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[bookmark: _Toc194805236][bookmark: _Toc277173812]Objective

The purpose of this study was to identify biochemicals that are altered in Mycobacterium tuberculosis cultured under hypoxic conditions in a fermentor or snow globe model. A secondary objective is to identify biochemicals that are differentially released into the culture media and/or consumed from the media.

[bookmark: _Toc194805237][bookmark: _Toc277173813]Abstract

Mycobacterium tuberculosis infects nearly one third of the world’s population and is responsible for nearly 3 million deaths per year.  In sub-Saharan Africa, many HIV+ individuals are also infected with M. tuberculosis due to depressed immune systems as well as the ease of transmission of the M. tuberculosis pathogen.  M. tuberculosis infects the lungs and has the ability to grow in oxygen-rich or hypoxic environments.  In order to evade detection by the human immune system, the bacteria cluster to form granulomas in the lungs.  The environment of the granuloma is depleted of nutrients including oxygen resulting in a hypoxic environment.  The metabolic profile of M. tuberculosis in a hypoxic environment is unknown and to fill this deficiency, M. tuberculosis was grown in two different incubators and the global metabolic profile was measured during hypoxic and aerated conditions.  M. tuberculosis grown under hypoxic conditions altered their metabolic profile including biochemicals in glycolysis, amino acid metabolism, and fatty acid metabolism.  The structurally unknown biochemicals detected in the snow globe model were of particular interest.  These biochemicals differentiated into different classes based on their expression during the hypoxic and aeration stages of culture.  Additionally, there were several significant differences between the incubators suggesting that differences in the hypoxic environment within these incubators drove different changes in the bacterium.   














[bookmark: _Toc277173814]Introduction
[bookmark: _Toc194805240][bookmark: _Toc277173815]Study Design
Mycobacterium tuberculosis was grown in two different culture models:  the snow globe model and the fermentor model.  The metabolic profiles for each of the culture models were obtained using untargeted metabolic profiling at the time points delineated in Figures 1 and 2 below.  In addition to the samples for metabolic profiling, samples were obtained for lipidomic, proteomic, and transcriptomic analysis.  Future studies may incorporate this data in order to correlate the results at the different biological levels. 
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Figure 1.  The snow globe experimental design.
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Figure 2.  The fermentor experimental design.



[bookmark: _Toc277173816]Client Metadata
The following table summarizes some of the proteomic changes observed in the snow globe model by the TB SysBio Consortium.  The changes highlighted in yellow are enzymes believed to play a role in metabolic processes within the cell.  Bacteria were harvested according to the timeline in Figure 1 and protein fold changes are listed in the four columns on the right of the table.  The TB SysBio Consortium consortium has developed a website where the lipidomic, transcriptomic, proteomic, and metabolomic data can be deposited so that correlations between the data set can be inferred.


Table 1.  Selected proteomic changes for the snow globe model.
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[bookmark: _Toc277173817]Metabolon data acquisition
A detailed description of the process for sample preparation and data acquisition is in the “Methods” section and Appendix A. In brief, samples were extracted and split into equal parts for analysis on the GC/MS and LC/MS/MS platforms. Proprietary software was used to match ions to an in-house library of standards for metabolite identification and for metabolite quantitation by peak area integration. The QC metrics for this study data, a summary of the total number of biochemicals detected and the number declared significant are reported in the “Methods Section”. All datasets were provided in electronic form to the client.

[bookmark: _Toc277173818]Data Visualization
For visualization of biochemical differences between the various treatment groups, the data are displayed in box/line plot format. The data selected for display by box plot were filtered by statistics or included for completion of a biochemical pathway.  An interpretive guide for this display is shown in Figure 3 below. 
[image: ]
 (
Figure 3.
 
Visualization of the study data in box/line plot format and the legend for box/line plots used in this report.
 
Box
 
plots are used to convey the spread of the data with the middle 50% of the data represented by the shaded boxes and the whiskers reporting the range of the data. The solid bar across the box represents the median value of those measured while the + is the mean. Data are scaled such that the median value measured across all samples was set to 1.0. Any outliers are shown as dots outside the whiskers of the plot.
 The bottom graph represents the lines plots for the 
fermentor
 model due to a sample set of 1 for each of the time points.  An additional set of graphs is provided with the box plots for the snow globe model.  These plots contain line graphs that track individual snow globe replicates.  
)





[bookmark: _Toc277173819]Biological Interpretation
Growth of Mycobacterium tuberculosis in the snow globe and fermentor models revealed several changes in the metabolic profile the pathogen during hypoxia and aeration of the culture.  Untargeted global metabolic profiling revealed several changes in key metabolic pathways such as glycolysis, the TCA/glyoxylate shunt pathway, levels of amino acids and fatty acid metabolism.  Additionally, there were differences in metabolic profiles of M. tuberculosis grown under the two incubator conditions.  Some of the key findings are outlined below.

· There were several differences between the bacteria grown in the snow globe model and the fermentor model.  The most significant differences included differences in glycolytic intermediates and amino acid levels.  

· In the snow globe model, glycolytic intermediates increased in abundance after re-aeration of the cultures.  As glycerol was the carbon source provided in the media, the increase in hexose species was most likely due to gluconeogenesis or the liberation of trehalose from the bacterial cell envelope.  

· Amino acid levels initially decreased in the snow globe model suggesting that they were used as a source of energy for cellular metabolism.  In the fermentor model, amino acids showed a different profile suggesting that amino acids were not utilized as a critical source of energy for cellular metabolism in hypoxia.

· In the snow globe model, fatty acid metabolism was altered compared to the fatty acid profile in the fermentor model.  In the snow globe model, medium-chain fatty acids decreased with hypoxia while in the fermentor model the expression of medium-chain fatty acids did not change.  This suggests that fatty acid metabolism may have been more important for energy production during hypoxia in the snow globe model than in the fermentor model.

· In the fermentor and snow globe model, the bacteria relied on the TCA cycle/glyoxylate shunt as key intermediates of these pathways increased during hypoxia and stayed elevated during aeration of the culture.  Additionally, many of these same intermediates were detected in the culture medium.  

· Several biochemicals of unknown structure showed different expression profiles in the snow globe model.  Many of these changes depended on the oxygen status of the bacterium.  


[bookmark: _Toc277173820]Carbohydrate Metabolism
M. tuberculosis can utilize glucose as an energy source by metabolizing the sugar through glycolysis.  In these snow globe and fermentor models, the principle carbon source in the media was glycerol.  The glycolytic profile for M. tuberculosis changed significantly in the snow globe model.  For example, several metabolic intermediates of the glycolytic pathway were generally decreased during hypoxia and then increased during aeration of the culture (Figure 4).  Intracellular glucose, glucose 6-phosphate, fructose 6-phosphate, and fructose 1,6-diphosphate showed a general decrease during the hypoxic period of cell culture and then increased on day 8, one day after aeration of the culture.  Glycerol, the primary carbon source in Sauton’s media, enters the glycolytic pathway at glyceraldehydes-3-phosphate suggesting that the accumulation of the hexose species is due to gluconeogenesis or the release of trehalose from the cell envelope rather that an accumulation of glucose from the media.  

[image: ]
Figure 4.  Metabolites of glycolysis during the snow globe incubation time course.

Contrary to the effects seen in the snow globe model, the glycolytic intermediates showed a different variation during hypoxia in the fermentor model.  With the exception of glucose, the hexoses decreased during hypoxia and none of the intermediates increased upon reaeration of the culture (Figure 5).  Pyruvate and 3-phosphoglycerate levels did not change from day 0 to day 9 suggesting that the hexose species may have been utilized for other cellular processes than energy production (e.g. cell wall synthesis, protein modification).  The same glycolytic pathway intermediates were detected in the fermentor and snow globe models.  

[image: ]
Figure 5.  Metabolites of glycolysis during the fermentor incubation time course.

Pyruvate, the end product of the glycolytic pathway, feeds into the tri-carboxylic acid (TCA) cycle via acetyl-CoA.  The conversion of acetyl-CoA to citrate begins a set of reactions that generates reducing equivalents of FADH2 and NADH that are utilized to form ATP by oxidative phosphorylation.  However, as the six carbon sepecies are oxidized during this process, two steps result in the liberation of CO2 (Figure 6), resulting in the loss of carbon atoms as well as acidifying the microenvironment of the cell.  
[image: ]
Figure 6.  The TCA cycle.

To alleviate the loss of carbon atoms, M. tuberculosis utilizes the glyoxylate cycle which replenishes the intermediates of the citric acid cycle when the primary carbon source in the growth substrate is fatty acids.  The glyoxylate cycle converts acetyl-CoA molecules derived from pyruvate, amino acids, and the β-oxidation of fatty acids into oxaloacetate, an intermediate of the citric acid cycle.  Although the citric acid cycle and glyoxylate cycle have many enzymes in common, two enzymes are specific to the latter:  isocitrate lyase, which catalyzes the cleavage of isocitrate into glyoxylate and succinate, and malate synthase, which mediates the condensation of glyoxylate and acetyl-CoA into malate.  Expression of isocitrate lyase mRNA is altered based on nutrient status and may be altered during hypoxia (1).  The glyoxylate cycle appears to be critical for bacterial growth and survival in vivo, consistent with the idea that M. tuberculosis chiefly subsists on fatty acid substrates during infection (2, 3).  

In the snow globe model, levels of citrate, a major component of the culture media, did not increase over the time course but rather decreased steadily with time.  However, cis-aconitate, isocitrate, succinate, and malate levels increased dramatically by day 7 and stayed elevated at day 8, one day post aeration (Figure 7).  Several of the changes in these metabolites were statistically significant at days 7 and 8 compared to day 0.  A possible explanation for the alterations in the biochemicals is that during hypoxia, M. tuberculosis may rely on the glyoxylate shunt in order to produce energy for survival.  As the cells are pushed into a hypoxic environment, they must rely on metabolic processes that produce the most energy equivalent per unit of carbon atom.  Interestingly, the decrease in citrate levels was significant throughout the hypoxic period and showed a subtle increase after aeration of the culture.   However, the decrease in citrate levels was moderate compared to the changes in the changes in the other glyoxylate pathway intermediates.

[image: ]
Figure 7.  The glyoxylate shunt pathway in the snow globe model.


