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SUMMARY 

The number of research questions in microbiology is as many as the habitats the 

organisms come from. Microbes play a vital role in the number of areas from food, 

agricultural, environmental to medical and health technology. Therefore, it becomes 

important to understand how microorganisms interact with, survive in and influence 

their environment. Particularly, there are approximately 100 trillion microbes residing 

in the human gut and they are linked with health and disease. Thus, an understanding of 

what constitutes a health-promoting or disease-promoting microbial group becomes 

important.  

In addition to their role in human health, over the years, due to rising levels of 

environmental pollution, microbes capable of degrading organic xenobiotics and 

additionally those able to survive and biotransform toxic heavy metals, have gained 

economic value. Humans also take up metals through food, drinking water and 

inhalation, in turn, the microbiota residing in the human gut are often exposed to heavy 

metals. Microbes are mostly studied in ideal laboratory conditions, but it becomes 

important to understand how microbes detect and cope with the environmental stress 

(e.g. heavy metals) in their surroundings.  

In this thesis,we established an untargeted metabolomics platforms to study the bacterial 

interactions with the environment such as human gut and heavy metal stress. 

In our first project, we compared the fecal bacterial diversity and composition of healthy 

Indian and Chinese adults using next-generation sequencing. Our analysis revealed a 

unique community structure, dominant Firmicutes, Actinobacteria and 

underrepresented Bacteroides, of Indian and Chinese gut bacteria. Partial least squares 

discriminant analysis and non-metric multidimensional scaling plots showed dietary 

habit wise clustering of subjects. Thus, our finding confirmed an important role of diet 

in determining gut bacterial composition.  

Next, we established an untargeted GC-MS and LC-MS metabolomics methods to study 

the association of urine and fecal metabolites with diet and gut microbiome composition. 

Our GC-MS method enabled the detection of 122 and 86 metabolites including amino 

acids, phenolics, indoles, carbohydrates, sugars and metabolites of microbial origin from 

fecal and urine samples respectively. 41 compounds were confirmed using external 

standards. Partial least squares discriminant analysis and hierarchical cluster heat map 
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showed dietary habit or ethnicity wise grouping of urine and fecal metabolite profiles of 

subjects. We have also showed a strong association of metabolites with gut bacterial 

profiles in the genus and species level. 

In our second project, we applied GC-MS metabolomics to elucidate the mechanism 

that allows alpha proteobacterium Caulobacter crescentus to survive in Ni (II) stress 

condition. We identified an increased level of nine important metabolites including TCA 

cycle intermediates and amino acids in Ni (II) stressed C. crescentus. This indicates that 

changes in central metabolism are linked with the disruption of cell division process. 

We further characterized the 5 metabolites including malic acid, citric acid, alanine, 

proline, and glutamine to 0.015 mM that showed a protective effect on Ni(II) toxicity.  

In summary, our results highlight the potential of using metabolomics to study the gut 

microbiome interaction with diet and human metabolome. Comparison between the 

metabolites profiles of Indian and Chinese adults demonstrates characteristic 

metabolites signature and their association with diet or ethnicity and gut microbiome. 

Metabolomics was further applied to investigate the NI(II) stress condition in C. 

crescentus, which revealed the metabolites that show a protective effect on Ni (II) 

toxicity. Metabolomics based platforms developed in this study can be applied to future 

research on how bacteria interact with, survive in and influence different types of 

environment such as human gut and heavy metal contaminated soil, water or air        
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CHAPTER 1 

INTRODUCTION 

 

Metabolomics is the comprehensive, non-biased, high throughput technique of science, 

that allows the characterization of metabolites within a complex biological mixture such 

as cell, tissue or biofluid of an organism in response to external stress conditions such 

as disease, environmental pollutants exposure, or nutritional imbalances[1, 2]. As 

compared to genes and proteins, metabolites are the final products of cellular regulatory 

processes and reflect changes in phenotype and function[3, 4]. Our research is based on 

the application of metabolomics to simultaneously detect as many metabolites as 

possible in a given biological system and to compare the overall changes in metabolome 

in response to xenobiotic exposure of an organism. This thesis combines two major 

branches of science, metabolomics and microbiology, to investigate some of the 

complex questions of environmental microbiology and human gut microbiology.  

The current research focus in microbiology is as diverse as the habitats the organisms 

come from. Microbes play a vital role in a number of areas from food, agricultural, 

environmental to medical and health technology[5]. Therefore, it becomes important to 

understand how microorganisms interact with, survive in and influence their 

environment. Particularly, scientists uncovered that microbiota residing in the gut 

contains 150 fold more genes than the entire human genome and they are linked with 

human health[6]. For example, microbes residing in the human gut have been linked to 

a plethora of disease, from diabetes, autism to anxiety and obesity[7, 8, 9]. The gut 

microbiome could also determine the response of an individual to a certain drug; 

recently, Alexander et al. (2017) reviewed how gut microbiota influence the response 
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of cancer patients to chemotherapy[10]. Even a possible link of gut microbiota with how 

well humans sleep has been suggested[11]. Therefore, an understanding of what 

constitutes a health-promoting or disease-promoting microbial group has turned into the 

area of huge research.  

