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Multiple-Omics Techniques Reveal the Role of Glycerophospholipid Metabolic Pathway in the Response of Saccharomyces cerevisiae Against Hypoxic Stress
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Although the biological processes of organism under hypoxic stress had been elucidated, the whole physiological changes of Saccharomyces cerevisiae are still unclear. In this work, we investigated the changes of biological process of S. cerevisiae under hypoxia by the methods of transcriptomics, proteomics, metabolomics, and bioinformatics. The results showed that the expression of a total of 1017 mRNA in transcriptome, 213 proteins in proteome, and 51 metabolites in metabolome had been significantly changed between the hypoxia and normoxia conditions. Moreover, based on the integration of system-omics data, we found that the carbohydrate, amino acids, fatty acid biosynthesis, lipid metabolic pathway, and oxidative phosphorylation were significantly changed in hypoxic stress. Among these pathways, the glycerophospholipid metabolic pathway was remarkably up-regulated from the mRNA, protein, and metabolites levels under hypoxic stress, and the expression of relevant mRNA was also confirmed by the qPCR. The metabolites of glycerophospholipid pathway such as phosphatidylcholine, phosphatidylethanolamine, phosphoinositide, and phosphatidic acids probably maintained the stability of cell membranes against hypoxic stress to relieve the cell injury, and kept S. cerevisiae survive with energy production. These findings in the hypoxic omics and integrated networks provide very useful information for further exploring the molecular mechanism of hypoxic stress.
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INTRODUCTION

Oxygen plays an important role in the survival of many eukaryotic cells. Hypoxia of cells, tissues, organs, and organisms causes a series of pathophysiological processes and plays important role in different diseases such as altitude sickness, stroke, asthma, angina pectoris, myocardial infarction, and tumor (Stub et al., 2015; McBrien et al., 2018). The budding yeast, Saccharomyces cerevisiae, has widely used as a powerful eukaryotic model to elucidate the protective mechanism of organism in various of stresses, including hypoxia stress (Hess et al., 2014). In the previous studies, the analysis of S. cerevisiae in hypoxia stress showed that the oxidoreductase and the metabolites of respiratory chain were changed (Vukotic et al., 2012). In recent years, the study of S. cerevisiae in the biological process involved in the change of glycolysis (Jin et al., 2017), lipid metabolism (Degreif et al., 2017), mitophagy (Liu et al., 2014), etc.

The omics technologies were more and more applied on S. cerevisiae because of the innovation of new instrument, technique, and bioinformatics analysis methods (Liu et al., 2017; Lapointe et al., 2018). Chromatography (e.g., GC and HPLC) coupled with mass spectrometry also accelerates the analysis process on S. cerevisiae (Searle et al., 2018). Transcriptomics is used to investigate the transcription levels of genes in different stresses to elucidate the regulated mechanism. Especially, a novel high-throughput sequencing approach (RNA-seq) provides more precise and comprehensive measurement in transcripts and their isoforms (Cheng et al., 2018; Hu et al., 2019). Proteomics aims to find out the vital target proteins with different methods such as iTRAQ, SILAC, and label free, which explore their functions or post-translational modification (Cui et al., 2015; Bechtner et al., 2019). Metabolomics serves as a key relation between genotype and phenotype and focuses on the analysis of endogenous and exogenous small molecules (Zhou et al., 2015). Metabolomics is probably the most frequently used omics technique to discover the potential biomarkers under the numerous diseases and study the metabolic flux on S. cerevisiae (Abecia et al., 2018; Farne et al., 2018).

These omics could obtain respective partial data, but these individual data were difficultly integrated to clarify the life process from gene, protein, and metabolite (Ghaemi et al., 2019). In the same way, although the system-omics of S. cerevisiae had existed (Braconi et al., 2016; Lapointe et al., 2018), the adaptation mechanism of S. cerevisiae in hypoxia stress was still unclear, especially at metabolic pathway levels of the gene, protein, and metabolites. Our work used multiple-omics techniques to acquire more fruitful data with appropriate bioinformatics tools and elucidate the adaptation mechanism of S. cerevisiae under hypoxia.

MATERIALS AND METHODS

Cell Culture

Saccharomyces cerevisiae was purchased from China General Microbiological Culture Collection (CGMCC) as a freeze-dried powder in a glass vial. The S. cerevisiae strains were grown in YPD medium (including 1% [w/v] peptone, 0.5% [w/v] S. cerevisiae extract and 1% [w/v] glucose) at 28°C in a three-gas cell culture incubator. S. cerevisiae was incubated for 24 h and stored at −80°C supplemented with same volume of 50% glycerol for seed conservation.

Hypoxic Conditions

The seed of S. cerevisiae was inoculated into YPD medium at a ratio of 1:100 in the culture flask and continuously filled with high purity nitrogen gas to sustain hypoxic circumstance in cell culture incubator. The oxygen concentrations of normoxic group and hypoxic groups were 21% (Con21), 10% (Hpx10), 5% (Hpx5), and 1% (Hpx1), respectively. The absorbance values were determined at 600 nm at the intervals of 2 h by spectrophotometry (Spectramax M2, United States) from three replicated cultures. The corresponding growth curve of S. cerevisiae was also plotted. Pelleted cells from the triplicate cultures were frozen in liquid nitrogen and stored at −80°C before use.

Determination of Relevant Enzymes Activities

Saccharomyces cerevisiae was incubated for 24 h at different oxygen concentrations and centrifuged at 1000 g for 5 min at 4°C. The pellet was washed by phosphate buffer saline (PBS) and sonicated by ultrasonic cell disruptor at 200 W for 4 min. Then the samples were centrifuged at 13,000 g for 20 min at 4°C to obtain the supernatant. These enzymes activities of CS, SOD, and ADH were determined by the different kits (Nanjing Jiancheng Bioengineering Institute, China).

Transcriptomics Analysis

Cells were cultured as mentioned above and their total RNA was extracted using the mirVana miRNA isolation kit (Ambion) as described by the manufacturer. RNA integrity was evaluated using Agilent 2100 Bioanalyzer. All samples with RNA integrity number (RIN) more than 7 were subjected to the subsequent analysis. The RNA sequencing (RNA-Seq) libraries were constructed using TruSeq Stranded mRNA LTSample Prep Kit (Illumina) following the manufacturer’ s instructions. In addition, these libraries were sequenced on the Illumina sequencing platform (HiSeqTM 2500) and 125 bp paired-end reads were generated.

Raw data (raw reads) from Illumina sequencing were processed using the Trimmomatic software. The reads containing the ploy-N and the low-quality reads were removed to obtain the clean reads. Then the clean reads were mapped to reference genome using hisat2. Fragments Per Kilobase of transcript per Million fragments mapped reads (FPKM) value of each gene was quantified using cufflinks software, and the read counts of each gene were obtained by htseq-count software. DEGs were identified using the DESeq (2012) R package with the threshold of p-value < 0.05 and fold Change (FC) > 2 or fold Change < 0.5. Volcano plots and hierarchical cluster analysis of DEGs was performed to explore the genes expression pattern. Gene ontology (GO) enrichment and KEGG pathway enrichment analysis of DEGs were performed using R package based on the hypergeometric distribution, respectively.