M. tuberculosis grown in the fermentor model showed nearly the same trends for the glyoxylate pathway biochemicals as the snow globe model, except for malate and acetyl CoA (Figure 8).  In the fermentor model, malate levels remained relatively constant after day 1 whereas acetyl CoA levels showed a general decrease from days 1 through day 9.  The decrease in the amount of acetyl CoA would be consistent with lower levels of β-oxidation of fatty acids.  This is discussed in the following section (Cell envelope, lipid, and fatty acid composition).  Another possible explanation for the lower levels of malate in the fermentor model compared to the snow globe model is that malate may have been used in gluconeogenic reactions to produce pyruvate or oxaloacetate.  In order to establish and maintain infection, M. tuberculosis relies on gluconeogenic carbon flow from the TCA cycle/glyoxylate shunt (4).

[image: ]
Figure 8.  The glyoxylate shunt pathway and metabolic intermediates in the fermentor model.

Many of the metabolites of the glyoxylate shunt also were detected in the cell culture media of the snow globe and fermentor incubations (Figures 9 and 10).  Several of these metabolites were increased to statistically significant levels at later time points compared to day 0.  This suggests a couple of possibilities for the presence of these intermediates in the culture media.  The first is that these biochemicals may be released from dead cells or the live cells may be actively secreting these compounds.  M. tuberculosis has a thick cell envelope and the disintegration of the envelope and the release of these biochemicals from dead cells is unlikely.  Alternatively, M. tuberculosis may have active transporters that act to secrete these biochemicals when they reach significant levels inside cells.  A second possibility is that the enzyme machinery expressed by M. tuberculosis may be present in the media and the glyoxylate cycle may be continuing extracellularly.  For example, in the fermentor model, malate levels were low in cells but high in the media.  This pattern differed from that of the snow globe model (compare Figures 7 – 10).  It is conceivable that the bacterium may be actively secreting these biochemicals because the formation of granuloma-like clumps of bacteria would cause differential survival activity.  The clumps of bacteria may produce protein factors responsible for the production and secretion of biochemicals that could be utilized by smaller clumps or single bacteria in the culture.  

[image: ]
Figure 9.  The glyoxylate shunt and intermediates that accumulate in culture media in the snow globe model.


[image: ]
Figure 10.  The glyoxylate shunt and metabolic intermediates in the media of the fermentor model.

[bookmark: _Toc277173821]Lipid Metabolism:  cell envelope, lipid, and fatty acid composition
Mounting evidence suggests that M. tuberculosis preferentially uses fatty acids during in vivo growth (2, 3).  Fatty acids are substrates for both the TCA cycle and gluconeogenesis, which serve energy and biomass production, respectively.  When biomass production solely relies on fatty acids, cells must avoid carbon loss in the form of CO2 during oxidataion in the TCA cycle.  This carbon preservation is fulfilled by the glyoxylate cycle discussed in the previous section, which diverts isocitrate to succinate and glyoxylate through the joining activities of isocitrate lyase and malate synthase.  Most M. tuberculosis strains express two isoforms of isocitrate lyase (ICL) encoded by icl1 and icl2.  Strains lacking both genes are unable to grow using fatty acid substrates and were rapidly eliminated from lungs of infected mice (5).  

In the snow globe model, the medium-chain fatty acids decreased in abundance during hypoxia and then increased during aeration (Figure 11).  This result may have occurred for two possible reasons.  This first is that as the bacteria entered a hypoxic state, they began to metabolize fatty acids resulting in the generation of shorter chained fatty acids that decreased with time.  As the oxygen content was replenished in culture, the bacteria metabolized carbohydrate, presumably from trehalose, and glycerol carbon stores for energy production under conditions that allowed fatty acid synthesis.  Glycerol levels did not change during the course of the incubation, however glycerol was a major component of the media so using glycerol as an indicator of β-oxidation was not useful.  

[image: ]
Figure 11.  Medium-chain fatty acids during snow globe growth conditions.  

In the fermentor model, the scaled intensity levels of medium-chain fatty acids were much lower compared to the levels of medium-chain fatty acids in the snow globe model (Figure 12).  The medium-chain fatty acids did not change with hypoxia or aeration and glycerol levels remained relatively constant during the entire incubation suggesting that β-oxidation was not a major source of energy production in the fermentor model.
[image: ]
Figure 12.  Medium-chain fatty acids during the fermentor growth conditions.  

Another possibility for the decrease in medium-chain fatty acids in the snow globe model, is that under hypoxic conditions, the bacteria synthesized lipids and that the decrease in shorter chained fatty acids resulted in the appearance of long-chain fatty acids.  With the exception of stearate and arachidate, long-chain fatty acids increased in abundance during hypoxia and then decreased during culture aeration in the snow globe model (Figure 13).  This may occur as M. tuberculosis would need to alter its cell envelope during the formation of granuloma-like cellular clumps.  This cell envelope reorganization could result in the liberation and catabolism of lipid and fatty acid species that would then be reincorporated into the cellular architecture.    

[image: ]
Figure 13.  Long-chain fatty acid expression during the snow globe growth conditions.

Long-chain fatty acids did not show as dramatic of change in the fermentor model (Figure 14).  There was a general increase for most of the long-chain fatty acids detected within the cells, however, the accumulation did not appear to correlate with hypoxia or aeration of the culture.  The conditions of the fermentor model may not tax the bacteria to the point where fatty acid metabolism is utilized for energy production in the cells.  Combined with the above evidence that medium-chain fatty acids are not changing during hypoxia and aeration of the culture, the lack of change in the long-chain fatty acids in the fermentor model illustrates that lipid metabolism in the fermentor model may be relatively inert. 
[image: ]
Figure 14.  Long-chain fatty acid expression during the fermentor growth conditions.


M. tuberculosis has a cell envelope that is composed of a complex set of lipid species (6).  These lipids can contain methyl-branched fatty acids that provide a very hydrophobic barrier to antibiotic access.  The cell envelope contains several fatty acids that are significantly longer than those fatty acids of mammalian cells.  For example, mycolic acids contain two acyl groups that can be 56 carbons in length.  The outer layer of the cell envelope consists of trehalose species that can be tri-, tetra-, or penta-acylated with acyl chains that can be >30 carbons in length.  In the snow globe model, the levels of several long-chain fatty acids increased significantly during hypoxia.  Previous results generated at Metabolon with M. tuberculosis have shown similar results in dormant cells compared to samples during log phase grown.  The increase in fatty acids may be a preparatory response in order to increase potential energy stores for dormancy or may reflect a reduced need for this energy substrate during dormancy.  

M. tuberculosis contains another energetic cycle, the methylcitrate cycle, which is similar to the glyoxylate shunt.  Isocitrate lyases of M. tuberculosis also function as methylisocitrate lyase (MCL), which is involved in the metabolism of propionyl-CoA through the methylcitrate cycle yielding pyruvate (5, 7).  The methylcitrate cycle is a key pathway that metabolizes propionyl CoA, a metabolite that is toxic at high concentrations.  Propionyl-CoA is generated through the β-oxidation of odd-chain-length fatty acids and by the catabolism of branch-chain amino acids.  Incomplete metabolism of propionyl-CoA due to the absence of methylcitrate lyase activity can cause the accumulation of toxic intermediates.  The methylcitrate pathway incorporates propionyl CoA with oxaloacetate to produce methylcitrate (Figure 15).  The incorporation of propionyl CoA into this pathway reduces the potential for propionyl CoA toxicity and maintains a constant level of propionyl CoA during hypoxic and aerated conditions (Figure 15).


[image: ]
Figure 15.  The methylcitrate cycle utilizes propionyl-CoA to reduce the toxic effects of propionyl-CoA metabolism.


In addition to the alterations in the lipid profile, trehalose accumulated in the culture media reaching a maximum at day 7 and did not change after aeration of the culture at least at the single post re-aeration time point tested (Figure 16).  Trehalose is composed of two alpha-linked glucose molecules and a principle component of glycolipids in the M. tuberculosis cell envelope.  Together with the alterations in the lipid profile, the liberation of trehalose may result from a reorganization of the cellular envelope as the bacteria are forming granuloma-like cellular clumps.  Concomitantly with the increase in trehalose in the media, was an increase in glucose.  Inasmuch as glycerol is the primary carbon source in the media, glucose could accumulate in the media from gluconeogenesis or from the liberation of carbohydrates from the cell envelope.  As phosphoenolpyruvate, an intermediate of the gluconeogenic pathway, was not detected in the study, the more likely explanation for the accumulation of glucose in the media is from the liberation of trehalose from the bacterial cell envelope.  The snow globe and fermentor growth conditions revealed similar profiles for trehalose and glucose in the culture media (Figure 16).  

[image: ]
Figure 16.  Trehalose and glucose levels during the (A) snow globe and (B) fermentor models.

[bookmark: _Toc277173822]Amino Acids
Amino acids serve as an energy source in cells through their metabolism via anapleurotic reactions that feed into the TCA cycle.  When carbohydrate sources become limiting, amino acids serve as an important energy reservoir that contributes to the maintenance of energy levels in the cell and proper cellular function.  In the snow globe model, several amino acids initially decreased in abundance after hypoxic treatment but then increased late in hypoxia (Figure 17).  Amino acid levels continued to increase after the cultures were re-aerated suggesting that protein metabolism was altered during the transition period between hypoxia and re-aeration.  Lower levels of amino acids in the cells exposed to hypoxia is consistent with the reduced carbohydrate energy stores in hypoxia which may be associated with the induction of dormancy.  

[image: ]

Figure 17.  Amino acid profiles for the snow globe model.

Amino acids have specific transporters that enable their transfer across the cell membrane.  In order to circumvent the need for specific transporters, amino acids are modified through the addition of glutamyl groups onto the gamma carbon of amino acids and then transferred across membranes through less specific mechanisms.  Therefore, gamma-glutamyl amino acids act as intermediates in the transport of amino acids and reflect the uptake of amino acids into cells.  In the snow globe model, the levels of gamma-glutamyl amino acids mirrored those of the amino acids (Figure 18).  Many of the gamma-glutamyl amino acids were highest at day 8 suggesting that the bacteria were ingesting more gamma-glutamyl amino acids for metabolism or protein synthesis.  