In addition to their role in human health, microbes also play a vital role in the variety of 

industrial applications. Over the years, due to rising levels of environmental pollution, 

microbes capable of degrading organic xenobiotics and additionally those able to 

survive and biotransform toxic heavy metals, have gained economic value. Therefore, 

scientists are keen on unveiling how the microbes are able to do such useful metabolic 

accomplishments .In the recent years, the focus of the microbiology field has been 

shifted towards the investigation of microbial responses under unknown and fluctuating 

environmental stress conditions such as heavy metals stress [12]. Another direction is 

the understanding of uncharacterized and obscure metabolic pathways involved in 

microbial stress responses[13].Humans also take up metals through food, drinking water 

and inhalation, in turn, the microbiota residing in the human gut are often exposed to 

heavy metals. Microorganisms are mostly studied in ideal laboratory conditions but 

despite years of research, it is still not fully understood how microbes detect and cope 

with environmental stress in their surroundings. Furthermore, external environmental 

conditions (e.g. nickel stress) can influence the cellular physiology of microorganisms, 

but it is not entirely clear how the different external signals or cues impinge on 

fundamental biological processes in microorganisms  

.  
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1.1 Aims and objectives 

In this thesis we have established untargeted metabolomics platforms to understand how 

bacteria interact with, survive in and influence different kinds of environments such as 

the human gut and heavy metal contaminated soil, water or air.  

In our first project our objective was to develop untargeted GC-MS and LC-MS 

metabolomics platform to identify the association of human metabolites with diet or 

ethnicity and gut microbiome of Asian adults. We aimed to (1) characterize the prevalent 

bacterial taxa to define the community structure in gut samples from healthy Indian and 

Chinese adults, (2) compare the bacterial diversity distribution within and between the 

two groups studied, and (3) discover possible relationship of gut bacteria with diet and 

identify gut bacterial biomarkers of diet which distinguish Indian and Chinese adults (4) 

establish the GC-MS and LC-MS based metabolomics platforms to determine fecal and 

urine metabolites composition (5) compare metabolites composition between two 

groups and to identify the association of metabolites with diet and gut microbiome 

composition. 

In the second project, our objective was to apply untargeted metabolomics to gain a deep 

mechanistic understanding of how microbes respond to nickel (Ni (II)) stress condition 

in the environment, focusing on the alpha proteobacterium Caulobacter crescentus. It is 

a ubiquitous microorganism that has been found in many different environments, 

including wastewater, seawater, soil, deep subsurface goldmines and human gut. We 

aimed to (1) investigate how Ni (II) stress in the environment can affect the cell 

proliferation and cell cycle of microorganisms, such as C. crescentus, and (2) identify 

the metabolites that enhance or reduce C. crescentus’s ability to survive in Ni (II) stress 

condition.   
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Conclusively, our study showed that metabolomics is an effective technology to 

investigate the bacterial interaction with different kind of environments, focusing on 

human gut and heavy metal stress. Knowledge from this study could aid future research 

aim to modulate human gut microbiota, with probiotics or synbiotic dietary 

supplementations, which may provide new approaches to control the diet-microbiota-

human health interactions. This thesis also strengthens our understanding towards links 

between metabolite signatures with specific bacterial genera or species and a possibility 

of foreseeing gut bacterial profile in light of less expensive and less tedious 

metabolomics analysis. Moreover, our results shed light on the mechanism of increased 

Ni(II) tolerance in C. crescentus which may be useful in bioremediation or other 

antimicrobial strategies, antibiotics development     and synthetic biology applications 

such as the development of whole cell biosensor. It could also help us investigate the 

biotransformation of environmental pollutants by gut microbiomes and how the 

contaminants would affect the metabolism of microbiota  
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CHAPTER 2 

LITERATURE REVIEW 

 

Part I - Metabolomics as a monitoring tool 

2.1 Metabolomics  

Metabolomics is the comprehensive study of metabolites within a cell, tissue and 

biofluid involving in different chemical processes in organisms[14]. To be more 

specific, metabolomics is the analysis of small molecule metabolites that are the final 

products of the cellular processes. The levels of metabolites reflect the ultimate response 

of a biological system to genetic or environmental changes. Metabolomics is regarded 

as the end point of the “omics” cascade[15].  

                        Fig. 2.1 A representation of  the “Omics”  cascade[15] 

As compared to other omics approaches such as genomics and proteomics, 

metabolomics indicates changes in the phenotype and function of a particular tissue, or 

an organism (Fig. 2.1). Thus, it gives an instantaneous snapshot of the entire physiology 
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of an organism[16]. In other words, genomics, transcriptomics and proteomics show the 

probability of a process to occur, but metabolomics provides information about what is 

happening. 

