused on metabolic changes induced by modifying the expression of desaturases in C. elegans have used GC-based approaches to profile the total fatty acids present. In this study we extended this analysis to also include aqueous metabolism and intact lipids to demonstrate a profound perturbation in global metabolism induced by perturbing the expression of the desaturases. The perturbations detected across the network of metabolism highlights the usefulness of global profiling tools for functional genomics. The use of LC-MS to profile intact lipids provides greater detail in terms of the fatty acid changes when compared with GC alone, and the profiling of amino acid analysis provides a further insight into core aqueous metabolism, something which is often ignored in many studies of fat metabolism in C.elegans. 
NMR analysis of aqueous extracts. Proton-NMR spectroscopy was used to profile a range of aqueous metabolites including amino acids, organic acids, sugars and metabolites associated with lipid metabolism. The Partial Least Squares-Discriminate Analysis (PLS-DA) model separated the mutants according to genotype (Figure 3).
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The co-clustering between the metabolic profiles of fat-6 (BX106) and fat-7 (BX153) mutants may be expected as both fat-6 and fat-7 encode stearoyl-CoA desaturases and they were shown to have functional redundancy. Clear discrimination was achieved for the two double mutant strains: fat-5;fat-7 has a metabolic profile similar to the single mutants, while fat‑5;fat‑6 lies in-between the two single mutants.
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Analysis of the loadings plot was used to identify the metabolites most responsible for this discrimination (Figure 4) - succinate (δ 2.42; signifying resonance identified), alanine (δ 1.48), choline (δ 3.20) and glycerophosphocholine (δ 3.26) had increased concentrations in mutant strains, while branched chain amino acids (δ 0.96-1.05) were increased in the wild type.

Amino Acid analysis of the aqueous extracts.

A targeted analysis of amino acids was performed by GC-MS [25], identifying and quantifying 22 amino acids in C.elegans. PLS-DA produced good separation according to genotype including a notable distinction between the two single mutants lacking one of the two stearoyl-CoA desaturases, fat-6 and fat-7.
[image: image5.emf]
The loading plots associated with this analysis demonstrated an increased concentration of branched chain amino acids (leucine, isoleucine and valine) was found in the wildtype, while in the mutants there is a higher content of ornithine, cystathionine, asparagine and lysine. The fat-6 mutant was categorized by a particularly high concentration of alanine.
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The lipid phase was characterised both by GC-FID and LC-MS. The first technique allows a characterization of the fatty acids present in the samples, without considering the origin of the fatty acids as they are cleaved from the original lipid species during the trans-esterification. Thus, LC-MS was also used to profile the intact lipids.

GC-FID analysis of lipid extracts. Using GC-FID analysis of the C. elegans lipid extracts it was possible to identify straight chain fatty acids, branched chain fatty acids and cyclopropane fatty acids.
In Table 1, the ratios between selected fatty acids highlighting the activities of the desaturase enzymes are reported. Considering the single mutants, the ratio between C16:1 and C16:0 was decreased for the fat-5 mutant, as expected due to the fact that the palmitoyl-CoA desaturase has been knocked out; the ratio between C18:1n9 and C18:0 decreased for both fat-6 and fat-7 mutants, as expected for the reduction in expression of stearoyl-CoA desaturase. However, in the fat-5 mutant the ratio C18:1n9/C18:0 is significantly increased compared with the wild type (p=8.76 *10-6), suggesting an increased production of C18:1n9 to compensate for the lack of C16:1 and C18:1n7, the most abundant monounsaturated fatty acids. The ratios between C20:4n6 and C20:3n6, in both fat-6 and in fat-7 mutants, and between C20:3n6 and C18:2n6, in fat-5 mutants, were also changed as would be expected following the reduction in concentration of one of the main precursors in the synthesis of polyunsaturated fatty acids. For the double mutants, surprisingly, the ratios were not altered in the majority of cases compared to the wild type. This suggests a more complex reorganization of the system due to the lack of the palmitoyl-CoA desaturase and one of the stearoyl-CoA desaturase.