[image: ]
Figure 18.  Gamma-glutamyl amino acid profiles for the snow globe model.

The longitudinal profile of amino acids differed in the fermentor model compared to the snow globe model (Figure 19).  In contrast to the snow globe results shown in Figure 17, the levels of amino acids did not show the gross amount of change in the fermentor model.  For example, tryptophan, phenylalanine, and asparagine expression remained at relatively constant levels during the entire fermentor incubation and showed an increase by days 7 and 8 in the snow globe model.  Lysine, proline, glutamine, tyrosine, arginine, and glutamate showed the greatest amount of change during the cell culture period.  Each of these amino acids decreased in expression ~3-5 fold over the nine days of culture and did not increase upon aeration of the culture. 

[image: ]

Figure 19.  Amino acid profiles for the fermentor model.


In the fermentor model, the profile of the gamma-glutamyl amino acids differed from the profile of the gamma-glutamyl amino acids in the snow globe model. (Figure 20).  Gamma-glutamyl amino acids decreased at the onset of hypoxia and continued to decrease throughout the entire incubation period.  There was a slight increase in gamma-glutamyl amino acids on day 7 but then they decreased after aeration of the culture.  The difference in the profiles of the amino acids and the gamma-glutamyl amino acids between the fermentor and snow globe models suggests that the stress during hypoxia in the fermentor was not at the same magnitude as the stress during hypoxia in the snow globe model.  Amino acid levels did not decrease in the fermentor model suggesting that the bacteria in the fermentor model were not relying on amino acids as an energy source.  This could also explain the decrease in gamma-glutamyl amino acids in the fermentor model because if there was lower dependence on amino acids for energy, there would not have been a significant burden to transport the amino acids into cells.  Alternatively, the cells in the fermentor model may have been able to translate proteins at a higher rate than those bacteria in the snow globe model meaning that there was a lower amount of free amino acids within the cells.  

[image: ]
Figure 20.  Gamma-glutamyl amino acid profiles for the fermentor model.



A significant difference between the snow globe and fermentor cell culture conditions, which deserves a discussion separately, was the profile of the amino acid asparagine (Figure 21).  Asparagine is a component of Sauton’s media and serves as a source of nitrogen for the bacteria.  In the snow globe model, asparagine levels in cells and media decreased throughout the hypoxia stage and continued to decrease upon aeration of the culture.  Asparagine levels were at one-third of their original levels by day 8 of the snow globe cell culture.  Under the fermentor conditions, asparagine remained at relatively constant levels in both cells and media.  The stress induced during hypoxia may have resulted in the consumption of amino acids for energy in the snow globe model whereas the conditions in the fermentor model did not result in the utilization of amino acids for energy production.  

[image: ]
Figure 21.  Asparagine levels in the fermentor (A) and snow globe (B) cell culture models.

 
[bookmark: _Toc277173823]Nucleotides
NAD is an essential cofactor that is required for redox balance and energy metabolism, as well as for the activity of the NAD-dependent DNA ligase in prokaryotes, protein ADP-ribosylases,  and protein deacetylation.  NAD can be synthesized de novo in prokaryotes from aspartate and dihydroxyacetone phosphate in an oxygen-dependent pathway or it can be scavenged or recycled by a variety of pathways.  For pathogens, this recycling pathway offers the possibility of obtaining this cofactor directly from their host.  The fermentor and snow globe models showed subtle differences in the biochemical intermediates of the nicotinamide salvage pathway (Figures 22 and 23).  Lower NAD+ levels may result in inefficient energy metabolism through glycolysis and the TCA cycle or reduced flux through these pathways as cells enter a dormant state.  Recycling of exogenously acquired nicotinamide is an important and functional pathway in M. tuberculosis.  However, the organism shows considerable flexibility in switching between recycling and de novo synthesis of NAD, suggesting that interrupting either one alone would be nonlethal.  
[image: ]
Figure 22.  The NAD salvage pathway and intermediate in the snow globe model.


[image: ]
Figure 23.  The NAD salvage pathway and intermediate in the fermentor model.

Inspection of other nucleotide containing metabolites showed that the levels of adenosine 3’,5’-cyclicmonophosphate (cAMP) differed between the two incubator conditions (Figure 24).  In the fermentor model, the levels of cAMP decreased after the induction of hypoxia and did not return to normal levels at any point after day 1.  However, cAMP levels were higher as a result of hypoxic treatment in the snow globe model.  cAMP may act as a secondary messenger and a key intracellular regulator in association with hypoxia and dormancy.  Bursts of cAMP have been identified following the infection of macrophages and cAMP has been shown to play a role in the acetylation of universal stress proteins and associated with pathogenesis in M. tuberculosis (8).  The amount of intracellular cAMP is of importance because of the role cAMP plays in protein activation.  In bacteria with high levels of cAMP, the overall fitness or virulence of the bacteria may be altered.  This could lead to clumps of bacteria that are more specialized in their physiology or virulence.  The proteomic and transcriptomic analyses will add a great deal to the background of the bacteria grown in these conditions and possibly speak to the role of cAMP in M. tuberculosis.

[image: ]
Figure 24.  Intracellular levels of cAMP in the snow globe (left) and fermentor (right) models.  

[bookmark: _Toc277173824]Media Analysis
Sauton’s media is a minimal media that consists of Mg2SO4, KH2PO4, ferric ammonium citrate, citric acid, glycerol for the carbon source, and asparagine as a source of nitrogen.  In the snow globe model and fermentor models, citrate remained at relatively constant levels during the entire culture period.  Glycerol showed some variability and showed similar profiles in both models.  However, asparagine levels in the snow globe model sharply decreased at day 7 and continued to decrease on day 8 (Figure 25).  Overall there was a ~5 fold decrease in asparagine levels from day 0 to day 8 of cell culture in the snow globe model.  Asparagine levels remained constant in the fermentor model (Figure 25).  Maintaining the level of asparagine is critical as it would ensure a constant nitrogen source in culture and the bacteria will not have to catabolize other amino acids or produce NH3 through the urea cycle.  The variation in the glycerol levels may be a reflection of the small sampling size.  Citrate levels remained unchanged during cell culture in the fermentor model.  

[image: ]
Figure 25.  Principle media components of Sauton’s media over the time course for the snow globe (A) and fermentor (B) growth conditions.  

[bookmark: _Toc277173825]Unknown/Structurally Unidentified Metabolites of Interest in the Snow Globe Model
Several unknown metabolites showed changes during hypoxia and reaeration in the snow globe model.  Figure 26 shows several compounds that increased during hypoxia with maximal intensities at day 7 and then decreased during re-aeration of the culture.  X-11404 showed the most dramatic change during aeration and may be a biochemical that would identify the oxygen status of M. tuberculosis.  X-15117 has tentatively been identified as glycerophosphoinositol in the Metabolon library.  

[image: ]
Figure 26.  Unknown metabolites that increase in relative concentration during hypoxia and decrease during aeration of the culture.


A second group of compounds showed a different pattern of expression in that their expression did not change during hypoxia but then increased upon aeration of the culture (Figure 27).  X-15657 is appears to be a fatty acid, X-15489 has been tentatively identified as tetradecadienedioate and X-11687_200 has been tentatively identified as N6-succinyladenosine in the Metabolon library.  These compounds may be important for M. tuberculosis and its rapid adaptation to an oxygenated environment.

[image: ]
Figure 27.  Unknown metabolites that do not change during hypoxia and then increase during aeration.  


A third class of compounds illustrated a third pattern of change in the snow globe model (Figure 28).  These biochemicals decreased in expression during hypoxia and then increased upon aeration of the culture.  The biochemical signature of these compounds may be of interest when looking at in vivo models.  The levels of these biochemicals from M. tuberculosis in in vivo samples may show if the bacteria are dormant or actively growing.  Compound X-11533 appears to be a fatty acid or a fatty acid derivative based on its elution profile.

[image: ]
Figure 28.  Unknown biochemicals that decreased in relative expression during hypoxia and then increased during aeration.  

Lastly, a group of biochemicals decreased throughout hypoxia and did not recover after aeration of the culture (Figure 29).  These biochemicals may not be important for growth and survival under hypoxic conditions.  

[image: ]
Figure 29.  Unknown metabolites that decrease in relative concentration during hypoxia and then did not recover during culture aeration.  


Sixteen structurally unnamed biochemicals were identified in the media of the snow globe model.  Three of these structurally unknown metabolites showed interesting trends related to hypoxia and re-aeration of the culture (Figure 30).

[image: ]
Figure 30.  Structurally unidentified biochemicals in media that changed expression during the snow globe model.

[bookmark: _Toc277173826]Unknown/structurally unidentified biochemicals in the fermentor model
[bookmark: _GoBack]The fermentor model contained fewer unknown biochemicals compared to the snow globe model.  Additionally, the molecules detected did not change as dramatically as the unknowns in the snow globe model.  Several molecules showed decreased expression over the hypoxic period and very few of these molecules showed changes in expression upon aeration of the culture.  In particular, the media for the fermentor model contained 16 structurally unnamed molecules and the most interesting changes are detailed in Figure 31.
[image: ]

Figure 31.  Changes in selected unknown biochemicals detected in the media of the fermentor model.  A)  Unknowns that decreased in relative scaled intensity post culture aeration (after day 7).  B)  X-10445_200 increased in relative intensity during hypoxia to over 2.5 fold its baseline expression.  C)  X-16063 decreased in expression throughout the hypoxic incubation and its expression did not recover post aeration.  

Contrary to the unknown biochemicals detected in the snow globe model, the unknowns detected in cells in the fermentor model did not show the diverse variety of changes during the cell culture time course.  Many of the biochemicals that changed during hypoxia were decreased and their levels did not recover during re-aeration of the culture (Figure 32).  

[image: ]

Figure 32.  Changes in selected unknown biochemicals detected in the media of the fermentor model.  The biochemicals detected in the media of the fermentor model generally decreased during hypoxia and did not recover after aeration of the culture.


















[bookmark: _Toc277173827]Conclusions and Path Forward
[bookmark: _Toc277173828]Conclusions
M. tuberculosis grown under hypoxic conditions undergoes several metabolic changes in energy production and utilization pathways.  These changes may impart a stress on the pathogen and in order to adapt to the hypoxic environment, M. tuberculosis metabolizes a variety of biochemical compounds in order to produce energy for cellular growth and survival.