2.1.1 Targeted and untargeted metabolomics approaches 

Metabolomics is broadly divided into two categories: Untargeted and targeted 

metabolomics approaches[17].The targeted approach aims to detect a specific class of 

compounds; for example, amino acids, fatty acids or a specific group of compounds 

related to particular pathways and to quantify the metabolites biomarkers of disease or 

xenobiotics exposure[4]. Targeted metabolomics focuses on the quantification of the 

already known compounds by using external analytical standards[18]. As such, in terms 

of application, targeted metabolomics is not much different from conventional analytical 

chemistry detection methods. The main disadvantage of the targeted approach is that it 

is restricted to only already known or predicted analytes or biochemical reactions, thus 

it is unable to provide a holistic overview of changes occurred in a biological 

system[15]. Additionally, our present information of biological systems or chemical 

reaction is still extremely constrained, consequently there is still a huge number of 

unknown compounds present in the crude environmental extract, bacterial cultures and 

human biofluid i.e. they are completely novel or ambiguously identified. 

The main objective of a metabolomics experiment is to simultaneously detect as many 

metabolites as possible in a given biological system and to compare the overall changes 

in metabolome in response to disease and xenobiotic exposure. Untargeted 

metabolomics approach is more useful and effective tool to identify the metabolites that 

play a key role in modulating the biochemical processes in response to xenobiotics 

exposure, disease or any other specific changes of interest, as it provides the information 

of both known and unknown compounds[19, 20]. Since, the untargeted approach can be 
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simultaneously applied to an extensive range of metabolites, regardless of whether they 

have already been identified or not, it is a true “omics” approach[21, 22]. Overall, 

untargeted metabolomics is more comprehensive and provide the holistic overview of 

metabolome changes in a given biological system.   

2.2 Analytical tools in metabolomics 

There are two major analytical platforms used in metabolomics studies: nuclear 

magnetic resonance (NMR) and mass spectrometry (MS)[23]. In this thesis we focused 

on mass spectrometry-based metabolomics techniques. 

2.2.1 Gas chromatography -mass spectrometry (GC-MS) based metabolomics 

GC-MS is the well-developed technology that allows simultaneous detection of 

hundreds of metabolites in a single run. GC-MS is a combination of two powerful 

techniques, in which thermally stable and volatile compounds are separated by GC and 

then eluting metabolites are detected by electron-impact (EI) mass spectrometers. GC-

Ms offers several advantages, including high efficiency, reproducibility and 

sensitivity[24, 25]. However, this technique has a drawback that it can be applied to only 

volatile compounds or derivatization is needed to make the compounds stable. Thus, 

sample preparation for GC-MS analysis is more complex and time-consuming process 

as compared to LC-MS[26]. Also, large size metabolites with high polarity are not 

detectable by GC[27]. 

 GC-MS is particularly suitable for identification of volatile organic compounds 

(alcohols, esters, aldehydes, ketones, phenols, SCFAs,) and amino acids. Selection of 

solvent for metabolite extraction is the first important step of sample preparation. The 

suitability of solvent for a particular extraction depends on the application. Acetonitrile, 
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hexane, methanol, ethyl acetate, dichloromethane is some of the most commonly used 

solvents for metabolites extraction. 

The next important step of sample preparation is derivatization, which introduces 

chemical groups to increase the volatility and thermal stability of analytes to be detected. 

It also improves compound ionisation. Alkylation, acylation and silylation are widely 

applied derivatization methods. Trimethylsilylation is a very effective method but, to 

date, very few literature about fecal water or urine metabolomics on such derivatization 

is available[28]. 

2.2.2 Liquid chromatography -mass spectrometry (LC-MS) based metabolomics 

Liquid chromatography coupled with mass spectrometry (LC/ MS) has become a 

method of choice for many metabolomics analyses because of its ability to separate, 

ionize and detect an extensive variety of chemicals with little effort in few pre-analytical 

steps. LC-MS sample preparation is easier as there is no need of derivatization[29]. The 

combination of LC with MS permits the analysis of polar, non-polar and neutral 

compounds including organic acids, polyamines, nucleosides and nucleotide in a 

complex matrix. In addition, LC/MS analysis acquires chemically distinct information 

such as mass to charge (m/z), retention time and fragment ion spectra of the detected 

metabolites, which provides insight into chemical identity[30].  

The metabolites are of diverse chemical nature (e.g. organic acids, sugars, lipids, amino 

acids) with a large dynamic range, therefore unlike other omics where a single 

instrument is enough to perform the entire analysis, metabolomics needs a variety of 

instrument depending on the type of sample and compounds to be detected. Thus, a 

combination of both GC-MS and LC-MS is more suitable for a comprehensive 
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metabolite profiling[15]. A summary of different classes of metabolites, based on their 

compatibility with GC-MS and LC-MS techniques, is shown in figure 2.2.    

