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Abstract
Leptospirosis is a global zoonotic disease which is significant yet quite underrecognized. It is caused by Leptospira, which is transpired to humans from animals. There is no definitive identification of Leptospira infection in human. The objective of this study was to investigate the metabolites of Leptospira in vitro to create a metabolomic profile of the pathogenic bacteria. The metabolomic profile from the pellet, supernatant, and the control media allowed the development of an intracellular and extracellular metabolomic signature. The unique metabolomic signatures will further enable searches for biomarkers that will be significant for identification of leptospirosis in human. It this study it is found that purine metabolic pathway plays a key role in leptospira growth when it is inoculated in the EMJH (in house) media at both 28C and 37C. From pairwise comparison of the intracellular, extracellular and media control hints to a stress during growth in the currently available commercial media EMJH (Difco). The evidence of usage of multiple metabolic pathway remediation alternative to purine metabolic pathway in EMJH (Difco) in notable. 
These results reveal distinct temperature-media interactions affecting both cellular composition and secreted factors, with significant differences observed in growth yield and metabolite secretion profiles. These findings provide new insights into the environmental adaptability of leptospira and offer guidance for optimizing laboratory cultivation and downstream analyses.
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Chapter 1
Introduction
Leptospira and leptospirosis
Leptospirosis is a significant zoonotic disease caused by spirochetes of the genus leptospira. It is prevalent globally, affecting both humans and a wide range of animals.1 Leptospirosis is also known as Weil’s disease, after its first discovery in 1886 by Adolph Weil.2 The symptoms noted by Adolph Weil for leptospirosis was jaundice, kidney complications, eye inflammation, enlarged spleen, and skin rashes.2  Until 1900, the cause of Weil’s disease was not attributed to Leptospira. In 1907, when leptospira was first observed in a patient suspected of yellow fever, later in 1917 this virulent pathogen was distinctively linked to leptospirosis based on a study on Japanese coal miners.2,3,4 Extreme leptospirosis,  also known as Weil’s disease, which result into multi-organ failure, jaundice, pulmonary hemorrhage, and acute renal and hepatic complications.5,6
The clinical symptoms of leptospirosis in humans are varied, spanning from mild, flu-like symptoms to often life-threatening ones. The diagnosis of leptospirosis is often complicated, especially in the tropical region because of co-circulating diseases with similar symptoms.7 While typically more prevalent in rural area with warm and humid climate, leptospirosis is also highly prevalent in urban areas as it transmits through contaminated water and soil.8,9,10 Every year, roughly one million leptospirosis infection is diagnosed and the death toll of leptospirosis is approximately 60,000 annually.11 Despite a fatality ratio of 6.85%, leptospirosis often remains neglected due to its symptoms aligning with common fever, lack of specific antibiotic treatment, and wide range of 300 pathogenic serovars.12 
Leptospira is a gram-negative, thin spiral shaped pathogenic bacteria. Leptospira belongs to spirochete group. It is physiologically related to multiple pathogens such as syphilis causing bacteria Treponema, Lyme disease causing Borrelia, and even animal pathogen Brachyspira.6 Its unique spirochete motile ability provides fast movement enabling rapid dissemination in the mammalian or animal host.13,14,15,16 This pathogenic bacterium survives and thrives in host organism with an ability to persist, especially in soil, standing water and in other diverse reservoirs.  Leptospires can enter the host tissue through skin or mucous membrane, and attack liver, lungs, and kidney – specifically the renal tubules.1,17 The persistent transmission cycle makes the eradication process complicated.9,18,19 Biofilm formation and adaptive metabolism allow leptospires to survive through hostile condition favoring bacterial survival, eventually maintaining virulence.20,21,22 The outer membrane protein, surface exposed liposaccharides plays a key role in evading the host immune system and colonization infecting multiple organs.23,24 Utilizing advance genomics techniques and molecular biology, leptospires are classified into more than 20 species. Genetic and serological subdivision includes pathogenic, saprophytic groups.25,26,27 
There are two types of Leptospira hosts: incidental (or unintentional) hosts and maintenance hosts.28 Long-term urine shedding of the pathogen is possible in maintenance hosts, which are typically animals, who can harbor the bacteria in their kidneys asymptomatically.29 On the other hand, accidental hosts, like people or other animals, have observable symptoms and lose the bacteria more quickly.30 Some serovars exhibit host specialization, whereas others infect a broad variety of species. Copenhageni, Grippotyphosa, Icterohaemorrhagiae, Pomona, Australis, and Ballum are some of the most common serovars. Rats, cattle, dogs, and pigs are common reservoirs for these serovars.31 For instance, dogs are typically connected with serovar Canicola, while Grippotyphosa is found in numerous animal species.32,31 
Leptospira and metabolomics
Metabolomics, the study of small molecules, helps elucidate the molecular information of microorganisms of interest. Investigation of the metabolic features of an organism is an extraordinary opportunity to unravel the understanding of several significant underlying reasons of a microorganism’s functions.33 Ongoing research employing metabolomics can uncover an organism’s survival, pathogenicity, dissemination, virulence. Exploiting the ecophysiology of pathogens can be utilized to improve diagnostic measures and treatment.34,35 Technological advancements provide new opportunities to leverage these techniques in order to discover the metabolic adaptations of leptospira during its growth in presence of environmental stressors.36,21 
Over the past two decades, omics technologies have helped expanding the understanding of leptospira biology. Molecular genomics, transcriptomics, proteomics enabled determination of taxonomy, pathogenic vs. nonpathogenic species of leptospira, their virulence, and host pathogen interaction.10,20,21 Integrated transcriptomics and metabolomics study on murine model investigated renal injuries caused by leptospirosis.37 Despite these advances, the metabolome of leptospira has remained uninvestigated. Metabolic activities, biochemical pathways, environmental persistence of leptospira is still unknown. Investigation of dynamic state of metabolism of leptospira in vitro could potentially bridge this gap by underpinning the causes of its phenotypical pathogenicity, environmental durability.38 High throughput methods such as metabolomics, specially employed in vitro could potentially characterize a large number of intracellular and extracellular metabolites. Leveraging this resource, discovery of the molecular basis of virulence, innovation of diagnostic marker and intervention strategies towards pathogenesis39 becomes a possibility.40,41  
Untargeted metabolomics is a widely known and recognized tool in studying small molecules. The biological samples contain a wide array of small molecule which could be investigated leveraging LC-MS (Liquid chromatography mass spectrometry) based untargeted metabolomics.42 This advanced technique could detect alteration in cellular metabolism providing insight to the physiological regulation.43 Untargeted metabolomics technique investigates the entire metabolome to find as many metabolomes as possible causing the changes in regulation of metabolomes in samples, unlike targeted metabolomics which only concentrates on specific metabolome.44 For this holistic approach, untargeted metabolomics is often able to discover novel biomarkers, uncover unanticipated metabolic changes.45
Untargeted metabolomics has emerged as an invaluable tool in the research specially in the studies of microbes. The advantage of using this technique towards microscopic species, is that it allows investigation at a molecular level.46 The host pathogen interaction, molecular fingerprint correlated to those interactions could be elucidated, uncovering the metabolic pathways, biomarkers, disease causes and eventual treatments possibilities exploiting the metabolic pathway. This tool plays a critical role in studying pathogenic microorganism such as leptospira. It allows to distinguish between the pathogenicity and non-pathogenicity among species.47 For example, integrated omics study of murine models has highlighted significant upregulated level of N-carnitine associated with acute kidney injury during leptospirosis. Such findings reinforce necessity of using untargeted in order to find potential biomarkers which could lead to the finding vaccines for disease maintenance and regulation.37 
Purpose of study and specific aim 
To improve the diagnostic method and prevention strategies of leptospirosis, it is imperative to study its pathogenesis.32,48 To investigate the metabolic profile of pathogenic leptospira, understanding of variables influencing its growth is necessary. To achieve that, outcome of metabolomic study of in vitro culture will give an insight to the metabolic profiles of leptospira interrogan serovar were cultured under 4 different controlled laboratory condition. Two different media formulation EMJH (in house) and EMJH (Difco) were used for incubation at 28°C and 37°C separately to simulate environmental condition and host-like condition. From each set of culture conditions pellets, supernatants, media control samples were collected which serve as   intracellular content, extra cellular content, and control respectively. These sample fractions are representative of cytophysiology, secreted metabolic product, and nutrient consumption during growth phase. Evaluation of these sample fractions with LC-MS based untargeted metabolomic enables elucidation of leptospira metabolism modulation, response to environmental factor, and potential metabolic signature dependent on environmental and growth conditions. 
Purpose of the study
	The purpose of the study is to characterize the intracellular and extracellular metabolic profiles of the leptospira interorgan serovar and to develop a metabolic profile of it using LC-MS based untargeted metabolomics.
Specific Aims
1. Characterization of leptospira metabolic composition under two distinct media and at two temperatures condition to identify intracellular and extracellular metabolites. 
2. Development of a global metabolomics profile for leptospira to inspect for potential biomarker for diagnosis of leptospirosis