Proteomics Analysis

Saccharomyces cerevisiae grown in YPD medium as mentioned above for 24 h. Pellets cells were lysed by using FASP buffer containing a complete protease inhibitors cocktail and phosphorylation protease inhibitors (Roche, Switzerland). The lysates were sonicated in same conditions and centrifuged to remove cellular debris. The supernatant was transferred to a fresh tube and the protein concentration was determined by 2-D Quant Kit (GE Healthcare, United States) (Picotti et al., 2009).

A total of 200 μg aliquots of protein were washed with 8 M urea, reduced with 20 mM DTT for 4 h at 37°C, and alkylated with 50 mM IAA for 30 min in the dark. Samples were resolubilized with 50 mM ammonium bicarbonate (NH4CO3) and digested with sequencing grade trypsin (Promega) to a final ratio of 1:50 (enzyme to substrate) for 16 h at 37°C. Peptide mixtures were lyophilized and labeled with 4-plex iTRAQ reagent (Sciex). Approximately 85 μg peptide samples of different oxygen concentrations (e.g., 21, 10, 5, and 1%) were labeled by iTRAQ 116, 118, 119, and 121, respectively. 70 μL of isopropanol was added into each sample and incubated in the dark for 2 h at room temperature. Then the labeled samples were combined into one tube and lyophilized. The peptide mixtures of different groups were cleaned up by Sep-Pak HLB cartridge (Waters, United States), eluted with 50% acetonitrile (ACN) containing 0.1% trifluoroacetic acid (TFA), and then dried by SpeedVac according to the previous study (Liu et al., 2017).

Samples were fractionated by high performance liquid chromatograph (HPLC) system (Agilent 1260 HPLC). The solvent consisted of 98% water and 2% ACN (pH 10) as mobile phase A and 98% ACN and 2% water (pH 10) as mobile phase B. The dried peptide mixture was reconstituted with 40 μL of mobile phase A and loaded onto a column (5 μm, 300 Å) at 42°C. The peptides were eluted at a flow rate of 0.7 ml/min. The separation gradient was set as follows: 0–30 min, 5–35% B; 30–32 min, 35–95% B; 32–37 min, 95% B; 37–39 min, 95–5% B; and 39–45 min, 5% B. Forty-five fractions were collected and pooled into nine fractions. Finally, fractions were dried by SpeedVac and stored at −80°C until LC-MS/MS analysis.

Chromatographic separations of the peptides were performed on an EASY-nLC system (Thermo Fisher, United States) with a C18 column (75 μm × 15 cm, 3 μm, 100 Å). The peptide mixture (0.5 μg) was separated in mobile phase A (0.1% formic acid in water) and mobile phase B (0.1% formic acid in ACN) at a flow rate of 300 nL/min. The separation gradient was set as follows: 8% B for 4 min, 30% B for 45 min, 90% B for 30 min, and 90% B for 3 min.

Mass spectrometry (MS) analysis was conducted on a Fusion Lumos Tribrid mass spectrometer (Orbitrap, Thermo Fisher, United States). The most abundant precursor ions and fragmentation data was acquired by HCD. The survey scans were acquired at a resolution of 15,000/30,000 at m/z 200. The precursor ions and product ions were scanned from 350 to 1550 Da and started from 120 m/z, respectively. The parameters of MS were set as follows: normalized collision energy, 31 eV; isolation width, 1.6 Da; capillary temperature, 300°C; dynamic exclusion duration, 20 s; and spray voltage, 2.0 kV.

The MS/MS spectra were searched using the MASCOT software (Matrix Science) with Proteome Discoverer 2.2. The following searching parameters were used to identify proteins: MS/MS tolerance, 0.1 Da; peptide mass tolerance, 20 ppm; enzyme, trypsin; enzymatic hydrolysis sites, arginine (R) and lysine (K); missed cleavage, 2; fixed modification, carbamidomethyl (C); variable modification, oxidation (M); and FDR, 1%.

The protein data was transformed by Perseus 1.6 software. Then global protein expression patterns and heatmap were illustrated using K-means clustering in Mev 4.9. The heatmaps of gradually up- or down-regulated in DEPs were also illustrated using HemI 1.0. The functional annotations and pathway enrichment analysis were performed by DAVID 6.8 and KEGG, respectively.

Phosphoproteomics Analysis

Proteins were extracted and digested to peptide mixtures as previously described. The peptide mixtures of different groups were also cleaned up, desalinized and dried by SpeedVac. The phosphopeptide was purified and enriched by Titansphere Phos-TiO Kit (Shimadzu, Japan). The peptide mixtures were loaded into spin tips, equilibrated, adsorbed and rinsed with buffer A (0.4% TFA in ACN) and buffer B (25% solution B in buffer A). The enriched phosphopeptide was eluted with 5% ammonium hydroxide and 5% pyrrolidine solution. The phosphopeptide was dried by SpeedVac and stored at −80°C until LC-MS/MS analysis. The analytical methods of samples and bioinformation were processed as above-mentioned, except the variable modification of searching proteins parameters was phosphorylation (P).

Metabolomics Analysis

About 15 mg of S. cerevisiae in four different oxygen concentrations was centrifuged at 1000 g and 4°C after incubation and washed by cooled water. The samples were added to 1.2 mL of the precooling extraction reagent (acetonitrile: methanol: water = 40:40:20), and freeze-thaw cycles were repeated three times in liquid nitrogen and ice. Then the samples were centrifuged at 10,000 g for 10 min at 4°C and the supernatant was evaporated to dry by high purity nitrogen gas at 4°C for LC-MS analysis. The metabolites were re-dissolved in water and each sample was pooled for quality control (QC) sample.

LC-MS analysis was used by ultra-performance liquid chromatography (UPLC, Waters) coupled with Synapt G2 mass spectrometer (Waters) which was equipped with data independent analysis (DIA) mode. The mobile phase flow rate was 0.4 mL/min and consisted of 0.1% formic acid and ammonium formate in water (A), and acetonitrile (B). The gradient profile was set as follows: 0.1–20% B for 5 min, 20–40% B for 5 min, 40–64% B for 4 min, 64–74% B for 3 min, 74–100% B for 1 min, 100% B for 1 min, and 0.1% B for 3 min.

Metabolites were separated using the Acquity UPLC HSS T3 column (2.1 mm × 150 mm, 1.8 μm). The parameters for mass spectrometry were as followed: capillary, 1.0 kV for positive mode and negative mode; sampling cone, 40 V; source offset, 80 V; Cone gas flow, 50 L/h; desolvation gas flow, 800 L/h; source temperature, 120°C. The continuum data was collected from 50 to 1200 Da and scan rate was 0.2 s (Kim et al., 2013).

The MS/MS data were analyzed using Progenesis QI software (Nonlinear Dynamics, Newcastle, United Kingdom). The peaks of each sample were aligned and picked according to retention time and m/z. The replicating peaks were removed by normalization and adduct deconvolution. The DMs were identified in the YMDB, KEGG and Lipid Maps databases as the threshold of VIP > 1, p-value < 0.05 and FC > 1.5 or FC < 0.6. Principle components analysis (PCA) and OPLS-DA were performed using SIMCA-P (Umetrics, Umea, Sweden). Pathway enrichment analysis of metabolites was achieved by the Metaboanalyst 4.0.