 

   Fig. 2.2 Comparison of metabolites based on the compatibility with GC-MS and LC- MS 

2.3 Applications of metabolomics 

Metabolomics technology can be applied to a wide range of applications, from microbial 

biotechnology, food technology, pharmacology, to plant biotechnology and medical 

technology[31].In this thesis we combine metabolomics with microbiology to 

understand how bacteria interact with, survive in and influence different kinds of 

environments such as the  human gut and heavy metal. The following section describes 

the role of metabolomics in environmental and gut microbiology.  

2.3.1 Environmental metabolomics 

Environmental metabolomics is an emerging field focuses on the application of 

metabolomic tools to analyse the interactions of living organisms with their 

environment[1]. It is an effective technique to investigate the bacterial response to 

unknown and fluctuating environmental stress conditions, such as heavy metal stress. 

Another direction of environmental metabolomics is the investigation of 

uncharacterized and obscure metabolic pathways involved in organism’s response to 

stress. A typical workflow of environmental metabolomics experiment design is 

depicted in figure 2.3. The first step is the selection of a model organism (e.g. plants, 

bacteria, humans) according to the hypothesis of the experiment, a type of 
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environmental stress (e.g. temperature or PH change, carbon starvation or heavy metals) 

and the method that will be used to expose the organism to the external stress. We need 

to decide the optimum time of exposure, amount of stressor and after that next step is 

the collection of biological samples.it may include organs or tissue extracts, microbial 

or human cell culture and biofluids such as urine, serum, blood. In addition, other steps 

of typical metabolomics workflow are used in an environmental metabolomic 

experiment such as sample preparation, data acquisition using GC-MS, LC-MS or NMR 

,data analysis, metabolites identification and biological interpretation of the data 

obtained[3, 32].  

 

      Fig. 2.3 A typical workflow of environmental metabolomics experiment 

2.3.2   Metabolomics and gut microbiome 

Over the past two decades, the development of high throughput omics technologies such 

as metagenomics and metabolomics provided us with effective tools to monitor and 

determine the human gut microbiome phenotype. Specifically, we will be using 16S 
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rRNA sequencing which enables us to obtain the taxonomic profile of gut microbial 

species in human subjects, without the need of any classical plate culture techniques[2]. 

On the other hand, metabolomics has been utilized to track metabolites generated from 

the gut microbes, and to investigate the interaction between the host and dietary 

components[33]. Metabolites mirror the health status of an individual by acquiring 

extensive insights into the functioning of a biological system. Metabolomics is a 

powerful technique that simultaneously detects hundreds of small molecules present in 

a given biological system such as fecal, urine or saliva samples, thus it can capture the 

host-microbial-co-metabolites, i.e. the metabolites that are shared between the host and 

microbes in the gut [4]. Fecal metabolites are the final product of both cellular and 

microbial metabolism undergoing inside the human intestinal tract. Some of the 

metabolites from the gut are absorbed into the circulation and eventually chemically 

modified (that is, co-metabolized) by the host, then finally excreted with the urine[34]. 

In the previous section we have discussed the presence of various microorganisms in 

human gastrointestinal tract which affect nutrient absorption, energy regulation, 

detoxification, or transformation of xenobiotics and the health of an individual[35, 36, 

37]. It is known that gut microbiota composition is largely affected by diet, consequently 

metabolites produced by gut microbiota also determined by diet[38, 39]. The complex 

gut microbial community utilizes both diet and host derived energy sources for growth, 

predominantly through fermentative metabolism[40]. Analysis of fecal and urine 

metabolic compositions has received a lot of attention, as it does not just reflect the 

status of the gut microbiome yet additionally bridge the connections between symbiotic 

microbes and the host’s health. Several previous studies have proposed the usefulness 

of fecal and urine metabolites in disease diagnosis, e.g. higher concentrations of amino 

acids, saturated fatty acids, and ursodeoxycholic acid were reported in fecal samples of 
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colorectal cancer patients [41].In another study higher levels of choline, trimethylamine 

N-oxide (TMAO) and betaine produced from dietary phosphatidylcholine in the gut 

were found to be associated with cardiovascular disease risk and atherosclerosis[42]. 

Moreover, some metabolites such as short chain fatty acids, phenolics and vitamins 

decreases the risk of  gastrointestinal disorder[43], cancer[44], diabetes[45] and 

cardiovascular diseases[46]. Thus, examining the fecal and urine metabolomes serve as 

a vigorous strategy for understanding the interactions between diet, human metabolism, 

and the gut microbiota composition in health and disease. 