Chapter 2
Materials and Methods
Sample Preparation
Pathogenic species Leptospira interrogans serovar Copenhageni strain Fiocruz L1-130 (kindly provided by Dr. Andre Grassmann, University of Connecticut) was grown in two different compositions of EMJH media (Ellinghausen and McCullough, 1965; Johnson and Harris, 1967). A commercial version of EMJH medium (EMJH Difco) was prepared and supplemented with Enrichment EMJH according to manufacturer’s instructions (BD, NJ, US), and an In-house prepared EMJH medium (EMJH in house) was prepared as previously described49,50. Leptospira inoculum containing 105 /ml was added to 4.5 ml of each medium and incubated at 28°C or 37°C until it reached the mid-log phase of growth. Intact and motile Leptospira were enumerated daily for 14 days using the Petroff-Hauser chamber under dark-field microscopy. The cultures were also evaluated to confirm the absence of visible contamination, cell degradation, or any atypical motility. At the end of the incubation, 3 ml of each culture was centrifuged at 10000 xg for 10 minutes at room temperature. The supernatants were collected, and the pellets were washed twice with 1 mL of nuclease-free water (Thermo Scientific, MA, US). The uninoculated media was used as negative control for all analyses. All samples were frozen and stored in liquid nitrogen until processed for metabolomic analysis. Two independent experiments with three technical replicates were performed.
Metabolomics extraction 
Samples were stored at 4°C throughout the metabolomic extraction process. Using an acidic acetonitrile extraction method modified from Rabinowitz and Kimball [33], water-soluble metabolites were extracted. In short, 1.3 mL of 4:4:2 acetonitrile: methanol: water with 0.1 M formic acid was used to extract metabolites from the aliquoted samples. Every solvent was of HPLC quality. After being combined with the extraction solvent, the samples were stored at -20°C for 20 minutes. The mixture was then centrifuged for five minutes, and the supernatant was gathered. The supernatant was collected and mixed with the previously collected supernatant after a further 20 minutes at -20°C and 5 minutes of centrifugation. Each sample's supernatant was dried using pure nitrogen. After drying, each sample was prepared for mass spectrum analysis by adding 300 µL of LC-MS-grade water.


Metabolomics data acquisition (HPLC) 
Global metabolomic analysis was conducted using a previously reported ultra high-performance liquid chromatography—high resolution mass spectrometry (UHPLC-HRMS) approach.51 Metabolites were stored in an UltiMate 3000 RS autosampler (Dionex, Sunnyvale, CA, USA) at 4 °C before analysis. A tributylamine ion pairing reagent, a Synergi 2.6 µm Hydro RP column (100 mm × 2.1 mm, 100 Å; Phenomenex, Torrance, CA, USA), an UltiMate 3000 pump (Dionex), a previously described 25 min gradient elution, and a reverse phase ion-paring method were used to achieve chromatographic separation. Before performing a full scan mass spectral analysis using an Exactive Plus Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA)52, the metabolites in the chromatographic eluent were first ionized using negative mode electrospray ionization (ESI), as previously mentioned 
Metabolomics Data Processing
Raw mass spectral files were converted to mzML files using the msConverter package from ProteoWizard53,54. Metabolites were manually identified using an internal library based on precise mass (±5 ppm) and retention time (±1 min) after all mzML files were imported into the open-source program Metabolomics Analysis and Visualization Engine (El-MAVEN)55,56. After integrating metabolite peaks, El-MAVEN exported the raw peak intensities for each identified metabolite to a CSV file. 
Handling Missing Values
The experiment was completed in two parts keeping the experimental setup identical in each case. In the first part of the experiment, leptospira was grown using EMJH (Difco) media, and in the second part, EMJH (in house) media was used. A total of 100 metabolites was detected in the first experiment, and 81 in the second. When combined, the total sum enumerated to 121 metabolites.  To construct a unified matrix of metabolites where a metabolite was absent in one batch, the one-fifth (1/5th) of the average intensity of that metabolite corresponding to the other batch was assigned in place of the missing value. For downstream analysis, the unified list of all the metabolites from both experiments were taken, resulting in a list of 121 metabolites altogether.