RT-qPCR

The mRNA of S. cerevisiae was extracted using TRIzol (Thermo Fisher, United States) and chloroform reagent. After centrifugation, the mRNA was precipitated with isometric isopropanol in the aqueous phase, and purified with 75% ethanol in DEPC water. The concentration and purity of mRNA was determined using a spectrophotometer (NanoDrop 2000). The reverse transcription and the quantitative polymerase chain reaction (qPCR) were performed using the ReverTra RT Master Mix Kit (Toyobo, Japan) and SYBR Green Master Mix (Thermo Fisher, United States) in the QuantStudio 5 Real-Time PCR System (Thermo Fisher, United States), following the manufacturer’s protocol. The mRNA levels were calculated using the 2–ΔΔCt method after normalization with TDH3 as a housekeeping gene. Primer sequences are listed in Supplementary Table S1.

Growth Rate of S. cerevisiae

Phosphatidylcholine was chosen to verify its role in hypoxic stress. Phosphatidylcholine (2 and 10 μg/mL) was added into the YPD medium. S. cerevisiae were grown for 24 h in a three-gas cell culture incubator under Hpx1 condition. The absorbance values were determined at 600 nm from 4 to 24 h by the spectrophotometry with five replicated cultures. The maximum growth rate was calculated by non-linear regression.

Statistical Analysis

Data were expressed as mean ± SD (standard deviation). Statistical analyses were assessed by SPSS 19.0 (IBM, United States). Differences were considered significant when p-values were lower than 0.05.

RESULTS

The Change of S. cerevisiae Pathology in Hypoxic Stress

The growth curve of S. cerevisiae in different oxygen concentrations was plotted according to the optical density at 600 nm (OD600) in Figure 1A. The growth curve of yeast cells had an obvious shift right with the decreasing of oxygen concentrations. In particular, the growth rate had marked difference from 10 to 18 h. The growth speed was significantly slower in hypoxic groups than that in the Con21 group.
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FIGURE 1. The pathophysiological changes of S. cerevisiae in hypoxic stress. (A) The OD600 values of cell at different times in different oxygen concentrations (n = 3, mean ± SD). (B) The enzyme activities of ADH, SOD, and CS (n = 7, mean ± SD). ∗∗P < 0.01: different oxygen concentrations compared with 21%.



The relevant enzymes activities were presented in Figure 1B. The activities of CS and SOD were decreased from 9.37 ± 1.21 to 6.11 ± 1.24 (p < 0.01) and from 29.90 ± 1.15 to 18.86 ± 2.46 (p < 0.01) between the Con21 and the Hpx1 group, respectively. However, the activities of ADH were obviously increased from 739.64 ± 161.04 to 1267.51 ± 128.94 between the Con21 and the Hpx1 group (p < 0.01).

Transcriptomics Results

The numbers of DEGs consisted of up-regulation and down-regulation genes in different groups (Supplementary Data Sheet S1). Among the comparison of different oxygen concentrations, the DEGs were least in the Hpx5 compared with Hpx10, which includes 57 genes (40 up-regulated and 17 down-regulated genes). Besides, there were 128 DEGs (85 up-regulated and 43 down-regulated genes), 276 DEGs (210 up-regulated and 66 down-regulated genes) and 1017 DEGs (689 up-regulated and 328 down-regulated genes) with the decreasing of oxygen concentrations in the Hpx10, Hpx5, and Hpx1 compared with Con21, respectively.

The numbers of DEGs between Hpx1 and Con21 was most different, and the disparity of oxygen concentration was also largest. Therefore, we displayed the data about these two groups as follows. Figure 2A showed the volcano plot between Hpx1 and Con21. The red was for significantly up-regulated DEGs (FC > 2) or high expressed genes, and green/blue was for notably down-regulated DEGs (FC > 2) or low expressed genes. The detailed information of DEGs and heatmaps between the Hpx1 and the Con 21 group were shown in Supplementary Data Sheet S1.


[image: image]

FIGURE 2. The mRNA expression levels and enrichment analysis in the transcriptomics. (A) The volcano plots of DEGs histogram of the number of DEGs between Hpx1 and Con21. (B) The distributing diagram of up-/down-regulated DEGs in KEGG pathway between Hpx1 and Con21. The red and green indicated up-regulated and down-regulated pathways, respectively. The numbers of beside column meant the numbers of DEGs in this pathway.



The results of GO enrichment analysis for DEGs were exhibited in Supplementary Data Sheet S1. The biological process of the up-regulated DEGs was mostly focused on FAs, ergosterol and DNA metabolic process, and the down-regulated DEGs were related to ATP synthesis coupled proton transport and tricarboxylic acid (TCA) cycle. The cellular component of the up-regulated DEGs were associated with various membranes and DNA polymerase, however, the down-regulated DEGs were chiefly related to nucleus and mitochondrion. The molecular function of the up-regulated DEGs were mostly focused to oxidoreductase activity, transferase activity and hydrolase activity, and the down-regulated DEGs was connected with transporter activity.

The pathways were sieved according to DEGs more than 2. The detailed pathways and top 20 bubble chart of up-/down-regulated DEGs between Hpx1 and Con21 were shown in Supplementary Data Sheet S1. The size and color of bubble indicated the numbers in pathway and p-value of DEGs, respectively. The up-regulated pathways were mostly involved in glycolysis/gluconeogenesis, steroid biosynthesis, pyruvate metabolism and tryptophan metabolism. The down-regulated pathways were largely focused on oxidative phosphorylation, biosynthesis of amino acids, pyruvate metabolism and TCA cycle.

Figure 2B showed the up-/down-regulated DEGs in KEGG pathway classification between Hpx1 and Con21. Among, the carbohydrate metabolic pathway significantly changed (43 up-regulated and 31 down-regulated genes), and the amino acid metabolic pathway visibly varied (35 up-regulated and 24 down-regulated genes). The energy metabolic pathway also extremely decreased with low hypoxic oxygen, containing 35 down-regulated and 13 up-regulated DEGs. However, the lipid metabolic pathway had a remarkable increase between Hpx1 and Con21, including 37 up-regulated and 7 down-regulated DEGs.

Proteomics Results

Global proteins were identified in four different oxygen concentrations to obtain 2412 proteins, and the heatmap was plotted in Supplementary Data Sheet S2. All proteins were screened with the threshold of p-value < 0.05 and FC > 1.2 or FC < 0.83 to gain 607 DEPs, 789 DEPs, and 214 DEPs in the results of Hpx1, Hpx5, and Hpx10 compared with Con21, respectively (Supplementary Data Sheet S2). The gradually up-/down-regulated DEPs were achieved with the decreasing of oxygen concentrations from Con21 to Hpx1 (Supplementary Data Sheet S2). Figures 3A,B were shown 119 gradually up-regulated proteins and 94 down-regulated proteins in four groups, respectively.
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FIGURE 3. The proteins levels and enrichment analysis in the proteomics. (A) The heatmap of gradually up-regulated DEPs in different groups. (B) The heatmap of gradually down-regulated DEPs in different groups. The red indicated a high expression and the blue showed a low expression. (C) The distributing diagram of gradually up-/down-regulated DEPs in the metabolic pathway.