Part II Role of the gut microbiome in human nutrition and metabolism 

2.4 Human gut microbiome 

Microorganisms impact entire biosphere due to their ubiquitous nature. As a result of 

the quantitative magnitude of microbial life (approximately 5.0×1030 cells, which is 

estimated to be half of the biomass on the earth[47] ) , microorganisms play an essential 

role  in directing biogeochemical systems in nearly all of our planet's surroundings, 

including some of the most extreme, from frozen environments and acidic lakes, 

to hydrothermal vents at the bottom of profound oceans, and some of the most well-

known, for example the human gastrointestinal tract[48, 49]. In particular, 

approximately, 100 trillion microbes reside in the human gut (collectively termed “gut 

microbiota”) and together, the gut microbiome has approximately 150-fold more gene 

than the entire human genome[6]. Humans are considered to be a complex 

superorganism because of the magnitude of the symbiotic gut microbiome. On the 

whole, the data on gut microbiome reveals an astonishing fact that 90% of human body 

is occupied by microbes and only the  rest of the 10% part is human[50].  

https://en.wikipedia.org/wiki/Biogeochemistry
https://en.wikipedia.org/wiki/Extremophiles
https://en.wikipedia.org/wiki/Antarctica
https://en.wikipedia.org/wiki/Hydrothermal_vents
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Fig. 2.4 Humans are considered as a complex superorganism. Human body is composed of several 

species: Eukaryotic, bacterial and archaea. It is estimated that 90% of human body is composed of 

microbes and only the rest of the 10% part is human[50] 

The term microbiome was coined by Joshua Lederberg to “signify the ecological 

community of commensal, symbiotic, and pathogenic microorganisms that literally 

share our body space and have been all but ignored as determinants of health and 

disease” [51]. The contribution of the human gut microbiome to health and disease is 

now emerging as an important aspect to be considered in parallel to the human genome 

sequence[52, 53]. Imbalance in normal gut microbiota has been associated with 

inflammatory and metabolic disorders including inflammatory bowel disease [54], 

irritable bowel syndrome [55], and obesity [56]. Therefore, an understanding of what 

constitutes a health-promoting or disease-promoting microbial group has become an 

important area of research. The role of key members of the gut microbiome in health 

and diseases is represented in figure 2.5. 
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     Fig. 2.5 The functional roles of key members of human microbiota in health and disease[57] 

The human gut microbiome is mainly represented by two major phyla Firmicutes and 

Bacteroidetes, followed by Actinobacteria. Other bacteria such as Lactobacilli, 

streptococci and enterobacteria are present in a small percentage (Fig. 2.6) [58]. 

However, the exact structure of gut microbiota is influenced by multiple intrinsic and 

extrinsic factors including microbes acquired from mother and from the environment, 

diet, host genetics and physiology, xenobiotics, drug intake and disease(Fig. 2.7) 

[59][60]. However, extensive research has shown diet as the most important factor in 

modulating the composition and function of gut microbes in humans and other 

mammals. Diet is easiest to modify and provides the simplest route for therapeutic 

intervention[61]; consequently, diet is now widely acknowledged to regulate human 

health at the molecular level. Accordingly, modern nutrition has turned its focus towards 

molecular biology and genetics with the objective of preventing disease and improving 

the health and well-being of an individual[62]. 
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                                 Fig. 2.6 Human gut microbiome composition 

 

Fig. 2.7 Intrinsic and extrinsic factors that influence gut microbiome composition. Gut microbiota is 

important for homeostasis of the immune system[58, 63] 

Recent studies have linked diet and microbiome with health [64, 65]. Changes in gut 

microbiota reported in experimental animals fed a high fat diet that induces[66]. 

Moreover, controlled diets consist of non-digestible carbohydrates gave to overweight 
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men actuate remarkable changes in certain dominant species, although the responses 

vary among subjects [67]. The effects of different dietary patterns on gut microbiome 

composition are discussed in the next section   

2.5 Diet is the most influential factor in determining gut microbiome composition  

This section presents a review of studies on the contribution of diet to gut microbiome 

composition and functions.  

2.5.1 Long term vs short term dietary patterns  

Human intervention studies from the past decade have revealed the extent to which short 

term and long term dietary patterns influence the different aspects of the gut microbiota. 

Rapid changes in gut microbiota has been reported in response to large changes in diet. 

It could be evidenced from subjects who switched between plant- and meat-based diets, 

who added extra specific dietary fibres to their diet or who consumed either a high-

fibre–low fat diet or a low-fibre–high-fat diet for 10 days; The composition and function 

of microbiota shifted within 1-2 days in all the cases[61, 67, 68]. It could be conceived 

by the fact that microbes can double their population within an hour. Despite these rapid 

dynamics, long term dietary patterns are proved to be the dominant force in determining 

gut microbiota composition[69]. Short term dietary interventions might induce 

detectable changes in the microbiota, but it does not affect the major compositional 

features and the overall classification of each subject’s microbiota. A few, yet not all, 

cross-sectional investigations revealed that long term dietary patterns are connected to 

main features of microbiota. Another important aspect to be considered is, that a 

particular change in diet is not necessarily to have same impact on microbiota but a 

highly variable effect on different people can be expected due to the individualized 

nature of their gut microbiota. For instance, a study on obese men reported the increase 
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of Ruminococcus bromii-related taxa in response to resistant-starch intervention in most 

of the participants, whereas the lack of response in the other members might show an 

absence of such taxa in those individuals[67].  