Statistical Analysis
Random Forest: 
Technical variation in the metabolomics dataset can be corrected using random forest analysis. This approach uses an algorithm based on machine learning to reduce batch effects, signal drift. It applies a random forest regression modeling after systematic variation.  Quality control (QC) samples, injected at a random interval throughout the batch experiments, are used by the machine learning model to adjust for injection order trend to capture and correct for instrument fluctuation. For each detected metabolite, it predicts probable intensities contingent upon the quality control (QC) samples. Followed by this step, the algorithm calibrates the metabolite intensities of each sample accordingly. This yields greater consistency among all samples while retaining original biological differences.57 As the study was carried out in two parts, instead of typical normalization methods, random forest normalization was performed to leverage its advantages. Systematic Error Removal using Random Forest (SERRF)57 was used to perform the normalization. Sample-based normalization was not performed since the pellet was not weighed separately after sample was centrifuged to separate pellet and supernatant. However, data-based normalization SERRF corrects for not only for quality control and system injection order, but it also corrects based on the behavior of other compounds. 
Partial Least Squares Discriminant Analysis (PLS-DA)
Multivariate statistical analysis Partial Least Squares Discriminant Analysis PLS-DA method was applied on the data after it underwent random forest normalization by SERRF. PLS-DA maximizes the separation between predefined groups as it is a supervised multivariate statistical method.58,59 It projects the data in new axes to capture the highest variance corresponding to the predefined groups. The newer axes are considered to be latent variables. In complex, large, high dimensional dataset like a metabolomics dataset, it is an efficient tool to reduce the dimensionality yet providing group separation accounting for group structure. It enables detailed visualization for underlying metabolic separation providing information on distinct metabolic profile. All PLS-DA models were prepared using MetaboAnalyst 6.0.60
Variable Importance in Projection (VIP) scores
Variable Importance in Projection (VIP) scores are part or extension of the PLS-DA model that identifies the top variables that are guiding the variance projected in the axes of the PLS-DA.61 It provides a measure of the variable’s contribution in the discrimination among groups displayed in the PLS-DA model. The higher-ranking variable has the greater influence on the variance component driving the separate classification in groups.62 To analyze the VIP score plot, the variables with VIP scores higher than 1 are generally considered significant contributors to the class separation and are further investigated for their relevance to the system studied.63 In this study, the variables refer to the metabolites detected and of significance. All the VIP score plots are generated using MetaboAnalyst 6.0. These VIP score plots complemented the PLS-DA model facilitating deeper understanding of metabolic alteration in leptospira growth under the experimental conditions of the study.
Volcano plot
To visualize metabolites with significant alteration in abundance, volcano plots were used. Usually log-10 (or log-2) fold changes are plotted on the x-axis referring to the magnitude of change, and log-10 (or log-2) p-values are plotted on the y-axis to signify the importance of that alteration. Thus, it provides an immediate display of which metabolic feature are of high difference compared to the groups relative to it.64 For statistical analysis using volcano plot MetaboAnalyst 6.0 was used for visualization.60 Metabolites displayed on the far right of the plot shows the metabolites of highest fold changes and significance, which could make those metabolites a candidate of biological relevance.65





Chapter Three
Results and Analysis
In the experimental design, a total of seven variables were present across the whole dataset in the study of metabolic profiling during the growth of Leptospira in vitro. Due to the complex nature of the dataset consisting of these variables, analysis and interpretation of data was carried out considering one parameter at a time.
1. Choice of Media: 
a) EMJH (in house) 
b) EMJH (Difco)
2. Choice of temperatures:
a) 28°C. 28°C-30°C temperatures are optimal temperature for leptospira bacterial growth.66 
b) 37°C. 37°C mimics temperature for mammalian host. Moreover, a temperature shift from 37°C-37°C shows a  overrepresentation of leptospira gene.67
3. Sample fraction
a) Cell pellets
b) Supernatants 
c) Control media.
To analyze this complex dataset, the data analysis was broken down to 5 different groups.
1. Metabolomics investigation of the Temperature Effect on Growth of Leptospira
2. Metabolomics investigation of the Media Effect on Growth of Leptospira
3. Cross comparison among sample fractions in each media and temperature component
4. Cross comparison of each sample fraction in all growth parameters
5. Integrative comparison of among sample fraction in both growth parameters 
1. Metabolomics investigation of the Temperature Effect on Growth of Leptospira
Temperature is known to affect the growth rate of a bacterial inoculation.68,69 To investigate how temperature affects the leptospira growth and influences its metabolic profile, comparisons were performed between pellets grown in media at varying temperatures. The comparisons performed were-
a) Pellets grown in in EMJH (in house) media at 28°C and 37°C temperature 
b) Pellets grown in in EMJH (Difco) media at 28°C and 37°C temperature
However, no growth of leptospira was observed in EMJH (Difco) media at 37°C. Therefore, comparison between pellets grown in in EMJH (Difco) media at 28°C and 37°C temperature could not be performed. 
Temperature effect comparison on growth of leptospira 
Figures 1-4 displays the heatmap, PLS-DA, VIP score plot, and the volcano plot for comparison between pellets grown in in EMJH (in house) media at 28°C and 37°C temperature respectively.  According to the volcano plot (Figure 4), phosphoryl ethanolamine, thymidine, glutamate, methionine, cystathionine are upregulated in pellet when grown in EMJH (in house) at 28°C. Phosphoryl ethanolamine is integral to phosphate group of lipid A, a constituent of the outer membrane of lipopolysaccharides70,71 in gram negative-bacteria such as leptospira in order to maintain their structural and functional role.72,73 It is associated with maintaining structural membrane integrity, stress response and virulence.72 Glutamate is linked to amino acid metabolism for some leptospira species but is not specifically noted as leptospira specific growth marker. However, lack of a  l-glutamate reducing enzyme predicts a lower growth in L. interorgan.48 Evidence of glutamate being upregulated in cell pellets in EMJH(in house) media at 28°C builds upon the prediction of glutamate being a potential marker for growth factor of l. interorgan. Thymidine is involved in nucleoside metabolism and is associated with DNA replication. Thus far, it has not been strictly associated with a leptospira growth model. However, for pathogenic bacteria, thymidine has been linked to DNA replication velocity.74 The primary reason Leptospira typically do not grow in EMJH (Difco) medium at 37°C is because this condition does not provide the required environment for the leptospira survival and growth at that temperature. The ideal growth temperature for EMJH (Difco) medium, the only commercially available media for leptospira, is between 28 and 30°C75,66, which roughly resembles the environments these bacteria experience outside of a host. 
When inoculated at 37°C, which mimics the mammalian host temperature, the nutrient constituents in EMJH may become less stable, less bioavailable lacking buffering mechanism against metabolic stress76 that leptospira undergoes at the specified temperature.66 
2. Metabolomics investigation of the Media Effect on Growth of Leptospira
Media composition can affect the leptospira growth. Evaluating the differences in growth support, growth factor, nutrient availability, and viability, two media EMJH(Difco) and 
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Figure 1: Visualization of abundance of metabolites across the cell pellets in EMJH (in house) media at 28°C and 37°C. The media is represented as “A” in the figure. Data underwent log2 transformation and pareto scaling.
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Figure 2: Partial Least Squares Discriminant Analysis PLS-DA plot shows 2 distinct groups between pellets grown in EMJH (in house) media at 28°C and 37°C. The multivariate analysis distinctive individual metabolic profile between pellets grown in different temperatures.
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Figure 3: Variable importance in projection (VIP) score plot demonstrates the importance of a variable in the PLS-DA model. Each metabolite is assigned a VIP score representing its contribution for separation in PLS-DA. A score  1 indicates higher contribution to the variance between groups – pellets grown in EMJH (in-house) media (referred to as A in the figure) at 28°C and 37°C respectively.
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Figure 4: Volcano plot representing upregulation and downregulation of metabolites while comparing growth of leptospira cells at EMJH (in-house) at 28°C. On the x-axis, the log2 fold change of cell pellets (P) against media control. The y axis displays the negative log of p-values. The orange dots represent the metabolites that are upregulated in pellets and the blue dots represents the metabolites that are upregulated in the media. The size of the dots is scaled according to the p-values presented in the legend.




