· The compounds detected in the snow globe and fermentor models were nearly identical.  The number of total biochemicals, named, and unnamed biochemicals detected in the samples for each of these growth model is outlined in Table 3 on page 39.  The differences between the models was the profile for each of these biochemicals during the hypoxic and re-aeration phases.

· There were several differences in the global metabolic profile between the bacteria grown in the snow globe model and the fermentor model.  The most significant differences included differences in glycolytic intermediates, amino acid levels, and fatty acid metabolism.  

· In the snow globe model, glycolytic intermediates increased in abundance after aeration of the cultures.  As glycerol was the carbon source provided in the media, the increase in hexose species was most likely due to gluconeogenesis or the liberation of trehalose from the bacterial cell envelope.  

· Amino acid levels initially decreased in the snow globe model suggesting that they were used as a source of energy for cellular metabolism.  In the fermentor model, amino acids showed a different profile suggesting that amino acids were not utilized as a critical source of energy for cellular metabolism in hypoxia.

· In the fermentor and snow globe models, the bacteria relied on the TCA cycle/glyoxylate shunt for energy production and key intermediates of these pathways increased during hypoxia and stayed elevated during aeration of the culture.  Additionally, many of these same intermediates were detected in the culture medium.  

· Several biochemicals of unknown structure showed different expression profiles in the snow globe model.  Many of these changes depended on the oxygen status of the bacterium.  The unknown biochemicals detected in the fermentor model did not show the diverse variety of changes detected in the snow globe model.  


[bookmark: _Toc277173829]Path Forward
In order to advance the understanding gained from the results of the current project, the following suggestions are a path forward for future experiments.  

· Repeat the snow globe model using more replicates or more time points in order to enhance the robustness of the data.  This will ensure that the changes observed in the experiment are validated with a larger cohort of samples.

· Repeat the fermentor model using multiple replicates for each of the timepoints.  This will decrease any variation that may be due to the low number of replicates per timepoint.  

· Increase the number and duration of post-aeration timepoints.  M. tuberculosis is a relatively slow growing pathogen and increasing the time post aeration may result in the identification of additional and more significant changes due to the oxygen status of the cell culture.  For example, obtain samples 3 to 5 days post aeration (days 10 to 12 of the culture) to determine the levels of compounds after the bacteria has adjusted to an oxygenated environment.

· Pursue structural elucidation on the unknowns that changed with oxygen status.  Some of these novel compounds may be important biochemicals that correlate with hypoxia status in vivo.  
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[bookmark: _Toc277173832]Sample Preparation
At the time of analysis, samples were thawed and extracts prepared according to Metabolon’s standard protocol, which is designed to remove protein, dislodge small molecules bound to protein or physically trapped in the precipitated protein matrix, and recover a wide range of chemically diverse metabolites.  A separate aliquot of each experimental plasma sample was taken then pooled for the creation of “Client Matrix” (CMTRX) samples.  These CMTRX samples were injected throughout the platform run and served as technical replicates (Figure 33), allowing variability in the quantitation of all consistently detected biochemicals to be determined and overall process variability and platform performance to be monitored.  Extracts of all experimental and CMTRX samples were split for analysis on the GC/MS and LC/MS/MS platforms (see APPENDIX A). 
 
[image: ]
Figure 33. Preparation of client-specific technical replicates.  A small aliquot of each client sample (colored cylinders) is pooled to create a CMTRX technical replicate sample (multi-colored cylinder), which is then injected periodically throughout the platform run.  Variability among consistently detected biochemicals can be used to calculate an estimate of overall process and platform variability.


[bookmark: _Toc194805244][bookmark: _Toc277173833]Data Collection and Normalization
[bookmark: _Toc194805248][bookmark: _Toc194805245]The CMTRX technical replicate samples were treated independently throughout the process as if they were client study samples.  All process samples (CMTRX, GROBs – a mixture of organic components used to assess GC column performance, process blanks, etc.) were spaced evenly among the injections for each day and all client samples were randomly distributed throughout each day’s run. Data were collected over one platform run day per matrix. Missing values (if any) were assumed to be below the level of detection for that biochemical with the instrumentation used and were imputed with the observed minimum for that particular biochemical.


[bookmark: _Toc277173834]Process Evaluation and Compound Summary 
A number of internal standards were added to each experimental and process standard sample just prior to injection into the mass spectrometers.  A measure of the platform variability was determined by calculating the median relative standard deviation (RSD) for these internal standards.  Table 2 shows the median relative standard deviation (RSD) for the internal standards. Because these standards are added to the samples immediately prior to injection into the instrument, this value reflects instrument variation.  In addition, the median relative standard deviation (RSD) for the biochemicals that were consistently measured in the CMTRX represents the total variability within the process for the actual experimental samples and the variability in quantitation of the endogenous metabolites within these samples (Table 2). Results for the CMTRX and internal standards indicated that the platform produced data that met process specifications. 
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Table 2.
 
QC statistics for this study.
)

 (
Table 3.
 
 The number of biochemicals identified in this study
 for the snow globe and 
fermentor
 models.
)Table 3 shows the total number of metabolites detected in this study for the snow globe model.  This total corresponds to many biochemicals that matched a named structure in our reference library (named). The remaining represent distinct chemical entities (that is, we know they represent a single molecule of discrete molecular formula and structure), but they do not currently match a named biochemical in our reference library (unnamed/unknown).  A list of all of these metabolites and their relative quantitation is provided in an electronic file format.
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[bookmark: _Toc277173835]Statistical Analyses
Biochemical data were analyzed by Welch’s two-sample t-tests.

T-test comparisons
Two parameters are typically evaluated when considering statistical significance, namely the p-value and the q-value.  (For a short introduction and interpretation of the statistical procedures, including p-value and q-value, see APPENDIX B).  The p-value relates the probability that two comparisons are the same; a low p-value (p≤0.05) is generally accepted as a significantly different result.  The q-value describes the false discovery rate; a low q-value (q≤0.10) is an indication of high confidence in a result (because of the multiple testing occurring in the data sets produced by metabolomic studies, data is often evaluated for false positives).  

While a higher q-value indicates diminished confidence, it does not necessarily rule out the significance of a result. Other lines of evidence may be taken into consideration when determining whether a result merits further scrutiny.  Such evidence may include a) significance in another dimension of the study, b) inclusion in a common pathway with a highly significant compound, or c) residing in a similar functional biochemical family with other significant compounds.  

Statistical analyses of the data were performed on natural log-transformed data to reduce the effect of any potential outliers in the data.  T-test comparisons were calculated using the one or both of the statistical software analysis programs: Array Studio (Omicsoft, Inc) or ‘R’ from the Free Software Foundation, Inc.

For the snow globe mode, welch’s t-tests were performed for all days compared to day 0 of the incubation.  There was an additional statistical comparison between day 7 and day 8 in order to compare the levels of biochemicals between the last day of hypoxia and the first 24 hours of reaeration of the culture.  For the snow globe media, there was an extra comparison between the fresh media (FM) and day 0.  The fermentor model did not have any statistical analyses due to the fact that one sample was taken for each of the time points.
[bookmark: _Toc277173836]Statistical Comparisons
Welch’s two-sample t-tests were used to identify biochemicals whose relative levels differed between the various time points in the Snow Globe experiment.  A tabular summary of the number of biochemicals that were observed to be significantly different (p≤0.05, no q-value cut-off) by t-test analysis is illustrated in Table 4.  Also listed in the table are the directional changes of these biochemicals and the estimated false discovery rate (FDR or q-value) for the subset of compounds with p≤0.05. As shown in the table, a sizeable number of biochemicals were observed to be significantly different between the various treatment groups when compared to control and the FDR estimates for these comparisons were relatively low.  



 (
Table 
4
.
 The
 number of altered 
biochemicals
 in the snow globe model 
and directional changes between the various treatment group comparisons are shown.
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[bookmark: _Toc194805250][bookmark: _Toc277173837]Data Analysis
Statistical cut-offs are typically employed for determining candidate metabolites that might be physiologically significant in a given study.  The relatively conservative criteria of p≤0.05 and q≤0.10 are routinely used in metabolomic studies, which allows for the identification of metabolites that are significantly altered in response to a treatment or significantly different between two comparison groups and would be expected to yield a false discovery rate of no more than 10%.  For the purposes of this study, comparisons between the various treatment groups were taken as significant when p≤0.05, regardless of the q-value.  This approach was taken in order to be more inclusive of data that otherwise might not meet the strict statistical cut-off values. A tabular summary of the numbers of biochemicals that were taken as significantly different between each of the comparison groups is presented in ‘Statistical Comparisons’ section above.


[bookmark: _Toc277173838]Summary of Statistical Analyses
Welch’s Two Sample t-tests were used to analyze the data (see APPENDIX B).  For all analyses, missing values (if any) were imputed with the observed minimum for that particular compound (imputed values were added after block-normalization).  The statistical analyses were performed on natural log-transformed data to reduce the effect of any potential outliers in the data.  Welch’s Two Sample t-test comparisons were made between the means of each biochemical from the groups listed at the top of the tables and were calculated using either or both of the statistical analysis software programs: Array Studio (Omicsoft, Inc) or ‘R’ from the Free Software Foundation, Inc. 

Additional information, such as the platform the compound was identified on, mean group levels, etc., was provided in a separate electronic version of the data and statistical tables.  Unnamed metabolites start with the “X-” identifier.  Metabolites names that are marked with an asterisk (*) are likely identifications based on MS/MS fragmentation and other chemical properties.
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[bookmark: _Toc194805258][bookmark: _Toc277173839]Appendix A: Metabolon Platform
Sample Accessioning:  Each sample received was accessioned into the Metabolon LIMS system and was assigned by the LIMS a unique identifier, which was associated with the original source identifier only.  This identifier was used to track all sample handling, tasks, results etc.  The samples (and all derived aliquots) were bar-coded and tracked by the LIMS system.  All portions of any sample were automatically assigned their own unique identifiers by the LIMS when a new task was created; the relationship of these samples was also tracked.  All samples were maintained at -80C until processed. 