2.5.2 Vegetarian diet and Western diet 

Western diet contains higher animal fat and protein, lower fibre, higher refined 

carbohydrate, as compared to traditional rural or vegetarian diet. De Filippo et al. (2010) 

reported that rural African children consuming predominantly vegetarian diet rich in 

starch, fibre and complex carbohydrate showed higher abundance of Bacteroidetes, 

Prevotella, Xylanibacter, Treponema and lower abundance of Firmicutes when 

compared with Italian children consuming western style diet[70].Similarly, the gut 

microbiome of the Bangladeshi and Egyptian population showed a higher abundance of 

Prevotella and lower abundance of  Bacteroides as compared to US population [71, 72]. 

A review of the effect of different dietary patterns on gut microbiome composition is 

presented in table 2.1: 

Table 2.1: A review of the effect of different dietary patterns on gut microbiome composition 

Diet Microbiota Changes Metabolites References 

Agrarian diet- cereals, 

legumes, vegetables (Rural 

African) 

         vs 

Western diet high in sugar, 

starch, animal protein and 

fat (Italian) 

  Bacteroidetes, Prevotella,                     

Xylanibacter, Treponema 

   Firmicutes in Africans 

   Propionic,butyric acid [70] 

Carbohydrate-rich- rice, 

bread, lentils with rarely 

any meat (Bangladeshi) 

               vs 

Typical western diet (US) 

Lactobacillus, 

Bifidobacterium, 

Prevotella,Catenibacteriu

m,Mitsuokella 

  Bacteroides in Bangladeshi                 

 [71] 
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Mediterranean diet rich in 

plant foods (Egyptian) 

                   vs 

Western diet high in 

animal protein, fats, and 

highly processed 

carbohydrates (US) 

 

Prevotella, Megasphaera, 

Eubacterium, 

Mitsuokella, 

Catenibacterium 

Bacteroides, 

Faecalibacterium 

Akkermansia, 

Ruminococcus, 

Coprococcus, and 

Blautia 

in Egyptian 

Acetate,butyrate, and 

propionate 

Ethanol, lactate, 

malate, pyruvate, and 

succinate,amino 

acids, taurine,choline 

In Egyptian 

[72] 

 Barley kernel based bread Bactroidetes , Prevotella 

    Bacteroides 

 [73] 

          Animal based diet 

                    vs 

          Plant based diet 

Bacteroides,Alistipes,Bilo

phila 

Prevotella,Roseburia, 

Eubacterium rectale, 

Ruminococcus bromii 

  SCFA 

  amino acids 

[74] 

Whole grain wheat cereals 

or wheat bran 

Bifidobacteria (whole grain) 

Lactobacilli/Enterococci 

(both products) Clostridium 

(wheat bran) 

No changes in acetic, 

propionic or caproic 

acid 

[75] 

Maize-based whole grain 

breakfast cereals 

  Bifidocterium spp.  

Atobobium cluster spp. 

changes in lactic, acetic, 

propionic, butyric, 

valeric acid and 

branched-chain fatty 

acids 

[76] 

almonds and almond peel     Lactobacillus spp. 

  Clostridum perfringens  

 [77] 

Apple 
     Bifidobacteria 

    Clostridia 

Acetic acid [78] 

Chickpea or raffinose Clostridium cluster XI, 

Clostridium cluster I/II 

No change in short 

chain and branched 

chain fatty acids 

[79] 
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2.5.3 Food Constituents 

 

Carbohydrates are one of the major classes of biologically essential organic molecules 

found in all living organisms. Dietary fibre is one of the most important complex, non-

starch carbohydrates which is found in whole grain, legumes and beans. The complex 

carbohydrates such as dietary fibres are indigestible in small intestine and are 

metabolized by gut bacteria in the large intestine to produce short chain fatty acids, 

which acts as a primary energy source for colonic cells and  also protects from digestive 

disorders and colon cancer[80]. Resistant starches, non-starch polysaccharides, and 

oligosaccharides, are the three major classes of complex carbohydrate. 

In contrast to complex carbohydrate, refined carbohydrates, present in refined grains, 

pasta, and white rice, are immediately absorbed into the blood stream, resulting in higher 

blood sugar and insulin level. 

Fats and proteins are another two essential macronutrients which have been extensively 

studied for their effect on human gut microbiome composition. Meat, poultry, nuts, milk 

and fish are some of the major sources of fat and proteins[81]. The effect of major 

dietary components on gut microbiome composition is summarized in figure 2.8. 
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Fig. 2.8 Influence of major dietary components on gut microbiome composition[81]  

 

2.6 Metabolic functions associated with gut microbiome 

The gut microbiota is solely in charge of several essential metabolic functions, including 

vitamin and short chain fatty acid production, amino acid synthesis, bile acid 

biotransformation, hydrolysis and fermentation of non-digestible substrates[82]. 