EMJH (in house) were used to inoculate leptospira species at 28°C and 37°C.
Media samples were the same at 28°C & 37°C for EMJH (in house).  Hence the metabolic evaluation of growth only at 28°C was performed. Inoculation of leptospira did not show any evidence of growth at EMJH (Difco) media at 37°C. Therefore, assessment of growth of leptospira in EMJH (Difco) media at variable temperature could not be conducted. Growth comparisons were carried out between the cell pellet collected from the inoculation in EMJH (in house) at 28°C and in EMJH (Difco) at 28°C. Figure 5-8 displays the heatmap, PLS-DA, VIP score plot, and the volcano plot for comparison between pellets grown in in EMJH (in house) media and EMJH (Difco) media  at 28°C temperature respectively. Homocarnosine, ADP-glucose, FAD, NAD+, phosphoryl ethanolamine, homocitrulline appears to be the major metabolites driving the separation between the pellet groups (Figure 7) resulting in the unique metabolic profile of leptospira while grown in different media. While homocitrulline, ADP, and glucose were upregulated in EMJH (in Difco), homocarnosine, FAD, NAD+ were also in higher abundance in EMJH (in house) pellets.
3. Cross comparison between sample fractions in each media and temperature component
	The distribution of intracellular contents and extracellular components and can provide significant insight in understanding the metabolic activity and signature as well as physiological adaptations.  The pellet, containing bacterial cells represents the internal metabolites, while the supernatant contains the secreted ones. The extracellular contents may be composed of degraded cell products as well. However, metabolic investigation from comparing metabolites from pellets and supernatants allows insight towards cellular metabolism and secretory process. Comparisons between individual sample fraction components reveals the up-regulations or down-regulations of metabolites specific to media-temperature combination. It also identifies intracellular metabolites separately from the exo-metabolome. 
	Table 1 shows the list of comparisons that were carried out to analyze the metabolomics data to perform the cross comparisons among sample fractions. However, without the cell pellets from the EMJH (Difco) at 37°C and no media samples from EMJH (in-house), comparison 5,6, 10, 11 from Table 1 could not be conducted.  
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Figure 5: Visualization of abundance of metabolites across the cell pellets in EMJH (in house) and EMJH (Difco) media at 28°C. The media EMJH (in house) is represented as “A” and EMJH (Difco) is represented as “B” in the figure. Data underwent log2 transformation and pareto scaling.
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Figure 6: Partial Least Squares Discriminant Analysis PLS-DA plot shows 2 distinct groups between pellets grown in EMJH (in house) (A) and in EMJH (Difco) (B) media at 28°C. The multivariate analysis shows distinctive individual metabolic profile between pellets grown in different media.
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AI-generated content may be incorrect.]Figure 7: Variable importance in projection (VIP) score plot demonstrating the significance of metabolites in the PLS-DA model between two groups – pellets grown in EMJH (in-house) media (referred as A in the figure) and EMJH (Difco) media (referred as B in the figure) at 28°C.
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Figure 8: Volcano plot representing upregulation and downregulation of metabolites while comparing growth of leptospira cells in EMJH (in-house) and in EMJH (Difco) media at 28°C. On x-axis, the log2 fold change is displayed for the P-A28/P-B28 ratio where A and B represents EMJH (in-house) and in EMJH (Difco) media at 28°C respectively.

Table 1: Overview of comparisons performed to carry out sample fraction comparison in two different media and temperature combinations.
	Sample Fraction Comparison
	Media type  
	Temperature

	1. Pellet / Supernatant
	EMJH (in house)
	28°C

	2. Pellet / Media
	EMJH (in house)
	28°C

	3. Supernatant /Media
	EMJH (in house)
	28°C

	4. Pellet / Supernatant
	EMJH (in house)
	37°C

	5. Pellet / Media
	EMJH (in house)
	37°C

	6. Supernatant /Media
	EMJH (in house)
	37°C

	7. Pellet / Supernatant
	EMJH (Difco)
	28°C

	8. Pellet / Media
	EMJH (Difco)
	28°C

	9. Supernatant / Media
	EMJH (Difco)
	28°C

	10. Pellet / Supernatant
	EMJH (Difco)
	37°C

	11. Pellet / Media
	EMJH (Difco)
	37°C

	12. Supernatant / Media
	EMJH (Difco)
	37°C





Comparison between Pellet and Supernatant in EMJH (in house) at 28°C
First, the comparison between the pellet and the supernatant collected from the inoculation of leptospira in EMJH (in house) media at 28°C was carried out. The visualization of this comparison is displayed via the heatmap, PLS-DA, VIP score plot, and volcano plot in Figure 9-12. From the volcano plot (Figure 12) it is observed that NAD, IMP, CMP are upregulated in pellet when compared to extracellular contents. These are essential metabolites correlated to growth, redox balance, cell replication and nucleotide biosynthesis. Upregulation of these metabolites in pellets can be attributed to leptospira positive growth.77 
Comparison between Pellet and Media in EMJH (in house) at 28°C
The next comparison that was carried out was between the pellet grown in EMJH (in house) media at 28°C and the control media. The visualization of this comparison is displayed via the heatmap, PLS-DA, VIP score plot, and volcano plot in Figure 13-16. From the PLS-DA (Figure 15), it is noted that CMP and IMP were one of the major metabolites driving the separation between the pellet and media group. This finding is congruent with the finding from the sample fraction comparison between pellet and supernatant in EMJH (in-house) at 28°C. The volcano plot (Figure 16) shows that FAD and NAD+ are upregulated in the cell pellets; while homocitrulline, xanthosine and homocysteine were upregulated in the media. Creatine is one of the metabolites in media highly contributing to the separation between the media and pellet. Leptospirosis can affect the renal function causing acute kidney injury (AKI) resulting into kidney damage. Creatine, the by-product of creatinine confirms the detrimental function of creatinine on renal function.78
Comparison between Supernatant and Media in EMJH (in house) at 28°C 
The visualization for the comparison between supernatant from Leptospira inoculation in EMJH (in house) at 28°C is displayed via the heatmap, PLS-DA, VIP score plot, and volcano plot in Figure 17-20. Comparison between the supernatants and the control media sample provides insights on the extracellular metabolites. It is to be noted that the supernatants do not consist only of the secreted bacterial metabolite, it could also contain dead cell integrated, and degradation products of such content.
Homocitrulline, creatine, and cystathionine from the media fraction is driving the separation (Figure 18 & 19) between these two groups is highly consistent with the finding from the pellet to media control comparison. In the volcano plot (Figure 20), it is observed that 
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Figure 9: Visualization of metabolites abundance across the cell pellets and the supernatant in EMJH (in house) at 28°C. The media EMJH (in house) is represented as “A” Data underwent log2 transformation and pareto scaling.
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Figure 10: Partial Least Squares Discriminant Analysis PLS-DA plot shows 2 distinct groups between pellets grown in EMJH (in house) media and its supernatant. The multivariate analysis shows distinctive individual metabolic profile between the pellets and supernatant grown in the EMJH (in-house) media at 28°C.
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Figure 11: Variable importance in projection (VIP) score plot demonstrating the significance of metabolites in the PLS-DA model between two groups – pellets grown in EMJH (in-house) media and the supernatants at 28°C.
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Figure 12: Volcano plot representing upregulation and downregulation of metabolites while comparing growth of leptospira cell pellets in EMJH (in-house) and its supernatant at 28°C. On x-axis, the log2 fold change of the ratio of pellets to supernatant is displayed. 
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Figure 13: Visualization of metabolites abundance across the cell pellets in EMJH (in house) media and the control media EMJH (in house) at 28°C. The media EMJH (in house) is represented as “A”. Data underwent log2 transformation and pareto scaling.
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Figure 14: Partial Least Squares Discriminant Analysis PLS-DA plot shows 2 distinct groups between pellets grown in EMJH (in house) media and the media control. The multivariate analysis shows distinctive individual metabolic profile between the pellets and media grown in the EMJH (in house) media at 28°C.
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Figure 15: Variable importance in projection (VIP) score plot demonstrating the metabolites of significance in the PLS-DA model between two groups – pellets grown in EMJH (in-house) media and the media control at 28°C.
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Figure 16: Volcano plot representing upregulation and downregulation of metabolites while comparing growth of leptospira cell pellets in EMJH (in-house) 28°C. On x-axis, the log2 fold change of the ratio of pellets to media control is displayed. 
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Figure 17: Visualization of metabolites abundance across the supernatant in EMJH (in house) media and the control media EMJH (in house) at 28°C. The media EMJH (in house) is represented as “A”. Data underwent log2 transformation and pareto scaling.
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Figure 18: Partial Least Squares Discriminant Analysis PLS-DA plot shows 2 distinct groups between supernatant from cell culture in EMJH (in house) media, and the media control. The multivariate analysis shows distinctive individual metabolic profile between the supernatant and media grown in the EMJH (in house) media at 28°C
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Figure 19: Variable importance in projection (VIP) score plot demonstrating the metabolites of significance in the PLS-DA model between two groups – supernatant from cells grown in EMJH (in-house) media and the media control at 28°C.
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Figure 20: Volcano plot representing upregulation and downregulation of metabolites while comparing leptospira supernatants in EMJH (in-house) 28°C after the inoculated cells are separated. On x-axis, the log2 fold change for the ratio of supernatant to media control is displayed.