Sample Preparation:  The sample preparation process was carried out using the automated MicroLab STAR® system from Hamilton Company.  Recovery standards were added prior to the first step in the extraction process for QC purposes.  Sample preparation was conducted using a proprietary series of organic and aqueous extractions to remove the protein fraction while allowing maximum recovery of small molecules. The resulting extract was divided into two fractions; one for analysis by LC and one for analysis by GC.  Samples were placed briefly on a TurboVap® (Zymark) to remove the organic solvent.  Each sample was then frozen and dried under vacuum.  Samples were then prepared for the appropriate instrument, either LC/MS or GC/MS.

QA/QC:  For QA/QC purposes, a number of additional samples are included with each day’s analysis.  Furthermore, a selection of QC compounds is added to every sample, including those under test.  These compounds are carefully chosen so as not to interfere with the measurement of the endogenous compounds.  Tables 1 and 2 describe the QC samples and compounds.    These QC samples are primarily used to evaluate the process control for each study as well as aiding in the data curation.

Table 1.  Description of Metabolon QC Samples
	Type
	Description
	Purpose

	MTRX
	Large pool of human plasma maintained by Metabolon that has been characterized extensively.
	Assure that all aspects of Metabolon process are operating within specifications.

	CMTRX
	Pool created by taking a small aliquot from every customer sample.
	Assess the effect of a non-plasma matrix on the Metabolon process and distinguish biological variability from process variability.

	PRCS
	Aliquot of ultra-pure water
	Process Blank used to assess the contribution to compound signals from the process.

	SOLV
	Aliquot of solvents used in extraction.
	Solvent blank used to segregate contamination sources in the extraction.





Table 2.  Metabolon QC Standards
	Type
	Description
	Purpose

	DS
	Derivatization Standard
	Assess variability of derivatization for GC/MS samples.

	IS
	Internal Standard
	Assess variability and performance of instrument.

	RS
	Recovery Standard
	Assess variability and verify performance of extraction and instrumentation.



Liquid chromatography/Mass Spectrometry (LC/MS, LC/MS2):  The LC/MS portion of the platform was based on a Waters ACQUITY UPLC and a Thermo-Finnigan LTQ mass spectrometer, which consisted of an electrospray ionization (ESI) source and linear ion-trap (LIT) mass analyzer.  The sample extract was split into two aliquots, dried, then reconstituted in acidic or basic LC-compatible solvents, each of which contained 11 or more injection standards at fixed concentrations.  One aliquot was analyzed using acidic positive ion optimized conditions and the other using basic negative ion optimized conditions in two independent injections using separate dedicated columns.  Extracts reconstituted in acidic conditions were gradient eluted using water and methanol both containing 0.1% Formic acid, while the basic extracts, which also used water/methanol, contained 6.5mM Ammonium Bicarbonate.  The MS analysis alternated between MS and data-dependent MS2 scans using dynamic exclusion.
 
Gas chromatography/Mass Spectrometry (GC/MS):  The samples destined for GC/MS analysis were re-dried under vacuum desiccation for a minimum of 24 hours prior to being derivatized under dried nitrogen using bistrimethyl-silyl-triflouroacetamide (BSTFA).  The GC column was 5% phenyl and the temperature ramp is from 40° to 300° C in a 16 minute period.  Samples were analyzed on a Thermo-Finnigan Trace DSQ fast-scanning single-quadrupole mass spectrometer using electron impact ionization.  The instrument was tuned and calibrated for mass resolution and mass accuracy on a daily basis.  The information output from the raw data files was automatically extracted as discussed below.

Accurate Mass Determination and MS/MS fragmentation (LC/MS), (LC/MS/MS):  The LC/MS portion of the platform was based on a Waters ACQUITY UPLC and a Thermo-Finnigan LTQ-FT mass spectrometer, which had a linear ion-trap (LIT) front end and a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer backend.    For ions with counts greater than 2 million, an accurate mass measurement could be performed.  Accurate mass measurements could be made on the parent ion as well as fragments.  The typical mass error was less than 5 ppm.  Ions with less than two million counts require a greater amount of effort to characterize.  Fragmentation spectra (MS/MS) were typically generated in data dependent manner, but if necessary, targeted MS/MS could be employed, such as in the case of lower level signals.

Bioinformatics:  The informatics system consisted of four major components, the Laboratory Information Management System (LIMS), the data extraction and peak-identification software, data processing tools for QC and compound identification, and a collection of information interpretation and visualization tools for use by data analysts.  The hardware and software foundations for these informatics components were the LAN backbone, and a database server running Oracle 10.2.0.1 Enterprise Edition.

LIMS:  The purpose of the Metabolon LIMS system was to enable fully auditable laboratory automation through a secure, easy to use, and highly specialized system.  The scope of the Metabolon LIMS system encompasses sample accessioning, sample preparation and instrumental analysis and reporting and advanced data analysis.  All of the subsequent software systems are grounded in the LIMS data structures. It has been modified to leverage and interface with the in-house information extraction and data visualization systems, as well as third party instrumentation and data analysis software.

Data Extraction and Quality Assurance:  The data extraction of the raw mass spec data files yielded information that could loaded into a relational database and manipulated without resorting to BLOB manipulation.  Once in the database the information was examined and appropriate QC limits were imposed.  Peaks were identified using Metabolon’s proprietary peak integration software, and component parts were stored in a separate and specifically designed complex data structure.

Compound identification:  Compounds were identified by comparison to library entries of purified standards or recurrent unknown entities.  Identification of known chemical entities was based on comparison to metabolomic library entries of purified standards.  As of this writing, more than 1800 commercially available purified standard compounds had been acquired registered into LIMS for distribution to both the LC and GC platforms for determination of their analytical characteristics.  The combination of chromatographic properties and mass spectra gave an indication of a match to the specific compound or an isobaric entity.  Additional entities could be identified by virtue of their recurrent nature (both chromatographic and mass spectral).  These compounds have the potential to be identified by future acquisition of a matching purified standard or by classical structural analysis.  

Curation:  A variety of curation procedures were carried out to ensure that a high quality data set was made available for statistical analysis and data interpretation.  The QC and curation processes were designed to ensure accurate and consistent identification of true chemical entities, and to remove those representing system artifacts, mis-assignments, and background noise.  

Metabolon data analysts use proprietary visualization and interpretation software to confirm the consistency of peak identification among the various samples.  Library matches for each compound were checked for each sample and corrected if necessary.

Statistical Calculation:  For many studies, two types of statistical analysis are usually performed: (1) significance tests and (2) classification analysis.  (1) For pair-wise comparisons we typically perform Welch’s t-tests and/or Wilcoxon’s rank sum tests.  For other statistical designs we may perform various ANOVA procedures (e.g., repeated measures ANOVA).  (2) For classification we mainly use random forest analyses.  Random forests give an estimate of how well we can classify individuals in a new data set into each group, in contrast to a t-test, which tests whether the unknown means for two populations are different or not.  Random forests create a set of classification trees based on continual sampling of the experimental units and compounds.  Then each observation is classified based on the majority votes from all the classification trees. Statistical analyses are performed with one or both of the statistical analysis software programs: Array Studio (Omicsoft, Inc) or “R” http://cran.r-project.org/.   










[bookmark: _Toc194805259][bookmark: _Toc277173840]Appendix B: Statistical Terminology
t-tests:  t-tests test whether the unknown means for two populations are different or not.  The p-value gives the amount evidence that the population means are different based on the data (through the t-statistic).  The smaller the p-value, the more evidence we have that the population means are different.  Often, a significance level of 0.05 is used.  When the p-value is less than 0.05, we have enough evidence to conclude that the population means are different (“statistical significance”).  The level of 0.05 is the false positive rate.  This means that 5% of the time, the t-test would incorrectly conclude the population means are different when they are the actually the same.    

q-values:  The level of 0.05 is the false positive rate when there is one test.  However, for a large number of tests we need to account for false positives.  If the data were simply random noise, approximately 5% of the p-values would be less than 0.05, 10% of the p-values would be less than 0.10, etc.  Thus, even if the data were only random noise, we would get approximately 10 “significant” results out of 200 compounds when the false positive rate is 0.05.  

There are different methods to correct for multiple testing.  The oldest methods are family-wise error rate adjustments (Bonferroni, Tukey, etc.), but these tend to be extremely conservative for a very large number of tests.  With gene arrays, using the False Discovery Rate (FDR) is more common.  The family-wise error rate adjustments give one a high degree of confidence that there are zero false discoveries.  However, with FDR methods, one can allow for a small number of false discoveries.  The FDR for a given set of compounds can be estimated using the q-value (see Storey J and Tibshirani R. (2003) Statistical significance for genomewide studies. Proc. Natl. Acad. Sci. USA 100: 9440-9445).   

To interpret the q-value, first sort the data by the p-value then choose the cutoff for significance (typically p≤0.05).  The q-value gives the false discovery rate for the selected list (i.e., an estimate of the proportion of false discoveries for the list of compounds whose p-value is below the cutoff for significance).  For Table 1 below, if the whole list is declared significant, then the false discovery rate is approximately 10%.  If everything from Compound 079 and above is declared significant, then the false discovery rate is approximately 2.5%.  