A PLS-DA model demonstrated good separation among all the strains: the double mutant fat-5;fat-7 had the most different profile. In addition the two single mutants lacking one of the stearoyl-CoA desaturase genes showed differences in their fatty acid content.
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From an examination of the loadings plot mutant strains had higher concentrations of saturated FAs, reflecting the reduced capacity to convert them into monounsaturated FAs.
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 There was a general decrease in the intensities of the PUFAs. There was also a decrease in the branched fatty acids to an extent that the ratio between total content of PUFA and branched fatty acid (BFA) increased markedly from the wild type to the mutant strains (PUFA/BFA = 5±4 for wild type, 4.5±0.8 for fat-5, 13±3 for fat-6 mutant (p=0.021), 11±4 for fat-7 (p=0.05), 13±1 for fat-5;fat-7 (p=0.029) and 8.4±0.6 for fat-5;fat-6 (p=0.0031)). The fat-5;fat-6 mutant strain produces no fat-5, so it cannot convert palmitic acid to palmitoleic (the intensity of palmitoleic was very low in this mutant) and thus, monounsaturated fats must be produced by fat-7, the only desaturase that is still functional. In the other double mutant (fat-5;fat-7) the absence of FAT-7 disrupts the normal ratio between oleic and stearic acid, despite retaining a functional copy of the highly expressed gene fat‑6. This suggests there may be both redundant and non-redundant roles for FAT-6 and FAT-7.

LC-MS analysis of lipid extracts.
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Again a PLS-DA approach was used to produce a model that separated all the strains. In particular the two single mutants lacking one of the two stearoyl-CoA desaturase genes (fat-6 and fat-7) were characterised by very different lipid profiles and contributions to the loadings plots.

[image: image10.emf]
A common feature of most of the mutants, and in particular the single mutant fat-6, was the higher content of triglycerides containing fatty acids absorbed from the diet (in particular, TAG(17:0Δ/19:0Δ/17:0Δ); TAG(17:0Δ/16:1/17:0Δ); TAG(17:0Δ/18:1/17:0Δ); TAG(17:0Δ/18:1/19:0Δ)), while others (in particular the single mutant fat-5 and the double mutant fat-5;fat-7) had a higher content of triglycerides containing saturated fatty acids (in particular, TAG(18:0/16:0/18:0); TAG(16:0/18:0/16:0); TAG(16:0/16:0/16:0)). Furthermore, decreased content of phosphocholine-lipids containing unsaturated fatty acids (PC(36:3); PC(38:6)) was found in the mutants compared with the wild type strain.
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Gaussian Graphical Models on GC-FID Experiments of the lipid fraction.
The results obtained by the GC-FID experiments of the lipid fraction were also analysed using Gaussian Graphical Models (GGM), weighted networks where nodes, representing the measured entities (fatty acids in this case), are connected through edges annotated with the partial correlation coefficient between the two. The method aims to identify the correlations that remain between nodes if the effect of all the other variables has been removed from the contribution.

In figure 12, the network obtained considering the 30 highest partial correlation coefficients of all the strains together is shown. The backbone of the synthesis of the straight chain fatty acids, from C14:0 to C22:0 is evident. Interestingly, there are branches from C14:0 and C16:0, linking either the next saturated fatty acid (catalytically through elongase) or to the next monounsaturated fatty acid (catalytically through elongase and Δ9 desaturase). Other strong partial correlations are between C15:0-ISO and C17:0-ISO (through the selective enzyme ELO-6) and C17:0-Delta and C19:0-Delta with C18:3n3 (both the cyclopropane fatty acids detected come from the diet).
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The higher content of fatty acids in the wild type strain compared with the Δ9 desaturase mutants was demonstrated by both GC-FID and LC-MS analysis, yet it was not detected by Oil Red-O staining. Previously, the fat content of these mutant strains has been measured by coherent anti-Stokes Raman scattering (CARS), showing a 1.4-fold decrease in the expression level of neutral lipid droplets for the fat-5;fat-6 double mutant. One reason for this discrepancy between the Oil Red-O staining and other methods is that the Oil Red-O method is typically not sensitive enough to detect such a variation. The decrease detected by GC and LC-MS is not only due to a reduction in the actual synthesis of the lipids, but also due to an increase in the catabolism of the fatty acids, with dietary fatty acids representing a larger proportion of the total fatty acid compliment. This is also supported by the increase in succinate, which indicates an increase in acetyl-CoA metabolism via the glyoxylate cycle. A dramatic increase in the expression of genes involved in mitochondrial and peroxisomal β-oxidation has been reported in mutants where the desaturases have been knocked out [19]. 
We have shown that deletion of Δ9 desaturases have profound effects on metabolism in C. elegans that far extend from the initial reduction in MUFAs. In particular, the major results obtained by our comprehensive characterization were that: 
i. the mutants had increased accumulation of triglycerides from dietary saturated fats. However, overall the total fat content was decreased in the mutants compared to the wild type indicative of increased catabolism;
ii. a reduction in some phosphocholine derivatives in the mutants, especially those containing unsaturated fatty acids, suggest reorganisation of cell membranes.