Orotate was upregulated in the supernatant. It is a key component in pyrimidine biosynthesis which is a precursor to RNA and DNA neucleotides.79,80 Higher abundance of orotate in supernatant can be attributed to the bioavailability of nucleotide that could be utilized for pyrimidine biosynthesis.81 Detection and upregulation of indole-3-carboxylate in supernatant (Figure 20) could suggest the utilization of amino acid degradation pathways that was used to secrete this metabolite. It is often associated with bacterial stress response.82
Comparison between Pellet and Supernatant in EMJH (in house) at 37°C 
The visualization for the comparison between pellet and supernatant from Leptospira inoculation in EMJH (in house) at 37°C is displayed via the heatmap, PLS-DA, VIP score plot, and volcano plot in Figure 21-24. 
In the volcano plot (Figure 24), upregulation of IMP, phosphoryl ethanolamine, CMP in pellet is observed while cells are grown in EMJH (in house) at 37°C. This is consistent with the notion of bioenergetic driven metabolite utilization for growth. However, the VIP score plots (Figure 23) shows that the major drivers for separation between these pellet and media at 37°C are different from the ones at 28°C (Figure 15) which leads to the proposal of different nutrient availability at different temperatures.
Comparison between Pellet and Media in EMJH (Difco) at 28°C 
The next comparison that was carried out was between the pellet grown in commercial media EMJH (Difco) at 28°C and the control media. The visualization of this comparison is displayed via the heatmap, PLS-DA, VIP score plot, and volcano plot in Figure 25-28. 
Comparison between the pellets grown in EMJH (Difco) at 28°C and the media shows that CMP, ADP-glucose, UDP-glucose, and phosphoryl ethanolamine have both a higher abundance and are significant according to the p-values in volcano plot in (Figure 28) in pellets. Detection and upregulation of ADP-Glucose and UDP-glucose shows evidence of starch metabolism when cells are grown in EMJH (Difco media) at 28°C. Both ADP-glucose, and UDP-glucose serves intermediary in glycogen synthesis pathway in order to preserve energy in unfavorable environment.83 Detection of phosphoryl ethanolamine  and upregulation of it is congruent with the pellet metabolic upregulation in EMJH (in-house) media at 28°C. Leptospira grown at 28°C in both EMJH (in house) and EMJH (Difco) media shows evidence of upregulation of phosphoryl ethanolamine suggest that it is integral for their structural maintenance. 
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Figure 21: Visualization of metabolites abundance across the pellets grown in EMJH (in house) media and its supernatant 37°C. The media EMJH (in house) is represented as “A”. Data underwent log2 transformation and pareto scaling.
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Figure 22: Partial Least Squares Discriminant Analysis PLS-DA plot shows 2 distinct groups between pellets from cell culture in EMJH (in house) media, and its supernatant. The multivariate analysis shows distinctive individual metabolic profile between the supernatant and media grown in the EMJH (in house) media at 37°C
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Figure 23: Variable importance in projection (VIP) score plot demonstrating the metabolites of significance in the PLS-DA model between two groups –cells pellets grown in EMJH (in-house) media and the supernatant at 37°C.
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Figure 24: Volcano plot representing upregulation and downregulation of metabolites while comparing leptospira pellets in EMJH (in-house) 37°C.  and its supernatant after the inoculated cells are separated. On x-axis, the log2 fold change for the ratio of pellets to supernatants is displayed.
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Figure 25: Visualization of metabolites abundance across the pellets grown in EMJH (Difco) media and the media at 28°C. The media EMJH (Difco) is represented as “B”. Data underwent log2 transformation and pareto scaling.
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AI-generated content may be incorrect.]Figure 26: Partial Least Squares Discriminant Analysis PLS-DA plot shows 2 distinct groups between pellets from cell culture in EMJH (Difco) media, and the media control. The multivariate analysis shows distinctive individual metabolic profile between the supernatant and media grown in the EMJH (in house) media at 28°C.
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AI-generated content may be incorrect.]Figure 27: Variable importance in projection (VIP) score plot demonstrating the metabolites of significance in the PLS-DA model between two groups – pellets from cells grown in EMJH (Difco) media and the media control at 28°C.
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Figure 28: Volcano plot representing upregulation and downregulation of metabolites while comparing leptospira cell pellets in EMJH (Difco) 28°C and the media respectively. On x-axis, the log2 fold change of the ratio of pellet to media control is displayed.
Comparison between Pellet and Supernatant in EMJH (Difco) at 28°C 
Comparison between the contents of pellet and the supernatant collected from the inoculation of leptospira in EMJH (Difco) media at 28°C illustrates the intracellular and extracellular metabolic alterations. The visualization of this comparison is displayed via the heatmap, PLS-DA, VIP score plot, and volcano plot in Figure 29-32. The volcano plot (Figure 32) shows the upregulation of glutathione disulfide and FMN in the pellets. Glutathione disulfide plays a key role in regulating cellular redox balance under oxidative stress.84 Glutathione disulfide can potentially be a biomarker of oxidative stress in this case. Moreover, The other upregulated metabolite FMN (flavin mononucleotide) is an essential riboflavin derived cofactor that is involved in redox reaction when Vitamin B-12 is not readily available to the specimen.85 The long list of metabolites upregulated in the supernatant could suggest that the nutrients available to the strain were not utilized sufficiently for the growth hence under an unfavorable yet growth compatible environment, the pellets displayed a stress response.