Microbes that reside in the human gut frequently produce various little molecules 

through primary and secondary metabolic pathways, huge numbers of which are 

dependent on the diet of the host. Microbial metabolism in the colon is impacted by the 

quantity and kind of dietary compounds that survive small intestinal digestion[83]. 

Albeit a portion of the metabolites produced by microbes is held inside the gut biological 

system and secreted with faeces, others will be absorbed into the circulation and 

eventually chemically modified (that is, co-metabolized) by the host, then finally 

excreted with the urine(Fig. 2.9) [84] .  
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                           Fig. 2.9  Metabolic route of non-digestible food in humans[84] 

These metabolites can have various effects on the host immune system. A summary of 

metabolites produced from the interaction of microbiota with dietary components is 

presented in table 2.2. 
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Table 2.2: Metabolites associated with microbial metabolism or microbial host co-metabolism[83, 

85, 86, 87]  

Metabolite Bacteria Substrate 

SCFAs: acetate, propionate, 

butyrate, iso-butyrate, valerate and 

iso-valerate 

Clostridial clusters IV and XIVa 

Lactobacillus, Eubacterium, 

Roseburia, Faecalibacterium, 

Coprococcus,Bifidobacterium 

indigestible oligosaccharides, 

dietary plant polysaccharides or 

fibers, non-digested proteins and 

intestinal mucin 

Organic acids: benzoate, hippurate, 

phenylacetate, phenylpropionate, 

hydroxybenzoate, 

hydroxyphenylacetate, 

hydroxyphenylpropionate 3,4-

dihydroxyphenylpropionat and D-

lactate 

Clostridium difficile, 

Faecalibacterium prausnitzii, 

Bifidobacterium, 

Subdoligranulum, Lactobacillus 

dietary polyphenols or 

unassimilated AAs or 

carbohydrates 

Vitamins: vitamin B9, vitamin B2, 

vitamin B12, niacin, pyridoxine, 

vitamin K, vitamin B1, vitamin B5, 

vitamin B8 

Bifidobacterium bifidum, 

Bifidobacterium longum subsp. 

infantis, Bifidobacterium breve, 

Bifidobacterium adolescentis, 

commensal Lactobacilli, B. 

subtilis E. coli and anaerobes, 

Bacteroidetes, Fusobacteria, 

Proteobacteria, Actinobacteria 

 

Bile salts: cholate, hyocholate, 

deoxycholate, chenodeoxycholate, 

α-muricholate, β-muricholate,  

taurocholate,glycocholate, 

taurochenoxycholate, 

glycochenodeoxycholate, 

taurocholate, lithocholate, 

ursodeoxycholate,hyodeoxycholate, 

glycodeoxylcholate,taurohyocholate, 

taurodeoxylcholate 

Bacteroides, Clostridium, 

Lactobacillus, Bifidobacterium, 

Enterobacter, Eubacterium, 

Escherichia 

 

Polyphenol: Hydroxycinnamic acids 

and flavonoids 

Lactobacillus, Bifidobacterium apples, berries and kiwifruit,in 

vegetables such as potatoes and 

coffee 

Amino Acids Colonic bacteria, Clostridium, 

Peptostreptococcus anaerobius 

 

 

 



Chapter 1. Introduction 

23 

 

 

Part III   Heavy metal toxicity and microbial life 

2.7 Food as a source of toxic metals 

Despite providing essential nutrients to the humans and animals, diet also carries toxic 

compounds such as heavy metals over a wide range of concentrations. The US 

Environmental Protection Agency has placed 13 heavy metals on its priority pollutants 

list of 126 compounds [88]. Food is found to be one of the most important route for 

accumulating most environmental pollutants, including heavy metals[89, 90]. The 

intake of heavy metals by humans through the food chain has been noticed in many 

countries and nowadays this problem is receiving a lot of attention from the public as 

well as governmental agencies[91]. Metal accumulation in vegetables may pose a direct 

threat to human health[92, 93]. It could be supported by the fact that nearly half of the 

mean ingestion of lead, cadmium and mercury through the food of plant origin[94]. 

The dietary contribution to toxic metal intake has been extensively studied. An 

estimated dietary intake of heavy metals from the total diet, in some selected countries, 

is presented in table 2.3.  