The results of GO enrichment analysis of 213 gradually up-/down-regulated DEPs were presented in Supplementary Data Sheet S2. In the data of gradually up-regulated DEPs, many biological processes, such as transposition, metabolic process, DNA biosynthetic process, phosphodiester bond hydrolysis, and lipid metabolic process, were varied by the molecular function changing of reaction (transferase, hydrolase, and catalytic enzyme) and binding reaction (RNA, metal ion, nucleotide, DNA, ATP, and nucleic acid) in the cytoplasm and nucleus. However, the biological processes in the gradually down-regulated DEPs were mostly related to translation, oxidation-reduction process, proton and electron transport, etc., and altered in the mitochondrion, membranes and ribosome. These DEPs activities of oxidoreductase, proton-transporting ATP synthase and cytochrome-c oxidase/reductase had obviously declined in the molecular function.

In the KEGG pathway analysis, metabolic pathways, ribosome, and oxidative phosphorylation were the main pathways in 213 gradually up-/down-regulated DEPs (Supplementary Data Sheet S2). Figure 3C showed the specific pathways in metabolic pathways, including carbohydrate, amino acids, FAs, and lipid metabolic pathways, etc. There were five marked proteins (up-regulated proteins: GPM2, sedoheptulose 1,7-bisphosphatase; down-regulated proteins: aldehyde dehydrogenase, ADH, pyruvate decarboxylase isozyme 1) in the glycolysis/gluconeogenesis pathway. However, proteins in partial pathways were only gradually down-regulated, but there were no up-regulated proteins in TCA cycle (e.g., CS, KGD2), purine metabolism (e.g., ribose-phosphate pyrophosphokinase), or pyruvate metabolism (e.g., aldehyde dehydrogenase). The serine metabolic pathway contained up-regulated proteins, but some proteins in the alanine, arginine, lysine, and tryptophan metabolic pathways were decreased in hypoxia stress. Some proteins in fatty acid biosynthesis metabolic pathway was up-regulated. The GPL metabolism and ether lipid metabolic pathways had two obviously improved proteins (e.g., lysophospholipid acyltransferase and EPT1).

Phosphoproteomics Results

The parameters of phosphoproteomics were similar as described in proteomics. As found, 2826 phosphoproteins were identified in different groups (Con21, 2496; Hpx10, 2428; Hpx5, 2423; Hpx1, 2386) (Supplementary Data Sheet S3). 100 communal phosphoproteins were screened between 213 gradually up-/down-regulated proteins and Hpx1 phosphoproteins by Venny 2.1 (BioinfoGP, CNB-CSIC, Spain) (Supplementary Data Sheet S3).

The GO analysis of 100 communal phosphoproteins was performed, including biological process, cellular component, and molecular function (Figures 4A–C). There were changes of biological process in the cytoplasm, ribosome, and mitochondrion, including transposition, oxidation-reduction, ribosome biogenesis, lipid metabolism, and transport process. The molecular function of significantly changed proteins were focused on the ribosome, oxidoreductase, RNA binding, peroxidase, ATP synthase and ATPase, etc.
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FIGURE 4. The enrichment analysis of 100 communal phosphoproteins. (A) The top 10 GO term in biological process. (B) The top 10 GO term in cellular component. (C) The top 10 GO term in molecular function. (D) The distributing diagram of KEGG pathway enrichment.



These phosphoproteins were involved in 25 metabolic pathways and 15 ribosomes. Among the metabolic pathways, oxidative phosphorylation, carbohydrate (e.g., glycolysis and TCA cycle), amino acids (e.g., serine, lysine, tryptophan), FAs, and glycerolipid metabolic pathways were significantly changed and paralleled to the DEPs (see Figure 4D).

Metabolomics Results

A total of 51 DMs were identified from the database and processed in the KEGG pathway enrichment analysis. The functions of these metabolites included the glycerol phosphate shuttle, PE biosynthesis, galactose metabolism, phosphatidylcholine (PC) biosynthesis, PI phosphate metabolism, and mitochondrial electron transport chain, etc (Figure 5A). The bubble chart of pathway enrichment contained the GPL metabolism, amino sugar and nucleotide sugar metabolism, glycosylphosphatidylinositol-anchor biosynthesis, and starch and sucrose metabolism, etc (Figure 5B). Among these pathways, the GPMP was significantly changed, including 34 DMs such as PC, PE, PI, PS, and their derivatives.
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FIGURE 5. The results of differential metabolites and enrichment analysis in metabolomics. (A) The distributing diagram of metabolites enrichment. (B) The bubble chart of KEGG pathway enrichment. The red indicated a low P-value. The size of bubble indicated the numbers of DMs.



Integration of Multi-Omics Data

1017 DEGs were converted into downstream proteins between the Hpx1 and the Con21 group using DAVID 6.8, and the DMs were transformed into 696 upstream regulated proteins by the YMDB and Mbrole 2.0 (Spain) (Supplementary Data Sheet S4). The exported proteins from the DEGs and DMs were processed with 607 DEPs using Venny 2.1 to obtain the communal and key proteins in the transcriptomics, proteomics and metabolomics (Figure 6A). A total of 36 intersectional proteins, including 19 up-regulated and 17 down-regulated proteins, were simultaneously changed in these three omics data (Supplementary Table S2). Among these 36 proteins, we had a great interest in up-regulated proteins. In the biological process of GO analysis of 19 up-regulated proteins, lipid metabolic, fatty acid biosynthetic and steroid biosynthetic process had significant up-regulation, as enriched by DAVID 6.8 (Figure 6B).
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FIGURE 6. The integrated analysis and verification of multi-omics data. (A) The Venn diagrams of communal and key proteins in transcriptomics, proteomics, and metabolomics. (B) The biological process of GO analysis of 19 up-regulated communal and key proteins. (C) The expression levels of relevant mRNA in different oxygen concentrations (n = 3, mean ± SD). *P < 0.05, ∗∗P < 0.01: different oxygen concentrations compared with 21%. (D) The maximum growth rate of PC at different concentrations under the Hpx1 condition (n = 5, mean ± SD). ∗∗∗P < 0.001: 10 μg/mL PC compared with the control group.



Verification of RT-qPCR

RT-qPCR was performed to verify the mRNA expression levels at different oxygen concentrations. The results were mainly consistent with the transcriptomics and proteomics data in Figure 6C. The mRNA levels of ALE1, ETP1, FAS2, and GPD1 were remarkably increased following the decline of oxygen concentrations from Con21 to Hpx1 in the GPMP. The GPM2 level was also enhanced, however, the PGK1 level was weakly changed in glycolysis pathway. Meanwhile, the CIT1 level in TCA cycle had obviously decreased in Hpx1 compared with Con21.

Growth Rate of S. cerevisiae

After adding 2 and 10 μg/mL of phosphatidylcholine into the YPD medium under Hpx1 condition, the maximum growth rates were increased by 8.43% from 0.1448 h–1 ± 0.0068 to 0.1570 ± 0.0079 h–1 and 16.73% from 0.1448 h–1 ± 0.0068 to 0.1690 h–1 ± 0.0085 (p < 0.001), respectively (Figure 6D). Phosphatidylcholine (PC), one of the GPLs in DMs, promoted the growth of yeast cells under hypoxia and significantly increased the maximum growth rate.