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Figure 29: Visualization of metabolites abundance across the pellets grown in EMJH (Difco) media and supernatants at 28°C. The media EMJH (Difco) is represented as “B”. Data underwent log2 transformation and pareto scaling.
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Figure 30: Partial Least Squares Discriminant Analysis PLS-DA plot shows 2 distinct groups between supernatant from cell culture in EMJH (Difco) media, and the cell pellets of inoculated leptospira. The multivariate analysis shows distinctive individual metabolic profile between the supernatant and pellets grown in the EMJH (Difco) media at 28°C
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Figure 31: Variable importance in projection (VIP) score plot demonstrating the metabolites of significance in the PLS-DA model between two groups – pellets and supernatant from cells grown in EMJH (Difco) media at 28°C.
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Figure 32: Volcano plot representing upregulation and downregulation of metabolites while comparing leptospira pellets and supernatants in EMJH (Difco) 28°C On x-axis, the log2 fold of the ratio of pellet to supernatant is given.
Comparison between Supernatant and Media in EMJH (Difco) at 28°C 
The visualization for the comparison between supernatant from Leptospira inoculation in EMJH (Difco) at 28°C is displayed via the heatmap, PLS-DA, VIP score plot, and volcano plot in Figure 33-36.
The volcano plot (Figure 36) shows several metabolites upregulated in the supernatant. Most of the metabolites upregulated in the supernatant can be attributed to the arginine and pyrimidine biosynthesis pathway. Chiefly citrulline, N-carbamoyl-L-aspartate are essential to the arginine biosynthesis pathway. The catabolism of arginine pathway utilization is a major source of nitrogen for pathogen in order to obtain nitrogen containing compounds when there is a lower availability of glutamate and glutamine.86
	Downstream product of arginine catabolism could also lead to pyrimidine metabolism pathway. Pyrimidine pathway products and involved enzymes are a quintessential for cell activity in pathogen, majorly in cell division.79
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Figure 33: Visualization of metabolites abundance across the pellets grown in EMJH (Difco) media and media control at 28°C. The media EMJH (Difco) is represented as “B”. Data underwent log2 transformation and pareto scaling.
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Figure 34: Partial Least Squares Discriminant Analysis PLS-DA plot shows 2 distinct groups between supernatant from cell culture in EMJH (in house) media, and the media control. The multivariate analysis shows distinctive individual metabolic profile between the supernatant and media grown in the EMJH (in house) media at 28°C.
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Figure 35: Variable importance in projection (VIP) score plot demonstrating the metabolites of significance in the PLS-DA model between two groups – media control and supernatant from cells grown in EMJH (Difco) media at 28°C.
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Figure 36: Volcano plot representing upregulation and downregulation of metabolites while comparing leptospira supernatants in EMJH (Difco) 28°C after the inoculated cells are separated. On x-axis, the log2 fold change of the ratio of supernatant to media control is plotted.
Comparison between Supernatant and Media in EMJH (Difco) at 37°C
The visualization for the comparison between the extracellular contents and the control media at 37°C is displayed in Figure 37-41 via heatmap, PLS-DA (2D & 3D), VIP score plot, and volcano plot. The volcano plot (Figure 41) shows a higher abundance of several metabolites in the media. This could be ascribed to unutilized nutrients from the media. Most of these are associated with the cysteine, pyruvate, pyrimidine, or purine metabolic pathways. No evidence of growth was observed in this media – temperature combination of EMJH (Difco) – 37°C. This confirms the statement that at 37°C the nutrient unavailability is a major factor that becomes insufficient to facilitate growth of leptospira.
5.	Inter-condition comparison for each sample fraction 
	In this section, each type of sample fractions (pellets, supernatants, control media fractions) are put together against their growth condition. Table 2 enlists the comparisons were carried out to achieve this analysis.
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Figure 37: Visualization of metabolites abundance across the supernatants separated from the cell pellets grown in EMJH (Difco) media and media control at 37°C. The media EMJH (Difco) is represented as “B”. Data underwent log2 transformation and pareto scaling.
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Figure 38: Partial Least Squares Discriminant Analysis PLS-DA plot shows 2 distinct groups between supernatant from cell culture in EMJH (in house) media, and the media control. The multivariate analysis shows distinctive individual metabolic profile between the supernatant and media grown in the EMJH (in house) media at 28°C.
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Figure 39: Three-dimensional representation of the PLS-DA for improved visualization of the separation between two groups – supernatant and media EMJH (Difco) at 37°C.
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Figure 40: Variable importance in projection (VIP) score plot demonstrating the metabolites of significance in the PLS-DA model between two groups – media control and supernatant at 37°C.
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Figure 41: Volcano plot representing upregulation and downregulation of metabolites while comparing leptospira supernatants in EMJH (Difco) 28°C. On x-axis, the log2 fold change of the ratio of supernatant to media control is graphed.