iii. a general increase in fatty acid and amino acid catabolism in the mutants.

Currently the majority of studies of fat storage in C. elegans rely on whole animal staining, gas chromatography analysis of total fatty acids or thin layer chromatography of lipid classes. However, the propagation of the changes into a wide range of metabolic pathways highlighting the usefulness of global profiling tools for functional genomics as used in this project.

Figure 1. Vital and fixative stainings of the Δ9 desaturase mutants. (A) Representative images of the Nile Red-stained worms (upper rows for each strain) and of the Oil Red-O (lower rows) for the mutant and wild type strains. In each image, anterior is positioned to the left. Scale bar is 50 μm.





Quantification of the Nile-Red staining (n=12 animals at least per genotype), of the Oil Red-O (n=20 animals at least per genotype), of the global fatty acid content as measured by GC-FID (n=8 replicates at least per genotype) and triglyceride/phospholipid measurements as obtained by LC-MS (n=8 animals at least per genotype). The GC-FID data were normalised to the same number of worms in addition to the added internal standard (in the first column) and normalised for the internal standard and the total mg of protein, as measured by the Bradford assay for protein content (subsequent column). Data are reported as mean ± standard error of the mean (SEM).





Figure 3. PLS-DA model has 6 latent variables (by cross-validation, with R2(X)=56%, R2(Y)=64%, Q2=34%).


Score plot showing the clustering pattern according to genotype in the metabolic profiles obtained by NMR spectroscopy. Results from PLS-DA following the MSCA filter on the NMR spectra of all strains. The black squares represent samples belonging to the wild type strain, the red dots samples belonging to fat-6 mutant, the blue diamonds fat-7 mutant, the green stars fat-5;fat-7 mutant, the orange triangles fat-5 mutant and the pink squares fat-5;fat-6 mutant.





Figure 4. Loading plot for the score plot in Figure 3, shows the metabolites responsible for the discrimination among the groups





Figure 5. PLS-DA model obtained had 5 latent variables by cross validation with a R2(X)=63%, R2(Y)=59% and a Q2=32% .


Score plot of PLS-DA on the amino acids analysis of all strains using the Phenomenex EZFaast kit. For the key to symbols see Figure 3.





Figure 6. Loading plot for the score plot in Figure 5, shows the metabolites responsible for the discrimination among the groups





Figure 7. PLS-DA model obtained had 5 latent variables by cross validation with a R2X=76%, R2Y=58% and Q2=45%.


Score plot of PLS-DA on the total fatty acid content as measured by GC-FID analysis of all strains. For the key to symbols see Figure 3.





Figure 8. Loading plot for the score plot in Figure 7, shows the metabolites responsible for the discrimination among the groups





Figure 9. Lipid chromatogram for a selected illustrative sample of the lipid fraction obtained by reversed phase Ultra Performance Liquid Chromatography coupled to high resolution Mass Spectrometry (positive ion mode). Key: PL: PhosphoLipids; TAG: Triacylglycerols.





Figure 10. PLS-DA model obtained had 5 latent variables by cross validation with a R2X=49%, R2Y=68% and Q2=30%.


Score plot of PLS-DA on the UPLC-MS experiments on the intact lipid phases of all strains. For the key to symbols see Figure 3.





Figure 11. Loading plot for the score plot in Figure 10, shows the metabolites responsible for the discrimination among the groups





Figure 12. Graphical Gaussian Model obtained considering the 30 highest partial correlation coefficients from the results of the GC-MS experiments on the lipid fraction to measure total fatty acid content in all the strains.
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