DISCUSSION

Our study showed that the integrated approaches of multi-omics strategies were powerful for the analyses of the response of S. cerevisiae to hypoxic stress. The data from the transcriptome indicated that there were 1017 DEGs between Hpx1 and Con21 and most of them were listed in the glycolysis, TCA cycle, amino acid and lipid metabolic pathways. A total of 213 gradually up-/down-regulated DEPs, involved in carbohydrate, amino acids, FAs and lipid metabolic pathways, were discovered in proteome. 2386 proteins had phosphorylated modification under Hpx1 stress in phosphoproteome. Metabolome revealed that 51 DMs were identified between hypoxia and normoxia.

From a highly synergistic integration of multi-omics of hypoxic S. cerevisiae model, we found that the biological process of 19 up-regulated communal and key proteins mostly focused on lipid, fatty acid and steroid biosynthetic processes (Figure 6B). Moreover, the metabolites are the final products of the signaling pathways. The results of metabolomics were the closest to the phenotype of hypoxia, and reflect the real-time physiological state of organism. The majority of DMs were also related to lipid substances, and similar to the results of biological process of 19 up-regulated communal and key proteins. Among the DMs, the GPLs were the most obvious (Figure 5B). Hence, the GPMP was chosen to verify its role for growth of yeast cells in hypoxia. The results of RT-qPCR were confirmed and paralleled to the data of omics (Figure 6C). PC also significantly increased the maximum growth rate under hypoxia condition (Figure 6D). These results indicated that GPL increased the growth of yeast cells and reduced the cell damage induced by hypoxia.

In detail, the GPMP were remarkably up-regulated between hypoxia and normoxia, including seven DEGs, two DEPs and thirty-four DMs. SLC1-encoded proteins catalyzed the reaction of 1-acyl-G3P (LPA) with FAs-CoA form 1,2-diacyl-G3P (PA). EPT1-encoded proteins catalyzed the reaction of CDP-ETA/CDP-Ch with DG form PE/PC. ALE1-encoded lysophospholipid acyltransferases contained LPCAT, LPEAT, LPSAT, LPIAT, and LPGAT enzyme was used for the synthesis of PC, PE, PS, PI, and PG, respectively (see Figure 7). The glycolysis pathway, including eighteen DEGs, two DEPs and metabolic intermediates, was also significantly up-regulated in different omics. This pathway provides energy and intermediates for cell reproduction and survival.
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FIGURE 7. The metabolic pathway of glycerophospholipid, glycolysis, and TCA cycle of S. cerevisiae under hypoxia stress. The red dashed line box was up-regulated pathway, including GPL and glycolysis pathway, and the green dashed line box was down-regulated pathway of TCA cycle. The differentially expressed genes were indicated in the blue background. The differentially expressed proteins were showed in the yellow background. Both of DEGs and DEPs were indicated in the purple background. The metabolites were showed in the gray squares. The red and green word in different background indicated the up-regulated and down-regulated genes, proteins, or metabolites, respectively.



Glyceraldehyde 3-phosphate of DMs was transformed into DHAP subsequently to synthesize relevant GPL. Besides, the GPM2, SER3, and SER2-encoded protein were increased and played a key role in the synthetic process of serine. Serine was used for PS synthesis with CDP-DG (Figure 7). However, the biological process of oxidative phosphorylation was dramatically down-regulated, because the function of mitochondria was completely inhibited in the hypoxic environment. There were fifteen DEGs and DEPs in these conditions, respectively. Meanwhile, TCA cycle containing the nine DEGs and two DEPs had markedly down-regulated as well. CS was the rate-limiting enzyme of TCA cycle and decreased in mRNA and protein levels.

The metabolites of up-regulated GPMP included the phospholipids (PC, PE, PS, PI, PG, and CL), intermediates (LPA, PA, DG, CDP-DG, CDP-Ch, CDP-ETA, PMME, PDME) and minor molecule compounds such as ETA, Ch and FAs (Figure 7). These GPL composed the main lipid category of biological membranes and maintained the stability of cell membranes in hypoxia stress (Henry et al., 2012).

Glycerol 3-phosphate and FAs were the essential components of PA which play a key module in the regulation of various GPL (Ecker and Liebisch, 2014). G3P was originated from DHAP of glycolysis. The content of FAs was enhanced by FAS2-encoded fatty acid synthase in the mRNA and protein levels, and the acyl-CoA was synthesized with FAs form PA by ACB1-encoded protein (Figure 7). The degree of UFAs or the number of double bonds in the sn-1/sn-2 position of GPL was closely connected with the ability of antioxidant and protected unsaturated membrane lipids against oxidation induced by reactive oxygen species (ROS) (Broniec et al., 2017). In the hypoxic S. cerevisiae, the transcription factor MGA2 activated the transcription of OLE1 and itself to increase the UFAs and regulated the lipid homeostasis of membranes in response to hypoxia (Burr et al., 2017). S. cerevisiae without MGA2 could not grow due to that the low UFAs levels resulted in aberrant membrane transport (Burr et al., 2017; Romero et al., 2018). The function of MGA2 was analogous to mammalian sterol regulatory element-binding protein (SREBP) transcription factor 1, which regulates GPL synthesis (Burr et al., 2016).

The hypoxic phenomena were frequently arisen in different cancer cells and various pathological processes such as hypertrophic cardiomyopathy (Krishnan et al., 2009), Alzheimer’s disease (Frisardi et al., 2011), and perinatal asphyxia (Sánchez-Illana et al., 2017). For example, GPL biosynthesis pathway were up-regulated in human hepatocarcinoma, cervical adenocarcinoma and embryonic kidney cells, while lysophosphatidic acid acyltransferase β (LPAATβ) and HIF1α were jointly overexpressed to improve cell viability under hypoxia (Triantafyllou et al., 2018). LPA, a bioactive GPL, enhanced the invasiveness and adaptation of ovarian cancer cells by the metabolic rearrangement under hypoxia (Ray et al., 2017). Other researches explained that in the breast cancer cells under hypoxia stress, the lipid droplet and the PUFAs accumulation against oxidative toxicity were increased and extended their survival rate (Kamphorst et al., 2013). PUFAs synthesized phospholipids incorporated into membrane to protect astrocytes from oxidative damage (Zhang et al., 2015; Zgórzyńska et al., 2017). When the GPL in medium declined, multiple cancer cells decreased the survival rate in hypoxia and strongly impaired tumorigenesis (Bensaad et al., 2014; Jarc et al., 2018). In addition, the peroxisome proliferator-activated receptor γ (PPARγ) and HIF1α in human and mouse cardiac hypertrophy activated FAs uptake and GPL biosynthesis genes, and increased glucose-to-GPL conversion via G-3P pathway followed by changing myocardial metabolism and forming heart disease (Krishnan et al., 2009). GPL and GPL-derivatives constituted the backbone of neural membranes and provided the suitable environment of fluidity and ion permeability in Alzheimer’s disease. These GPL may play a key role in neuroprotection and suggest new preventive or therapeutic options to slow the neurodegenerative processes (Frisardi et al., 2011). In the hypoxic-ischemic encephalopathy secondary to perinatal asphyxia of the neonatal piglet study, the Ch and related metabolites of plasma was regarded as biomarker profiles for improving the early assessment of the severity of the hypoxic impairment in the neonate (Kuligowski et al., 2017).