Table 2: Overview of cross comparisons of sample fractions in variable growth parameters. 
	Sample 
	Media
	Temperature

	All pellet 
	EMJH (in house) 
	28°C

	
	EMJH (in house)
	37°C

	
	EMJH (Difco)
	28°C

	
	EMJH (Difco)
	37°C

	All supernatant 
	EMJH (in house) 
	28°C

	
	EMJH (in house)
	37°C

	
	EMJH (Difco)
	28°C

	
	EMJH (Difco)
	37°C 

	All media
	EMJH (in house) 
	28°C

	
	EMJH (in house)
	37°C 

	
	EMJH (Difco)
	28°C

	
	EMJH (Difco)
	37°C 














Pellets across variable growth condition:
First, three sets of pellets (since the inoculation was not successful in one of the growth conditions) from the growth conditions were put together for comparative analysis. This comparison (Figure 42-45) shows a summary of effect of temperature and media on the intra cellular metabolites. This aids the visualization in the internal metabolism of the cells under different environmental conditions. Although pellets from EMJH (in house) at 28°C and EMJH (in house) at 37°C show an overlap in the PLS-DA model (Figure 43), the three-dimensional visualization of the PLS-DA displays that these groups are indeed separated and have unique metabolic profiles. Pellets grown in three different environments appears to have completely distinctive metabolic profile (Figure 44). The bioenergetics driven metabolites NAD+ and FAD contribute to the separation in the pellet groups in EMJH (in house) media, while starch metabolism driven metabolites are more prevalent in the pellets from EMJH (Difco) media.
Control media across variable growth condition:
Analysis of control media across all four environmental conditions (Figure 46-48) portrays a picture to discern metabolic contribution from the media itself. This helped to identify the metabolites solely contributed from the media, which may not have been utilized for growth but have the potential for bioavailability to the species. Control media samples from the EMJH (in house) cultures were not available, hence Figure 47 only displays 3 groups of media. The three different groups portray complete separation displaying unique metabolite profile corresponding to each group. It is to be noted that some of the major metabolic drivers of the separations, creatine, uric acid, and uridine are highly associated with deteriorated kidney functions. This could imply that the higher level of these metabolites in the host may result into a compatible environment for leptospira infection.
Supernatants across variable growth condition:
Assessment of supernatants across all the growth parameters provides comprehension of the exo-metabolome in leptospira growth (Figure 49-52). The exo-metabolome can give a deeper insight to the signaling molecules, secreted metabolites, and by-products of biosynthetic metabolites by the cell.39,87 This may allow to elucidate the secretion pattern as well as the resource utilization by the species. The overlapping groups portrays that the media EMJH (in house) at both 28°C and 37°C have similarities in their metabolic profile (Figure 50). The three- dimensional view (Figure 51) of the PLS-DA model confirms that the metabolic profile of the 
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Figure 42: Visualization of metabolites abundance across the pellets grown in A28, A37°C, and B28. A represents the EMJH (in house) media and B represents the EMJH (Difco) media with 28 and 37°C representing the temperature at which the pellets were inoculated. Data underwent log2 transformation and pareto scaling
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Figure 43: Partial Least Squares Discriminant Analysis PLS-DA plot shows 2 distinct groups and one overlapping group among the cell pellets EMJH (in house) media, and EMJH (Difco media). 
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Figure 44: Three-dimensional representation of the PLS-DA for improved visualization of the separation between the 3 groups.
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Figure 45: Variable importance in projection (VIP) score plot demonstrating the metabolites of significance in the PLS-DA model among the three groups – pellets from media EMJH (in house) at 28°C, EMJH (in house) at 37°C, EMJH (Difco) at 28°C.
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Figure 46: Visualization of metabolites abundance across the media samples. The media EMJH (Difco) is represented as “B”, and media EMJH (in house) is represented as “A”.  The numbers 28 and 37°C associated with A and B are representative of the corresponding temperatures. Data underwent log2 transformation and pareto scaling.
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Figure 47: Partial Least Squares Discriminant Analysis PLS-DA plot shows 3 distinct groups of the media samples at different temperatures. The media EMJH (Difco) is represented as “B”, and media EMJH (in house) is represented as “A”.  The numbers 28 and 37°C associated with A and B are representative of the corresponding temperatures.
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Figure 48: Variable importance in projection (VIP) score plot demonstrating the metabolites of significance in the PLS-DA model between the three groups in Figure 47.  
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Figure 49: Visualization of metabolites abundance across the supernatant samples. The media EMJH (Difco) is represented as “B”, and media EMJH (in house) is represented as “A”.  The numbers 28 and 37°C associated with A and B are representative of the corresponding temperatures. Data underwent log2 transformation and pareto scaling.
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Figure 50: Partial Least Squares Discriminant Analysis PLS-DA plot shows separation between supernatant from cell culture in two different media and temperatures. The multivariate analysis shows distinctive individual metabolic profile between the group. 
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Figure 51: Three-dimensional representation of the PLS-DA for improved visualization of the separation between the groups of supernatants from EMJH (in house) and EMJH (Difco) at 28°C and 37°C. 















supernatants collected from EMJH (in house) at 28°C and 37°C are not highly distinctive.
4. Integrated comparison of sample fraction across temperature and media conditions
	The integrated comparisons of sample fractions and varying media compositions altogether is a holistic approach that provides how each of the variable parameters could influence the phenotypic metabolic profile of leptospira. The integrated analysis offers revelation of interaction of the variable growth conditions to biological variations.
Integrated comparison among pellet, supernatant, and media control in EMJH (in house) at 28°C and 37°C
In the first integrated analysis, all the sample fractions (pellet, supernatant, media control) from EMJH (in house) at 28°C and 37°C are put together for visualization (Figure 53-55).
While there are multiple overlapping groups demonstrating the similarities in metabolic profile (Figure 53), the three-dimensional view of the PLS-DA model (Figure 54) provides an improved understanding. The only overlapping groups are the supernatants (in cyan and magenta) from the media at 28°C and 37°C (Figure 54). The pellets grown in the EMJH (in house) media at different temperatures hold their unique metabolic profile. Control media sample of EMJH (in house) at 37°C was not available. The EMJH (in house) at 28°C displays its distinct metabolic profile. 
	In PLS-DA, sample separation could be linked to specific metabolic alteration as it searches for independent variations.88,89 While the supernatants groups in different temperature combinations are overlapping, separation between pellet groups shows that alteration in temperature leads the leptospiral cells to opt out for unique metabolic pathways.90,91
Integrated comparison among pellet, supernatant, and media control in EMJH (Difco) at 28°C and 37°C
The next integrated analysis is among all the sample fractions (pellet, supernatant, media control) from EMJH (Difco) at 28°C and 37°C. The analysis is visualized in Figure 56-58. While there are multiple overlapping groups demonstrating the similarities in metabolic profile (Figure 56), the three-dimensional view of the PLS-DA model (Figure 57) provides an improved visualization for better understanding. The leptospira inoculation did not show any evidence of growth in the EMJH(Difco) media at 37°C. Hence the pellets from that experiment could not be incorporated. However, the three-dimensional view of the PLS-DA shows separations for the pellets grown in the EMJH (Difco) media 28°C, the supernatants from EMJH 
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Figure 52: Variable importance in projection (VIP) score plot demonstrating the metabolites of significance in the PLS-DA model between the supernatant groups from EMJH (in house) and EMJH (Difco) at 28°C and 37°C. 


Table 3: Overview of integrated comparison of sample fractions in variable growth parameters
	Sample fraction
	Media

	Temperature

	Pellet, Supernatant, and Media control
	EMJH (in house)
	28°C

	
	EMJH (in house)
	37°C

	Pellet, Supernatant, and Media control
	EMJH (Difco)
	28°C

	
	EMJH (Difco)
	37°C

	Pellet, Supernatant, and Media control
	EMJH (in house)
	28°C

	
	EMJH (Difco)
	28°C

	Pellet, Supernatant, and Media control
	EMJH (in house)
	37°C

	
	EMJH (Difco)
	37°C
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Figure 53: Partial Least Squares Discriminant Analysis PLS-DA plot among the pellets, supernatant collected from EMJH (in house) media at both 28°C and 37°C are represented.
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Figure 54: Three-dimensional representation of the PLS-DA of Figure 53 for improved visualization.
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Figure 55: Variable importance in projection (VIP) score plot demonstrating the metabolites of significance in the PLS-DA model of Figure 54. 
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Figure 56: Partial Least Squares Discriminant Analysis (PLS-DA) plot among the pellets, supernatant collected from EMJH (Difco) media at both 28°C and 37°C are represented.
 

[image: A graph with colorful balls and lines

AI-generated content may be incorrect.]

Figure 57: Three-dimensional representation of the PLS-DA of Figure 56 for improved visualization.
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Figure 58: Variable importance in projection (VIP) score plot demonstrating the metabolites of significance in the PLS-DA model of Figure 57.