Table 1. Example of q-value interpretation
[image: ]
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Protein Description gi Number

Locus 

Tag Day 0 Day 1 Day 7 Day 8

heat shock protein hspX [Mycobacterium tuberculosis H37Rv] 15609168 Rv2031c 0.04550.4614 1 0.6198

serine protease PepA [Mycobacterium tuberculosis H37Rv] 15607267 Rv0125 0.095 0.85 0.975 1

isoniazid inductible gene protein INIB [Mycobacterium tuberculosis H37Rv] 15607482 Rv0341 0.15910.08330.6023 1

hypothetical protein Rv2744c [Mycobacterium tuberculosis H37Rv] 57117019 Rv2744c 0.13420.2081 1 0.9195

succinyl-CoA synthetase subunit beta [Mycobacterium tuberculosis H37Rv] 15608091 Rv0951 0.10340.0431 1 0.931

transcription antitermination protein NusG [Mycobacterium tuberculosis H37Rv] 15607779 Rv0639 0.16670.26040.9688 1

dihydrolipoamide acetyltransferase [Mycobacterium tuberculosis H37Rv] 15609352 Rv2215 0.15290.0941 1 0.7176

hypothetical protein Rv0569 [Mycobacterium tuberculosis H37Rv] 15607709 Rv0569 0.06020.6386 1 0.5422

D-3-phosphoglycerate dehydrogenase [Mycobacterium tuberculosis H37Rv] 57117042 Rv2996c 0.029 0.058 0.971 1

hypothetical protein Rv1738 [Mycobacterium tuberculosis H37Rv] 15608876 Rv1738 0 0.7302 1 0.6667

hypothetical protein Rv2626c [Mycobacterium tuberculosis H37Rv] 15609763 Rv2626c 0 0.2203 1 0.4576

transcriptional regulatory protein [Mycobacterium tuberculosis H37Rv] 15608542 Rv1404 0 0.3585 1 0.9623

malate dehydrogenase [Mycobacterium tuberculosis H37Rv] 15608380 Rv1240 0.14290.02380.9286 1

heat shock protein hsp (heat-stress-induced ribosome-binding protein A) [Mycobacterium tuberculosis H37Rv] 15607392 Rv0251c 0 0.0286 1 0.6857

dehydrogenase [Mycobacterium tuberculosis H37Rv] 15610525 Rv3389c 0.0769 0 1 0.6923

glyceraldehyde-3-phosphate dehydrogenase [Mycobacterium tuberculosis H37Rv] 15608574 Rv1436 0.04550.0455 0.5 1

hypothetical protein Rv2623 [Mycobacterium tuberculosis H37Rv] 15609760 Rv2623 0 0 0.8462 1

short chain dehydrogenase [Mycobacterium tuberculosis H37Rv] 15610360 Rv3224 0.1 0.4 1 0.5

isocitrate dehydrogenase [Mycobacterium tuberculosis H37Rv] 15607208 Rv0066c 0.11110.4444 1 0.8889

aspartate-semialdehyde dehydrogenase [Mycobacterium tuberculosis H37Rv] 15610844 Rv3708c 0 0 0.7 1

50S ribosomal protein L18 [Mycobacterium tuberculosis H37Rv] 15607860 Rv0720 1 0.97060.08820.2059

50S ribosomal protein L19 [Mycobacterium tuberculosis H37Rv] 15610041 Rv2904c 0.5556 1 0.05560.1389

Esat-6 like protein esxJ (Esat-6 like protein 2) [Mycobacterium tuberculosis H37Rv] 15608178 Rv1038c 0.9274 1 0.33470.3992

low molecular weight antigen CFP2 (low molecular weight protein antigen 2) (CFP-2) [Mycobacterium tuberculosis H37Rv] 15609513 Rv2376c 1 0.65770.26130.5315

Relative Counts
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Amino Acids
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gamma-glutamylalanine, C
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isoleucine, C
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gamma-glutamylvaline, C
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asparagine, C
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adenosine 3',5'-cyclic monophosphate (cAMP), C
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Compound 

Classification

Cells Media

Total 281 61

Named / Identified 134 45

Unnamed 147 16
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Total number of biochemicals with p

≤

0.05 - 21 58 75 27

Biochemicals (↑↓) - 10|11 23|35 51|24 25|2

q-value - 0.17 0.07 0.08 0.24

Total number of biochemicals with p

≤

0.05 10 3 20 23 0

Biochemicals (↑↓) 4|6 2|1 15|5 18|5 0|0

q-value 0.09 0.27 0.02 0.01 -

Fresh vs. 

Day 0

Cells

Media

Day 8 vs. 

Day 0

Day 8 vs. 

Day 7

Day 1 vs. 

Day 0

Day 7 vs. 

Day 0

Welch's Two-Sample t-test

Snow Globe


image40.emf
0.55

Green: indicates significant difference (p≤0.05) between the groups shown; GREEN indicates a ratio < 1

1.71

Red: indicates significant difference (p≤0.05) between the groups shown; RED indicates a ratio > 1

1.43

1.20

Bold blue: narrowly missed cutoff for significance; p>0.05 , p<0.10

Non-colored text and cell: mean values are not significantly different for that comparison
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glycine GC/MS 2.02 8.64 11.18 1.29

serine GC/MS 0.75 0.54 1.16 2.14

homoserine GC/MS 1.97 2.68 3.56 1.33

threonine GC/MS 0.84 0.47 1.05 2.24

betaine LC/MS pos 0.58 0.38 0.66 1.71

alanine GC/MS 1.43 2.87 4.10 1.43

beta-alanine GC/MS 0.95 0.91 1.76 1.92

cyano-alanine GC/MS 1.47 0.72 0.40 0.55

aspartate LC/MS neg 1.69 6.61 8.08 1.22

asparagine LC/MS neg 0.79 0.36 0.28 0.76

glutamate LC/MS pos 1.15 1.43 1.87 1.30

glutamate, gamma-methyl ester LC/MS pos 0.67 0.93 1.77 1.91

glutamine LC/MS pos 0.51 0.38 0.91 2.40

gamma-aminobutyrate (GABA) GC/MS 0.78 0.61 1.63 2.70

N-acetylglutamate LC/MS pos 0.31 0.25 0.79 3.18

lysine GC/MS 1.64 2.57 1.94 0.76

2-aminoadipate LC/MS pos 1.10 3.30 3.44 1.04

N6-acetyllysine LC/MS pos 0.67 1.23 2.01 1.63

phenylalanine LC/MS pos 0.83 1.64 1.92 1.17

m-cresol sulfate LC/MS neg 1.27 1.00 1.79 1.79

tyrosine LC/MS pos 0.44 0.44 0.91 2.08

p-toluic acid GC/MS 0.66 1.04 1.45 1.39

tryptophan LC/MS pos 0.75 1.60 2.56 1.59

5-methoxytryptamine LC/MS pos 1.10 0.43 0.27 0.63

isoleucine LC/MS pos 0.56 0.63 0.96 1.51

leucine LC/MS pos 0.48 0.71 1.32 1.85

valine LC/MS pos 0.76 1.23 1.95 1.59

arginine GC/MS 0.86 0.67 1.56 2.31

ornithine GC/MS 1.87 2.18 1.20 0.55

urea GC/MS 12.49 4.93 3.40 0.69

proline LC/MS pos 0.42 0.58 1.17 2.02

citrulline LC/MS pos 0.36 0.27 0.90 3.29

N-acetylornithine LC/MS pos 1.28 47.67 90.12 1.89

Polyamine metabolism 5-methylthioadenosine (MTA) LC/MS pos 0.53 0.23 0.74 3.16

Guanidino and acetamido metabolism 4-acetamidobutanoate LC/MS pos 0.64 1.58 2.42 1.53

Glutathione metabolism 5-oxoproline LC/MS pos 0.47 0.45 0.95 2.12

alanylalanine LC/MS pos 1.07 0.85 1.86 2.19

cyclo(leu-pro) LC/MS pos 0.74 0.90 1.24 1.38

gamma-glutamylvaline LC/MS pos 0.56 0.84 1.77 2.12

gamma-glutamyl-2-aminobutyrate LC/MS pos 0.75 1.02 2.18 2.14

gamma-glutamylleucine LC/MS pos 0.30 0.36 0.73 2.06

gamma-glutamylisoleucine* LC/MS pos 0.31 0.38 0.70 1.85

gamma-glutamylmethionine LC/MS pos 0.58 0.38 0.60 1.58

gamma-glutamylglutamine LC/MS pos 0.72 0.73 1.53 2.10

gamma-glutamylphenylalanine LC/MS pos 0.46 0.67 1.06 1.58

Day 8 vs. Day 0 Day 8 vs. Day 7 SUPER PATHWAY SUB PATHWAY BIOCHEMICAL NAME PLATFORM

Fold of Change

Snow Globe

Amino acid

Glycine, serine and threonine metabolism

Alanine and aspartate metabolism

Glutamate metabolism

Lysine metabolism

Phenylalanine & tyrosine metabolism

Tryptophan metabolism

Day 1 vs. Day 0 Day 7 vs. Day 0

Max Planck MPIB-0202-09VSBL Tuberculosis Hypoxia (Cell Extracts)

Heat map of statistically significant biochemicals profiled in this study. 

Shaded cells indicate  

p

≤

0.05 (red indicates that the mean values are significantly higher for that comparison; green values significantly lower). 

Blue-bolded text indicates 0.05<p<0.10.

Valine, leucine and isoleucine metabolism

Urea cycle; arginine-, proline-, metabolism

Dipeptide

gamma-glutamyl

Peptide
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gamma-glutamyltyrosine LC/MS pos 0.78 1.55 1.53 0.99