CONCLUSION

To summarize, the present study showed that the levels of the mRNA, proteins and metabolites had significantly altered in the hypoxic stress by the multi-omics techniques. In particular, the GPL and glycolysis metabolic pathways had remarkably up-regulated, however, the TCA cycle and oxidative phosphorylation processes had extremely down-regulated. Among these metabolic pathways, the various mediators of GPMP attenuated the hypoxic damage and maintained the stability of cell membranes. The features of GPL could provide new approaches and ideas for clinical research with hypoxic stress, especially in the neurodegenerative diseases, cardiovascular diseases and tumors. Our findings in the hypoxic omics and integrated networks provided an important insight to reveal the molecular mechanisms of hypoxic stress.
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REFERENCES

Abecia, L., Martinez-Fernandez, G., Waddams, K., Martin-Garcia, A. I., Pinloche, E., Creevey, C. J., et al. (2018). Analysis of the rumen microbiome and metabolome to study the effect of an antimethanogenic treatment applied in early life of kid goats. Front. Microbiol. 9:2227. doi: 10.3389/fmicb.2018.02227

Bechtner, J., Xu, D., Behr, J., Ludwig, C., and Vogel, R. F. (2019). Proteomic analysis of Lactobacillus Nagelii in the presence of Saccharomyces Cerevisiae isolated from water kefir and comparison with Lactobacillus Hordei. Front. Microbiol. 10:325. doi: 10.3389/fmicb.2019.00325

Bensaad, K., Favaro, E., Lewis, C. A., Peck, B., Lord, S., Collins, J. M., et al. (2014). Fatty acid uptake and lipid storage induced by HIF-1α contribute to cell growth and survival after hypoxia-reoxygenation. Cell Rep. 9, 349–365. doi: 10.1016/j.celrep.2014.08.056

Braconi, D., Bernardini, G., and Santucci, A. (2016). Saccharomyces Cerevisiae as a model in ecotoxicological studies: a post-genomics perspective. J. Proteomics 137, 19–34. doi: 10.1016/j.jprot.2015.09.001

Broniec, A., Zadlo, A., Pawlak, A., Fuchs, B., Klosiński, R., Thompson, D., et al. (2017). Interaction of plasmenylcholine with free radicals in selected model systems. Free Radic. Biol. Med. 106, 368–378. doi: 10.1016/j.freeradbiomed.2017.02.029

Burr, R., Stewart, E. V., and Espenshade, P. J. (2017). Coordinate regulation of yeast sterol regulatory elementbinding protein (SREBP) and Mga2 transcription factors. J. Biol. Chem. 292, 5311–5324. doi: 10.1074/jbc.M117.778209

Burr, R., Stewart, E. V., Shao, W., Zhao, S., Hannibal-Bach, H. K., Ejsing, C. S., et al. (2016). Mga2 transcription factor regulates an oxygen-responsive lipid homeostasis pathway in fission yeast. J. Biol. Chem. 291, 12171–12183. doi: 10.1074/jbc.M116.723650

Cheng, H., Cui, C., Lu, S., Xia, B., Li, X., Xu, P., et al. (2018). Identification and analysis of hub genes and networks related to hypoxia preconditioning in mice (No 035215). Oncotarget 9, 11889–11904. doi: 10.18632/oncotarget.23555

Cui, C., Zhou, T., Li, J., Wang, H., Li, X., Xiong, J., et al. (2015). Proteomic analysis of the mouse brain after repetitive exposure to hypoxia. Chem. Biol. Interact. 236, 57–66. doi: 10.1016/j.cbi.2015.04.010

Degreif, D., de Rond, T., Bertl, A., Keasling, J. D., and Budin, J. (2017). Lipid engineering reveals regulatory roles for membrane fluidity in yeast flocculation and oxygen-limited growth. Metab. Eng. 41, 46–56. doi: 10.1016/j.ymben.2017.03.002

Ecker, J., and Liebisch, G. (2014). Application of stable isotopes to investigate the metabolism of fatty acids, glycerophospholipid and sphingolipid species. Prog. Lipid Res. 54, 14–31. doi: 10.1016/j.plipres.2014.01.002

Farne, H., Groves, H. T., Gill, S. K., Stokes, J., McCulloch, S., Karoly, E., et al. (2018). Comparative metabolomic sampling of upper and lower airways by four different methods to identify biochemicals that may support bacterial growth. Front. Cell. Infect. Microbiol. 8:432. doi: 10.3389/fcimb.2018.00432

Frisardi, V., Panza, F., Seripa, D., Farooqui, F., and Farooqui, A. A. (2011). Glycerophospholipids and glycerophospholipid-derived lipid mediators: a complex meshwork in alzheimer’s disease pathology. Prog. Lipid Res. 50, 313–330. doi: 10.1016/j.plipres.2011.06.001

Ghaemi, M. S., DiGiulio, D. B., Contrepois, K., Callahan, B., Ngo, T. T. M., Lee-McMullen, B., et al. (2019). ). Multiomics modeling of the immunome, transcriptome, microbiome, proteome and metabolome adaptations during human pregnancy. Bioinformatics 35, 95–103. doi: 10.1093/bioinformatics/bty537

Henry, S. A., Kohlwein, S. D., and Carman, G. M. (2012). Metabolism and regulation of glycerolipids in the yeast saccharomyces cerevisiae. Genetics 190, 317–349. doi: 10.1534/genetics.111.130286

Hess, K. C., Liu, J., Manfredi, G., Muhlschlegel, F. A., Buck, J., Levin, L. R., et al. (2014). A mitochondrial CO2-adenylyl cyclase-CAMP signalosome controls yeast normoxic cytochrome c oxidase activity. FASEB J. 28, 4369–4380. doi: 10.1096/fj.14-252890

Hu, R., Zou, H., Wang, Z., Cao, B., Peng, Q., Jing, X., et al. (2019). Nutritional interventions improved rumen functions and promoted compensatory growth of growth-retarded yaks as revealed by integrated transcripts and microbiome analyses. Front. Microbiol. 10:318. doi: 10.3389/fmicb.2019.00318

Jarc, E., Kump, A., Malavasic, P., Eichmann, T. O., Zimmermann, R., and Petan, T. (2018). Lipid droplets induced by secreted phospholipase A2and unsaturated fatty acids protect breast cancer cells from nutrient and lipotoxic stress. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1863, 247–265. doi: 10.1016/j.bbalip.2017.12.006

Jin, M., Fuller, G. G., Han, T., Yao, Y., Alessi, A. F., Freeberg, M. A., et al. (2017). Glycolytic enzymes coalesce in G bodies under hypoxic stress. Cell Rep. 20, 895–908. doi: 10.1016/j.celrep.2017.06.082