Difco) at 28°C and 37°C, and the media controls at 28°C and 37°C referring to unique metabolic profiles across each sample fraction. The key metabolites contributing to the variations in each group are of high impact in supernatants (Figure 58), attributing to the metabolites upregulated from the supernatants. This finding is consistent with the findings from Figure 41.
Integrated comparison among pellet supernatant and media control in EMJH (in house) and EMJH (Difco) media at 28°C
The next integrated analysis is among all the sample fractions (pellet, supernatant, media control) from two media used in the experiment – EMJH (in house) and EMJH (Difco) at 28°C. The analysis is visualized in Figure 59-61. While there are multiple overlapping groups demonstrating the similarities in metabolic profile (Figure 59), the three-dimensional view of the PLS-DA model (Figure 60) provides an improved visualization for better understanding. The three-dimensional view of the PLS-DA shows unique profiles for each sample fraction from EMJH (in house) and EMJH (Difco) media even when the temperature remains constant at 28°C. In this comparison, each group is showing separation referring to the unique metabolic profile of leptospira. Although the temperature is kept constant during both inoculations, the variation in media provided an environment suited for distinctive metabolic profile for growth. This insight could lead to investigation towards adaptive strategies of growth based on nutrient availability.
Integrated comparison among pellet, supernatant, and media control in EMJH (in house) and EMJH (Difco) media at 37°C 
The final integrated analysis is among all the sample fractions (pellet, supernatant, media control) from two media used in the experiment – EMJH (in house) and EMJH (Difco) at 37°C. The analysis is visualized in Figure 62-64. While there are multiple overlapping groups demonstrating the similarities in metabolic profile (Figure 62), the three-dimensional view of the PLS-DA model (Figure 63) provides an improved visualization for better understanding. The three-dimensional view of the PLS-DA shows unique profiles for each sample fraction from EMJH (in house) and EMJH (Difco) media even when the temperature remains constant at 37°C.
While the VIP score plot is displaying that the key metabolites driving the separations in Figure 63 are coming from the supernatants, drawing a conclusion only from this integrative comparison may lead to erroneous conclusion as no growth was observed in the EMJH (Difco) media at 37°C and the metabolite upregulation in the supernatant at that media-temperature composition was 
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Figure 59: Partial Least Squares Discriminant Analysis PLS-DA plot for all the sample fractions (pellet, supernatant, and media control) from A28 and B28. The media EMJH (Difco) is represented as “B”, and media EMJH (in house) is represented as “A”.  The numbers 28 associated with A and B are representative of the temperature.
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Figure 60: Three-dimensional representation of the PLS-DA of Figure 59 for improved visualization.
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Figure 61: Variable importance in projection (VIP) score plot demonstrating the metabolites of significance in the PLS-DA model of Figure 60.
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Figure 62: Partial Least Squares Discriminant Analysis PLS-DA plot for all the sample fractions (pellet, supernatant, and media control) from A37°C and B37°C. The media EMJH (Difco) is represented as “B”, and media EMJH (in house) is represented as “A”.  The numbers 37°C associated with A and B are representative of the temperatures.
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Figure 63: Three-dimensional representation of the PLS-DA of Figure 62 for improved visualization.
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Figure 64: Variable importance in projection (VIP) score plot demonstrating the metabolites of significance in the PLS-DA model of Figure 63.

high. For a deeper insight, inspecting the individual fraction component comparison (Figures 39, 40, 41) may provide a better insight.



Chapter 4
Discussion
The purpose of this study was to determine the growth pattern of Leptospira, and the metabolites profile linked to it under varying growth conditions, emphasizing the variations in in vitro growth parameters that is possibly associated with Leptospira's altered virulence. 
The influence of environmental factors on the metabolic profile of leptospira cultures is evident from the exclusive metabolic signature at different temperature composition. The influence of phosphoryl ethanolamine at 28°C is to be noted for its contribution to structural stability and integrity in pathogens.92,93 Upregulation of Glutamate at 28°C was also found to be significant and is consistent with amino acid metabolism contributing to the growth phenotype. Media type comparisons showed a distinct metabolic profile of leptospira in different media at 28°C. Utilization of bioenergetics driven metabolites was more prominent in growth using EMJH (Difco) media. Bioenergetics driven metabolites such as CMP and IMP were also observed in leptospira when cultured in EMJH (in house) at both 28°C and 37°C. This indicates the dependence on environmental nutrient availability for biosynthesis and redox balance for growth.94 Like any other organism, leptospira is dependent on vitamin B12 metabolism for its growth. The interesting finding from the media effect analysis is that while grown in the EMJH (in house) media at 28°C, it utilizes a folate mediated purine-based pathway towards vitamin metabolism. When it is grown in the commercial EMJH (Difco) media at 28°C, it follows a homocysteine remediated pyruvate-based pathway towards vitamin B metabolism. Both pathways eventually lead to One Carbon Metabolism (OCM) but remediated via unalike vitamin metabolism.
The sample fraction analysis of pellet and media control, and pellet and supernatant in EMJH (in house) media at 28°C suggests a purine and pyrimidine metabolism pathway utilization for growth of l. interrogans. The higher abundance of orotate and indole-3-carboxale in the exo-metabolome of leptospira in EMJH (in house) is highly interesting because it is consistent with utilization of pyrimidine biosynthesis pathway which is responsible for DNA replication.79  However, abundance of homocysteine and cystathionine in the media suggest that a pyruvate-based vitamin-B metabolic pathway was not followed. This further confirms the purine metabolic pathway is chiefly utilized. 
Analysis of paired sample fractions in EMJH (Difco) at 28°C provide some key metabolic feature for leptospira metabolic profile. Detection of CMP, ADP-glucose, Glutathione disulfide, FMN in pellet refers to utilization of starch metabolism, redox balance. This is similar to the finding of the metabolic profile of leptospira during growth in EMJH (in house) at 28°C. Detection of phosphoryl ethanolamine and upregulation of it is congruent with the pellet metabolic upregulation in EMJH (in-house) media at 28°C as well. Upregulation of ADP-glucose, and UDP-glucose in pellet when compared to media control suggests a glycogen synthesis pathway as these are intermediary metabolites of starch metabolism. This is highly intriguing as glycogen synthesis pathway is utilized by pathogen when there is a need for preserving energy in unfavorable environment. In pairwise comparison between pellet and supernatant in the commercial media at 28C, upregulated metabolites in the supernatants suggest a pyruvate metabolic pathway utilization through glycine-serine-threonine metabolism leading to a thymine metabolic pathway. In the same environmental setup, comparison between supernatant and media shows an upregulation of thymine regulated metabolite in the supernatant. Having thymine mediated extracellular contents suggest that thymine pathway was utilized and byproducts of it are secreted while scavenging for vitamin for survival. 
 Upregulation of citrulline, N-carbamoyl-L-aspartate in supernatant follows the pyrimidine biosynthesis pathway95,96,97 Downstream product of arginine catabolism could also lead to pyrimidine metabolism pathway. Pyrimidine pathway products and involved enzymes are a quintessential for cell activity in pathogen, majorly in cell division. Overall, in the commercial media, multiple pathways are mediated for growth alternate to purine metabolic pathway, 
However, inoculation at 37°C in EMJH (Difco) media did now support any measurable growth of leptospira interogan. There was a high abundance of several metabolites such as lactate, malate, uridine, CMP, thymidine at EMJH (Difco) media at 37°C. Most of these are associated with the cysteine, pyruvate, pyrimidine, or purine metabolic pathways. While thymidine could have protective effect on DNA damage on mammalian cell98, in gram-negative pathogens such as E. coli it could sensitize pathogen to antibiotics.99  Whereas cyclic CMP through pyrimidine pathway could provide bacterial immunity accelerating immune response against phage.100 This trend could be ascribed to unutilized nutrients from the media is mediating the lack of growth in EMJH (Difco) at 37°C.101,66 
	It is to be noted that a sample-based normalization (cell count/mass/volume) was not performed in this study. Multiple data-based normalization techniques such as SERRF, log2 transformation, pareto scaling was availed. In the future, sample-based normalization approach will be taken into consideration for more robust analysis.
As a direction towards further progress of this study, the impact of these metabolites could be assessed focusing on the absence of growth in EMJH (Difco) medium at 37°C. Compounded with this, expansion of metabolic profiling among additional pathogenic leptospiral strains could be of interest to investigate the growth adaptive metabolic strategies.
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