gamma-glutamylthreonine* LC/MS pos 1.71 2.69 1.81 0.67

gamma-glutamyltryptophan LC/MS pos 1.56 2.87 2.19 0.76

gamma-glutamylalanine LC/MS pos 1.35 1.68 3.22 1.91

fructose GC/MS 0.33 1.75 2.84 1.62

galactitol (dulcitol) GC/MS 0.69 0.60 1.74 2.91

mannose GC/MS 0.65 0.74 1.42 1.92

mannose-1-phosphate GC/MS 0.60 0.36 1.31 3.65

mannose-6-phosphate GC/MS 2.29 2.77 6.96 2.51

sorbitol GC/MS 1.41 1.44 0.74 0.52

trehalose GC/MS 1.06 1.20 1.69 1.41

glucose-6-phosphate (G6P) GC/MS 3.72 2.79 8.03 2.88

glucose GC/MS 0.60 0.54 1.89 3.53

fructose-6-phosphate GC/MS 1.61 0.90 3.18 3.53

Isobar: fructose 1,6-diphosphate, glucose 1,6-

diphosphate

LC/MS neg 1.30 0.66 1.21 1.84

3-phosphoglycerate GC/MS 1.38 1.57 1.21 0.77

pyruvate GC/MS 0.88 1.17 1.19 1.02

lactate GC/MS 0.79 0.31 0.32 1.02

6-phosphogluconate GC/MS 8.31 1.00 1.00 1.00

ribitol GC/MS 0.81 1.29 2.34 1.81

sedoheptulose-7-phosphate GC/MS 1.52 0.55 2.21 4.05

gluconate GC/MS 2.28 0.86 1.59 1.85

citrate LC/MS neg 0.84 0.68 0.70 1.03

cis-aconitate LC/MS neg 3.07 10.82 11.99 1.11

isocitrate LC/MS pos 1.88 15.90 12.42 0.78

succinate LC/MS neg 1.48 11.41 13.17 1.15

malate GC/MS 1.52 3.12 4.07 1.31

Oxidative phosphorylation phosphate LC/MS neg 1.57 1.18 1.02 0.86

caproate (6:0) LC/MS neg 0.37 0.27 0.44 1.60

heptanoate (7:0) LC/MS neg 0.58 0.52 0.84 1.62

caprylate (8:0) LC/MS neg 0.59 0.36 0.64 1.80

pelargonate (9:0) LC/MS neg 0.36 0.19 0.82 4.41

stearate (18:0) LC/MS neg 0.96 0.87 1.61 1.85

arachidate (20:0) GC/MS 1.49 1.41 1.89 1.34

behenate (22:0) GC/MS 1.80 2.72 1.63 0.60

lignocerate (24:0) GC/MS 2.04 3.05 2.62 0.86

hexacosanoate (26:0) GC/MS 1.30 3.59 3.70 1.03

Fatty acid, dicarboxylate azelate (nonanedioate) LC/MS neg 3.10 1.93 3.84 1.99

Fatty acid, amide oleamide GC/MS 1.93 1.10 0.93 0.85

glycerol LC/MS neg 1.04 1.15 1.05 0.91

glycerol 3-phosphate (G3P) GC/MS 0.81 0.73 0.97 1.34

glycerophosphorylcholine (GPC) LC/MS pos 0.50 1.49 2.83 1.90

myo-inositol GC/MS 0.95 0.48 1.84 3.86

inositol 1-phosphate (I1P) GC/MS 1.09 0.83 1.14 1.37

Ketone bodies 1,2-propanediol GC/MS 0.57 0.96 4.92 5.11

Max Planck MPIB-0202-09VSBL Tuberculosis Hypoxia (Cell Extracts)

Heat map of statistically significant biochemicals profiled in this study. 

Shaded cells indicate  

p

≤

0.05 (red indicates that the mean values are significantly higher for that comparison; green values significantly lower). 

Blue-bolded text indicates 0.05<p<0.10.
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Krebs cycle
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Long chain fatty acid

Glycerolipid metabolism

Inositol metabolism

Carbohydrate

Fructose, mannose, galactose, starch, and 

sucrose metabolism

Glycolysis, gluconeogenesis, pyruvate 

metabolism

Day 8 vs. Day 7

Snow Globe
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gamma-glutamyl Peptide

Lipid

Nucleotide sugars, pentose metabolism
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1-stearoylglycerophosphoethanolamine LC/MS pos 1.93 2.55 1.59 0.62

1-palmitoylglycerophosphocholine LC/MS pos 0.42 0.42 1.31 3.14

2-palmitoylglycerophosphocholine* LC/MS pos 0.52 0.41 0.96 2.35

1-palmitoylglycerophosphoinositol* LC/MS neg 3.53 0.95 1.32 1.39

1-stearoylglycerophosphoinositol LC/MS neg 6.09 6.77 4.46 0.66

Monoacylglycerol 1-palmitoylglycerol (1-monopalmitin) GC/MS 1.36 0.97 1.39 1.42

hypoxanthine LC/MS pos 0.77 1.27 1.78 1.40

inosine LC/MS pos 0.38 1.27 1.70 1.34

adenine LC/MS pos 0.80 1.79 2.60 1.45

adenosine LC/MS pos 1.42 2.53 3.14 1.24

adenosine 5'-monophosphate (AMP) LC/MS pos 1.71 1.09 1.42 1.30

adenosine 5'-diphosphate (ADP) LC/MS neg 0.98 0.87 1.18 1.36

adenosine-5'-diphosphoglucose LC/MS pos 0.48 0.27 2.11 7.72

adenosine 3',5'-cyclic monophosphate (cAMP) LC/MS neg 1.47 6.10 14.94 2.45

guanosine LC/MS pos 1.62 4.17 7.11 1.70

guanosine 5'- monophosphate (GMP) LC/MS pos 7.33 9.33 6.33 0.68

Pyrimidine metabolism, cytidine containing cytidine 5'-monophosphate (5'-CMP) LC/MS pos 5.17 5.71 2.30 0.40

Pyrimidine metabolism, thymine containing thymidine 5'-monophosphate LC/MS neg 1.41 2.03 1.83 0.90

Pyrimidine metabolism, uracil containing uridine 5'-monophosphate (UMP) LC/MS pos 4.82 3.97 2.86 0.72

nicotinamide LC/MS pos 0.97 0.98 1.02 1.04

nicotinamide adenine dinucleotide (NAD+) LC/MS pos 0.89 0.78 1.28 1.64

nicotinamide adenine dinucleotide phosphate 

(NADP+)

LC/MS pos 0.57 0.34 0.92 2.71

nicotinate LC/MS pos 0.73 0.90 2.01 2.23

nicotinic acid mononucleotide (NaMN) LC/MS pos 1.21 1.29 1.31 1.01

nicotinate ribonucleoside* LC/MS pos 0.37 0.46 1.04 2.28

pantothenate LC/MS pos 0.80 1.29 2.06 1.60

coenzyme A LC/MS neg 0.73 0.43 0.89 2.06

acetyl CoA LC/MS neg 0.66 0.88 1.13 1.28

propionyl CoA LC/MS neg 0.60 0.83 0.99 1.20

Riboflavin metabolism flavin adenine dinucleotide (FAD) LC/MS neg 1.33 1.30 1.36 1.05

Benzoate metabolism 4-hydroxybenzoate GC/MS 1.01 2.29 0.95 0.41

glycolate (hydroxyacetate) GC/MS 0.70 0.76 0.49 0.64

glycerol 2-phosphate GC/MS 0.80 0.75 1.36 1.81

triethyleneglycol LC/MS pos 0.74 1.16 1.43 1.23

hexaethylene glycol LC/MS pos 0.59 0.77 2.39 3.11

pentaethylene glycol LC/MS pos 0.85 0.94 1.41 1.51

tetraethylene glycol LC/MS pos 0.81 1.00 1.16 1.15

ricinoleic acid LC/MS neg 2.14 0.80 4.76 5.94

dexpanthenol LC/MS pos 0.73 1.84 2.45 1.33

Drug citramalate GC/MS 0.62 0.90 1.14 1.27

Food component/Plant ergothioneine LC/MS pos 0.69 0.37 0.47 1.26

trehalose 6-phosphate GC/MS 1.35 0.99 1.19 1.20

erythritol GC/MS 1.10 1.06 1.31 1.24

malitol GC/MS 1.98 2.29 2.45 1.07

Nucleotide

Purine metabolism, (hypo)xanthine/inosine 

containing

Purine metabolism, adenine containing

Purine metabolism, guanine containing

Lysolipid

SUPER PATHWAY SUB PATHWAY BIOCHEMICAL NAME PLATFORM Day 1 vs. Day 0 Day 7 vs. Day 0 Day 8 vs. Day 0 Day 8 vs. Day 7

Max Planck MPIB-0202-09VSBL Tuberculosis Hypoxia (Cell Extracts)

Heat map of statistically significant biochemicals profiled in this study. 

Shaded cells indicate  

p

≤

0.05 (red indicates that the mean values are significantly higher for that comparison; green values significantly lower). 

Blue-bolded text indicates 0.05<p<0.10.

Fold of Change

Snow Globe

Lipid

Xenobiotics

Chemical

Sugar, sugar substitute, starch

Cofactors and vitamins

Nicotinate and nicotinamide metabolism

Pantothenate and CoA metabolism
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X - 10445_200 LC/MS pos 0.99 1.39 2.43 1.75

X - 10745 GC/MS 0.24 0.29 0.53 1.82

X - 10747 GC/MS 0.71 0.95 0.72 0.76

X - 10748 GC/MS 0.49 0.50 0.92 1.83

X - 10754 GC/MS 0.88 0.82 1.58 1.92

X - 10806 GC/MS 1.54 1.92 3.19 1.67

X - 10889 GC/MS 1.73 0.91 2.80 3.07

X - 10968 GC/MS 1.34 1.09 0.17 0.16

X - 10977 GC/MS 1.60 6.38 4.34 0.68

X - 11054 GC/MS 1.00 1.02 1.15 1.14

X - 11057 GC/MS 1.00 1.00 1.00 1.00

X - 11081 GC/MS 0.47 0.15 0.22 1.49

X - 11204 LC/MS pos 0.79 0.17 0.13 0.79

X - 11251 LC/MS pos 1.08 2.59 2.90 1.12

X - 11272 LC/MS neg 1.07 0.73 0.79 1.08

X - 11277 LC/MS pos 0.83 0.33 0.30 0.91

X - 11297 LC/MS pos 1.03 0.77 1.73 2.24

X - 11323 LC/MS pos 1.02 0.31 0.36 1.17

X - 11327 LC/MS pos 0.71 0.26 0.20 0.75

X - 11391 LC/MS pos 1.13 3.36 4.24 1.26

X - 11394 LC/MS pos 1.09 3.06 3.18 1.04

X - 11404 LC/MS pos 1.52 6.48 2.16 0.33

X - 11407_200 LC/MS pos 0.45 0.25 0.74 2.94

X - 11412 LC/MS pos 0.88 1.36 1.41 1.04

X - 11457 LC/MS pos 1.14 2.13 4.28 2.01

X - 11461 LC/MS pos 1.44 3.73 2.54 0.68

X - 11532 LC/MS pos 1.14 0.64 1.02 1.59

X - 11533 LC/MS neg 0.80 0.31 0.48 1.51

X - 11542 LC/MS pos 0.84 0.35 0.46 1.29

X - 11641 LC/MS neg 2.56 1.00 1.06 1.06

X - 11668 LC/MS neg 1.00 2.28 2.88 1.26

X - 11687_200 LC/MS pos 0.95 0.82 1.93 2.35

X - 11809 LC/MS pos 2.58 1.76 2.40 1.37

X - 11877 LC/MS neg 1.44 1.97 1.35 0.69

X - 11995 LC/MS neg 2.70 1.30 3.31 2.54

X - 12051 LC/MS pos 1.00 1.00 1.00 1.00

X - 12419 LC/MS pos 0.97 1.26 1.31 1.04

X - 12516 LC/MS neg 1.83 0.48 3.56 7.34

X - 12525 LC/MS neg 2.85 1.26 3.77 3.00

X - 12663 GC/MS 0.54 0.44 1.96 4.47

X - 12774 GC/MS 1.45 1.97 1.53 0.78

X - 12805 LC/MS pos 1.09 1.84 1.40 0.76

X - 12889_200 LC/MS pos 0.79 0.62 1.25 2.02

X - 13005 LC/MS neg 1.00 1.21 1.00 0.82

X - 13212 LC/MS neg 2.08 0.96 0.96 1.00

X - 13264 LC/MS neg 0.73 0.74 1.68 2.28

Day 7 vs. Day 0 Day 8 vs. Day 0 Day 8 vs. Day 7

Max Planck MPIB-0202-09VSBL Tuberculosis Hypoxia (Cell Extracts)

Heat map of statistically significant biochemicals profiled in this study. 