Kamphorst, J. J., Cross, J. R., Fan, J., de Stanchina, E., Mathew, R., White, E. P., et al. (2013). Hypoxic and ras-transformed cells support growth by scavenging unsaturated fatty acids from Lysophospholipids. Proc. Natl. Acad. Sci. U.S.A. 110, 8882–8887. doi: 10.1073/pnas.1307237110

Kim, S., Lee, D. Y., Wohlgemuth, G., Park, H. S., Fiehn, O., and Kim, K. H. (2013). Evaluation and optimization of metabolome sample preparation methods for Saccharomyces Cerevisiae. Anal. Chem. 85, 2169–2176. doi: 10.1021/ac302881e

Krishnan, J., Suter, M., Windak, R., Krebs, T., Felley, A., Montessuit, C., et al. (2009). Activation of a HIF1α-PPARγ axis underlies the integration of glycolytic and lipid anabolic pathways in pathologic cardiac hypertrophy. Cell Metab. 9, 512–524. doi: 10.1016/j.cmet.2009.05.005

Kuligowski, J., Solberg, R., Sánchez-Illana, A., Pankratov, L., Parra-Llorca, A., Quintas, G., et al. (2017). Plasma metabolite score correlates with hypoxia time in a newly born piglet model for asphyxia. Redox Biol. 12, 1–7. doi: 10.1016/j.redox.2017.02.002

Lapointe, C. P., Stefely, J. A., Jochem, A., Hutchins, P. D., Wilson, G. M., Kwiecien, N. W., et al. (2018). Multi-Omics reveal specific targets of the RNA-binding protein Puf3p and Its orchestration of mitochondrial biogenesis. Cell Syst. 6, 125.e6–135.e6. doi: 10.1016/j.cels.2017.11.012

Liu, L., Sakakibara, K., Chen, Q., and Okamoto, K. (2014). Receptor-mediated mitophagy in yeast and mammalian systems. Cell Res. 24, 787–795. doi: 10.1038/cr.2014.75

Liu, X., Wang, J., Gao, L., Liu, H., and Liu, C. (2017). iTRAQ-based proteomic analysis of neonatal kidney from offspring of protein restricted rats reveals abnormalities in intraflagellar transport proteins. Cell. Physiol. Biochem. 44, 185–199. doi: 10.1159/000484626

McBrien, C., Devaraj, A., Nicholson, A. G., and Menzies-Gow, A. (2018). Hypoxia and eosinophilia in a patient with difficult asthma. Lancet Respir. Med. 6:566. doi: 10.1016/S2213-2600(18)30239-X

Picotti, P., Bodenmiller, B., Mueller, L. N., Domon, B., and Aebersold, R. (2009). Full dynamic range proteome analysis of S. Cerevisiae by targeted proteomics. Cell 138, 795–806. doi: 10.1016/j.cell.2009.05.051

Ray, U., Roy Chowdhury, S., Vasudevan, M., Bankar, K., Roychoudhury, S., and Roy, S. S. (2017). Gene regulatory networking reveals the molecular cue to Lysophosphatidic acid-induced metabolic adaptations in ovarian cancer cells. Mol. Oncol. 11, 491–516. doi: 10.1002/1878-0261.12046

Romero, A. M., Jorda, T., Rozes, N., Martinez-Pastor, M. T., and Puig, S. (2018). Regulation of yeast fatty acid desaturase in response to iron deficiency. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1863, 657–668. doi: 10.1016/j.bbalip.2018.03.008

Sánchez-Illana, Á, Solberg, R., Lliso, I., Pankratov, L., Quintás, G., Saugstad, O. D., et al. (2017). Assessment of phospholipid synthesis related biomarkers for perinatal asphyxia: a piglet study. Sci. Rep. 7:40315. doi: 10.1038/srep40315

Searle, B. C., Pino, L. K., Egertson, J. D., Ting, Y. S., Lawrence, R. T., MacLean, B. X., et al. (2018). Chromatogram libraries improve peptide detection and quantification by data independent acquisition mass spectrometry. Nat. Commun. 9:5128. doi: 10.1038/s41467-018-07454-w

Stub, D., Smith, K., Bernard, S., Nehme, Z., Stephenson, M., Bray, J. E., et al. (2015). Air versus oxygen in ST-segment-elevation myocardial infarction. Circulation 131, 2143–2150. doi: 10.1161/CIRCULATIONAHA.114.014494

Triantafyllou, E. A., Georgatsou, E., Mylonis, I., Simos, G., and Paraskeva, E. (2018). Expression of AGPAT2, an enzyme involved in the Glycerophospholipid/Triacylglycerol biosynthesis pathway, is directly regulated by HIF-1 and promotes survival and etoposide resistance of cancer cells under hypoxia. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1863, 1142–1152. doi: 10.1016/j.bbalip.2018.06.015

Vukotic, M., Oeljeklaus, S., Wiese, S., Vogtle, F. N., Meisinger, C., Meyer, H. E., et al. (2012). Rcf1 mediates cytochrome oxidase assembly and respirasome formation, revealing heterogeneity of the enzyme complex. Cell Metab. 15, 336–347. doi: 10.1016/j.cmet.2012.01.016

Zgórzyńska, E., Dziedzic, B., Gorzkiewicz, A., Stulczewski, D., Bielawska, K., Su, K. P., et al. (2017). Omega-3 polyunsaturated fatty acids improve the antioxidative defense in rat astrocytes via an Nrf2-dependent mechanism. Pharmacol. Rep. 69, 935–942. doi: 10.1016/j.pharep.2017.04.009

Zhang, W., Liu, J., Hu, X., Li, P., Leak, R. K., Gao, Y., et al. (2015). N-3 polyunsaturated fatty acids reduce neonatal hypoxic/ischemic brain injury by promoting phosphatidylserine formation and akt signaling. Stroke 46, 2943–2950. doi: 10.1161/strokeaha.115.010815

Zhou, T., Wang, M., Cheng, H., Cui, C., Su, S., Xu, P., et al. (2015). UPLC-HRMS based metabolomics reveals the sphingolipids with long fatty chains and olefinic bonds up-regulated in metabolic pathway for hypoxia preconditioning. Chem. Biol. Interact. 242, 145–152. doi: 10.1016/j.cbi.2015.09.026

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Xia, Zhou, Li, Li, Ma, Wu, Huang, Li, Xu and Xue. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fmicb-10-01398-g006.jpg
A

Transcriptome

Proteome

Gene related expression levels

Metabolome

491 Hl 21%
B 10%
B 5%

31 1%

<N

N
> &
[ |

v
&

*%

N N a2
Q N Q
& L &

B GO Term of up-regulated communal proteins

Sterol biosynthetic process

Steroid biosynthetic process

Fatty acid biosynthetic process

Steroid metabolic process
Deoxyribonucleotide biosynthetic process
Long-chain fatty acid biosynthetic process
Cellular amino acid biosynthetic process
Lipid metabolic process

Oxidation-reduction process

I biological process

0 2 6 8 10
D
< 0.20-
< ==
[} B —
® 0.15- —r=
E
o 0.10-
o
5
£ 0.05+
x
©
= 0.00 T T .
Control 2 pug/ml 10 ug/mi
|