Shaded cells indicate  

p

≤

0.05 (red indicates that the mean values are significantly higher for that comparison; green values significantly lower). 

Blue-bolded text indicates 0.05<p<0.10.

Fold of Change

Snow Globe

SUPER PATHWAY SUB PATHWAY BIOCHEMICAL NAME PLATFORM Day 1 vs. Day 0

N/A N/A
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X - 13293 LC/MS pos 1.24 1.83 2.93 1.60

X - 13426 LC/MS pos 0.65 0.37 0.30 0.80

X - 13453 LC/MS pos 2.44 7.05 2.70 0.38

X - 13472 LC/MS neg 0.51 1.11 1.57 1.42

X - 13483 LC/MS pos 1.00 1.00 1.00 1.00

X - 13496 GC/MS 0.41 0.82 1.33 1.62

X - 13548 LC/MS pos 0.65 3.43 7.10 2.07

X - 13619 GC/MS 0.82 0.81 0.95 1.17

X - 13671 LC/MS neg 2.52 1.81 1.30 0.72

X - 13737 LC/MS pos 0.75 0.44 0.86 1.97

X - 13747 GC/MS 1.00 1.97 3.52 1.79

X - 13748 GC/MS 0.81 1.88 2.84 1.51

X - 13832 LC/MS pos 1.27 0.64 0.88 1.38

X - 14359 LC/MS neg 0.47 0.47 0.55 1.17

X - 14465 LC/MS pos 0.74 1.09 1.14 1.05

X - 14473 LC/MS pos 0.75 1.00 1.15 1.15

X - 14566 LC/MS pos 1.41 1.40 0.78 0.56

X - 14740 LC/MS pos 1.58 0.56 0.32 0.57

X - 14745 GC/MS 1.24 0.89 0.34 0.38

X - 14955 LC/MS pos 1.30 11.71 9.04 0.77

X - 15117 LC/MS neg 1.17 1.32 1.11 0.84

X - 15132 LC/MS pos 0.95 0.72 0.92 1.28

X - 15136 LC/MS pos 0.74 0.74 1.04 1.41

X - 15177 LC/MS neg 0.75 0.37 1.32 3.58

X - 15279 GC/MS 0.72 1.18 3.20 2.72

X - 15458 LC/MS pos 0.81 1.79 2.60 1.45

X - 15460 LC/MS pos 1.19 1.98 3.51 1.78

X - 15480 LC/MS pos 0.82 0.72 0.37 0.52

X - 15489 LC/MS neg 0.75 0.91 2.17 2.38

X - 15493 LC/MS neg 1.00 1.00 1.00 1.00

X - 15523 LC/MS neg 1.19 0.99 0.99 1.00

X - 15559 LC/MS pos 1.03 0.18 1.30 7.11

X - 15562 LC/MS pos 1.05 0.12 1.25 10.56

X - 15563 LC/MS pos 1.02 0.12 1.12 9.59

X - 15657 LC/MS neg 1.04 1.13 2.12 1.87

X - 15689 LC/MS pos 1.15 68.59 1.00 0.01

X - 15780 LC/MS pos 0.66 1.09 1.32 1.22

X - 15800 LC/MS pos 0.73 1.16 1.15 0.99

X - 15819 GC/MS 1.43 0.75 2.58 3.45

X - 16018 LC/MS pos 0.96 0.60 0.99 1.66

X - 16019 LC/MS pos 0.80 0.82 0.90 1.10

X - 16020 LC/MS pos 0.75 0.97 0.79 0.81

X - 16021 LC/MS pos 0.64 0.97 1.00 1.03

X - 16023 LC/MS pos 0.97 0.70 0.61 0.88

X - 16024 LC/MS pos 0.93 0.54 0.81 1.50
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X - 6650 GC/MS 1.15 1.12 0.85 0.76

X - 6666 GC/MS 0.49 0.41 1.11 2.70

X - 7890 GC/MS 0.64 0.41 1.28 3.09

X - 8172 GC/MS 0.38 0.27 1.21 4.48

X - 8349 GC/MS 0.74 0.58 0.24 0.42

X - 8766 GC/MS 1.32 1.27 1.11 0.87

X - 8895 GC/MS 0.73 0.94 0.51 0.54

X - 8987 GC/MS 5.18 2.30 45.55 19.79

X - 9069 GC/MS 1.00 1.00 1.48 1.48

X - 9287 GC/MS 2.42 5.39 9.91 1.84

X - 9291 GC/MS 1.00 6.73 5.87 0.87
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glycine GC/MS 0.74 1.22 6.29 8.34 1.33

homoserine GC/MS 1.00 1.00 1.30 1.54 1.18

cyano-alanine GC/MS 1.06 0.72 0.49 0.37 0.74

aspartate LC/MS neg 1.09 1.14 7.19 7.90 1.10

asparagine LC/MS neg 1.06 0.94 0.41 0.28 0.69

glutamate GC/MS 0.22 2.51 6.19 7.14 1.16

glutamine LC/MS pos 0.23 0.62 0.15 0.62 4.10

gamma-aminobutyrate (GABA) GC/MS 1.00 1.41 1.53 1.80 1.17

lysine GC/MS 1.00 1.00 1.00 1.69 1.69

N6-acetyllysine LC/MS pos 0.96 1.11 1.08 1.09 1.01

phenylalanine LC/MS pos 2.42 1.11 2.73 2.98 1.09

tyrosine LC/MS pos 6.06 0.59 2.24 2.93 1.31

tryptophan LC/MS pos 2.65 0.88 1.88 2.19 1.16

5-methoxytryptamine LC/MS pos 1.46 0.73 0.32 0.25 0.78

isoleucine LC/MS pos 4.50 1.11 2.37 2.35 0.99

valine LC/MS pos 3.35 1.02 3.08 4.68 1.52

urea GC/MS 0.78 0.88 1.01 0.63 0.62

proline LC/MS pos 1.96 1.13 2.87 3.44 1.20

citrulline LC/MS pos 2.87 0.75 1.82 2.66 1.46

N-acetylornithine LC/MS pos 1.00 1.00 1.00 1.23 1.23

Glutathione metabolism glutathione, oxidized (GSSG) LC/MS pos 7.25 0.79 0.79 0.79 1.00

Fructose, mannose, galactose, starch, and 

sucrose metabolism

trehalose GC/MS 1.00 1.13 6.10 6.41 1.05

glycerate GC/MS 1.05 1.09 2.01 3.03 1.51

glucose GC/MS 0.26 1.29 2.34 2.82 1.21

citrate GC/MS 0.90 0.95 0.94 0.96 1.03

cis-aconitate LC/MS neg 0.22 3.93 18.36 18.29 1.00

isocitrate LC/MS pos 1.00 1.87 42.43 37.32 0.88

succinate GC/MS 0.86 1.10 6.23 5.84 0.94

malate GC/MS 0.82 1.68 8.38 6.64 0.79

Oxidative phosphorylation phosphate GC/MS 0.96 0.99 1.05 1.08 1.04

choline phosphate LC/MS pos 2.45 0.64 0.64 0.64 1.00

glycerol LC/MS neg 0.69 0.79 0.51 0.64 1.26

choline LC/MS pos 2.07 0.53 0.53 0.53 1.00

glycerol 3-phosphate (G3P) GC/MS 0.79 1.33 2.24 2.49 1.11

Inositol metabolism myo-inositol GC/MS 1.00 1.14 3.93 3.93 1.00

2-arachidonoylglycerophosphoethanolamine* LC/MS pos 1.00 1.00 1.00 1.00 1.00

2-docosahexaenoylglycerophosphoethanolamine* LC/MS pos 1.23 1.00 1.00 1.00 1.00

1-palmitoylglycerophosphocholine LC/MS pos 1.70 1.00 1.00 1.00 1.00

adenine LC/MS pos 0.69 1.49 2.52 3.10 1.23

adenosine LC/MS pos 1.01 2.50 2.88 2.81 0.98
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Nicotinate and nicotinamide metabolism nicotinamide LC/MS pos 0.54 1.25 0.94 1.05 1.12

glycerol 2-phosphate GC/MS 1.11 1.66 1.13 1.12 0.99
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X - 11323 LC/MS pos 1.27 1.18 1.11 1.16 1.04

X - 13230 LC/MS neg 0.91 0.96 1.15 1.11 0.96

X - 16019 LC/MS pos 1.11 1.20 1.10 1.22 1.11

X - 16020 LC/MS pos 0.83 0.86 1.21 1.45 1.20

X - 16023 LC/MS pos 1.15 0.93 1.14 1.12 0.98

X - 16025 LC/MS pos 0.84 0.99 1.09 1.28 1.17

X - 16026 LC/MS pos 1.04 1.15 0.90 0.84 0.93

X - 16027 LC/MS pos 0.92 1.07 1.62 1.17 0.73

X - 16034 LC/MS pos 1.25 0.85 0.29 0.27 0.91
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Compound

p -value q -value

Compound 103 0.0002 0.0122

Compound 212 0.0004 0.0122

Compound 076 0.0004 0.0122

Compound 002 0.0005 0.0122

Compound 168 0.0006 0.0122

Compound 079 0.0016 0.0258

Compound 113 0.0052 0.0631

Compound 050 0.0053 0.0631

Compound 098 0.0061 0.0647

Compound 267 0.0098 0.0939
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