N
Q S
| | J 1 |

Glycerophospholipid

Pathway

Glycolysis TCA
Pathway cycle

phosphatidylcholine





OPS/images/cover.jpg
, frontiers
in Microbiology

Multiple-Omics Techniques Reveal
the Role of Glycerophospholipid
Metabolic Pathway in the
Response of Saccharomyces
cerevisiae Against Hypoxic Stress





OPS/images/fmicb-10-01398-g005.jpg
A Metabolite Sets Enrichment Overview B _ , ) Glycemphosgholipid mgtabolism

Glycerol Phosphate Shuttle

Ph hatidvlath G B &
LE P Y

Galactose Metabolism

10

Phosphatidylcholine Biosynthesis
P value
3e-01

Phosphatidylinositol Phosphate Metabolism

Mitochondrial Electron Transport Chain

Lactose Synthesis

Nucleotide Sugars Metabolism

-1og(p)

Glycolysis
6e-01

Plasmalogen Synthesis

Pentose Phosphate Pathway
Starch and Sucrose Metabolism

Fructose and Mannose Degradation

8e-01 =

Amino Sugar Metabolism

Pentose and glucuronate interconversions
Glycasylphosphatidylinositol(GPI)-anchor biosynthesis

Gluconeogenesis

Retinol Metabolism Voo ae

(VR  WRRRSR  Paa—— jounnens --Starch nm‘f

Sphingolipid Metabolism . ' ..
'\ Galactose metabolism

— el

i ]
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Dmm||||||||||||

Warburg Effect

o
o
Q—
w
-
o
.——
w
N—
o
~
w
w—
o

Pathway Impact

Fold Enrichment






OPS/images/fmicb-10-01398-g007.jpg
|
| \
| I
| I
| [
| I
| I
| I
| I
| I
’ e . | CoPa | '
| o |::|e P! I
| . = CMP '
[ |Malate| l i '
; - ACOIf : ! T

i — PLB2
: ! | : : | 1-acyl-G3PS | 1-acyl-G3PE :
d:;lSuccmate | Oxoglutarate |l I L-acyl-G3PI | l
l \ ] 1 l
I e - o ! I
l === P '
% 1-acyl-G3PE | d
\
- ~







OPS/images/fmicb-10-01398-g002.jpg
-log,opvalue

300

250

200

150

100

50

Hpx1 -vs—- Con21 : pvalue < 0.05 && [log2FC|> 1

Normal T ) .
Down 1 I s
Up [

log, fold change

KEGG Pathway Classification(Hpx1-vs-Con21)

Cellular Processes—-Transport and catabolism

Cellular Processes—-Cellular community - eukaryotes
Cellular Processes——Cell motility -

Cellular Processes—-Cell growth and death -

Environmental Information Processing—-Signal transduction 4
Genetic Information Processing—-Translation 4

Genetic Information Processing——Transcription -

Genetic Information Processing-—Replication and repair
Genetic Information Processing--Folding, sorting and degradation
Metabolism——Xenobiotics biodegradation and metabolism
Metabolism--Nucleotide metabolism
Metabolism--Metabolism of terpenoids and polyketides
Metabolism--Metabolism of other amino acids 4
Metabolism--Metabolism of cofactors and vitamins
Metabolism-~-Lipid metabolism

Metabolism--Gl bi thesis and metabolism

Metabolism--Global and overview maps

Metabolism--Energy metabolism
Metabolism--Carbohydrate metabolism -

Metabolism--Biosynthesis of other secondary metabolites

Metabolism--Amino acid metabolism

I_\
[N)
w
@
o

-
N
~
-
3
N
w
-
o
[N
©
w

=)

3
(-]
-
w
o

m|
®

MI
N
N

o

-

8
4

w
o

N
B

|
»

N
@

|
@

@

w
o

o
-
o

Percent of Genes(%)

Type

. Down






OPS/images/fmicb-10-01398-g001.jpg
bttt

21%

Time (h)

Relevant activities (U/mg protein) W

1500+

1000

500
32

*k
l 21%
B 10%
Il 5%

Iii ‘il M 1%
Y
M *k
**

ADH SOD CS






OPS/images/fmicb-10-01398-g004.jpg
A Top 10 GO Term in Biological Process

ATP biosynthetic process Bl biological process
Proton transport

lon transport

Cellular response to oxidative stress
Lipid metabolic process

Ribosome biogenesis

Metabolic process

Cytoplasmic translation
Oxidation-reduction process
Translation

0 5 10 15 20 25

B Top 10 GO Term in Cellular Component

Nuclear nucleosome

Nucleosome

Proton-transporting ATP synthase complex
Mitochondrial intermembrane space
Mitochondrial inner membrane

Cytosolic large ribosomal subunit
Intracellular

Intracellular ribonucleoprotein complex
Ribosome

Cytoplasm

I cellular component

C Top 10 GO Term in Molecular Function

Coenzyme binding B molecular function
Antioxidant activity

Thioredoxin peroxidase activity
Peroxiredoxin activity
Proton-transporting ATPase activity
Proton-transporting ATP synthase activity
Peroxidase activity

RNA binding

Oxidoreductase activity

Structural constituent of ribosome

O =
(3}

10 15 20 25
D Phosphoproteomics: KEGG Pathway Enrichment Top 15
Glyoxylate and dicarboxylate metabolism
Peroxisome
Citrate cycle (TCA cycle)

Glycine serine and threonine metabolism
Glycerolipid metabolism

Tryptophan metabolism

Fructose and mannose metabolism

Lysine degradation

Fatty acid metabolism

Fatty acid degradation

Biosynthesis of amino acids

Amino sugar and nucleotide sugar metabolism
Glycolysis / Gluconeogenesis

25 Oxidative phosphorylation

Carbon metabolism






OPS/images/fmicb-10-01398-g003.jpg
w

Tl T AT

Bbladiil sl
[
| Il

118

RRRARARRRARRALL,
FEEFERS TR

\
A

OO00OROOREON

1.50

KEGG Metabolic Pathway Enrichment in up regulated DEPs

3 Carbon metabolism

3 Glycine, serine and threonine metabolism
2 Ether lipid metabolism

2 Glycerophospholipid metabolism

2 Glycolysis / Gluconeogenesis

1 Amino sugar and nucleotide sugar metabolism
1 Fatty acid biosynthesis

1 Fatty acid metabolism

1 Fructose and mannose metabolism

1 Glycerolipid metabolism

1 Nicotinate and nicotinamide metabolism

1 Steroid biosynthesis

KEGG Metabolic Pathway Enrichment in down regulated DEPs

NONERONEOONE0ON

4 Carbon metabolism

3 Amino sugar and nucleotide sugar metabolism
3 Fatty acid degradation

3 Glycolysis / Gluconeogenesis

2 Alanine, aspartate and glutamate metabolism
2 Arginine and proline metabolism

2 Biosynthesis of amino acids

2 TCA cycle

2 Fatty acid metabolism

2 Glyoxylate and dicarboxylate metabolism

2 Lysine degradation

2 Tryptophan metabolism

1 Pentose phosphate pathway

1 Purine metabolism

1 Pyruvate metabolism





OPS/images/logo.jpg
, frontiers
in Microbiology