Table 2.3: Dietary intake of heavy metals from the total diet, in some selected countries (µg per 

person per day) [95, 96, 97] 

 

Country Pb Cd Hg Ni 

China 86.3 13.8 10.3  

Japan 85.0 29.0 - - 

USA 9.80 13.0 3.2 300-600 

UK 60.5 18.9 -  

Sweden 17.0 12.0 1.80  

Denmark 42.0 20.0 7.0 150-900 

Canada    286 

Global 153 25.0 -  
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2.8 Other sources of heavy metals in the environment 

Heavy metal toxicity is one of the most established environmental issues and remains a 

serious health concern today. Human activities, such as industrial production, 

agriculture, mining, and smelting operations significantly contribute to the elevated 

level of heavy metals in water, soil, and air[98]. A list of major heavy metal pollutants 

in the environment is presented in table 2.4: 

Table 2.4: Major heavy metal pollutants in the environment 

S. No. Metal Guideline Value 

(µg/l) 

Drinking Water  

Occurrence 

1. Arsenic 10 Natural Water- 0.5-2 µg/l, Areas containing natural sources 

(upto 12 µg/l), Soil 1-50 mg/kg 

4. Chromium 50 Sea Water- 0.2-0.6 ppm 

Con. Of drinking Water- 2 µg/l 

Soil Concentration- 500-6000ppm 

5. Selenium 40 Con. In drinking Water-less than 10 µg/l 

Soil-0.1 to 3.5 ppm 

6. Uranium 30 Con. In drinking Water-less than 1µg/l 

Con. In soil- 300 µg/kg 

Con. In Sea Water- 3.3 µg/l 

7. Cadmium 3 Con. In drinking Water-less than 1µg/l 

Soil 0.1-1 ppm 

0.03-1mg/kg in marine environment 

8. Mercury 6 Sea water- 0.3-1 ppm 

Drinking water- 0.002 mg/l 

Ground water-2 µg/l 

9. Antimony 20 Ground water- >0.001 µg/l 

Surface water- >0.2 µg/l 

Drinking Water- > 5 µg/l 

10. Copper 2000 Con. In drinking Water-≤0.005->30mg/l 

Con in soil- below 15ppm 

Con. In dump sites- 7-80 ppm 

11. Lead 10 Con. In drinking Water- below 5µg/l 

Con. In soil- 50-590 ppm 

12. Nickel 70 Con. In drinking Water-less than 0.02mg/l 
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Sea Water- 0.5-2ppm 

Soil 4-80 ppm sometimes up to 5000oom 

14. Fe 300 Natural fresh water- 0.5-50mg/l 

Sea water- 1-3 ppb 

River water- 0.5-1ppm 

Drinking water- less than 200ppb 

15. Mn 400 Surface water- 0.01-1.70 mg/l (CCME,1987) 

Drinking water- upto 0.05 mg/l (CCME,1987) 

Soil- upto 10mg/l (CCME,1987) 

16. Zn 3000 Con. In surface water- less than 0.01 mg/l 

Ground water- >0.05 mg/l 

Sea water- 0.6-5ppb 

17 Tl 2 Sea Water- 11,000 ppm 

Rivers- 9ppm 

Drinking water- 50mg/l 

18. Silver 50-100 Surface & drinking water- < 5 µg/l 

Soil- upto 44ppm 

Sea water- 2-100ppt 

19 Cobalt 100 Soil- 8ppm 

USA river- 1-36 µg/l 

            Source: WHO guidelines for drinking water quality, 2011 and US EPA [88, 99] 

 

2.9 Microbial interactions with the heavy metals in the environment 

humans take up metals through ingestion, inhalation and dermal absorption, in turn, the 

microbiota residing in the human gut are often exposed to heavy metals(Fig. 2.10) 

[100].For example the Ni content of in Danish diet ranges from 150 µg/d to  to 900 µg/ 

d. while the average nickel content in  the American diet was 300–600 µg Ni/d [101]. It 

is known that gut microbes alter the absorption, metabolism and excretion of 

environmental pollutants that might affect obesity and diabetes[102]. Gut microbes also 

protect human from the absorption of the ingested pollutants. In a study, Breton et al. 

(2013)showed that mice lacking intestinal microbiota were more susceptible to the 

accumulation of heavy metals in blood and target organs[103]. Similarly, certain 

members of gut microbiota, such as Lactobacilli resist metal toxicity through the active 
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expulsion of metals due to the presence of mer and ars operon which encode efflux 

transporter [104]. Various past examinations have explained that environmental 

chemicals alter gut microbiota composition which leads to disorders of energy 

metabolism, nutrient absorption and immune system functions but it is not clear that 

how gut microbiota cope with these stresses and what role these microbes play in 

interacting with the metals[105, 106]. 

Fig 2.10 Microbial interactions with the heavy metals in the environment, focusing on C.     

crescentus. Microbiota residing in the human gut are often exposed to heavy metals through 

contaminated food and water. The gut microbiota alters chemical structures of ingested 

compounds including heavy metals.  In addition to the human gut, microbes living in other 

environments such as water, soil, air are routinely exposed to heavy metals 

As discussed above, various Human activities significantly contribute to the elevated 

level of heavy metals in water, soil, and air. Thus, in addition to the human gut, 

microorganisms are routinely exposed to heavy metals in many other environments, 

Caulobacter crescentus 
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including wastewater, seawater, soil, and deep subsurface metal mines.one such microbe 

is the α-proteobacterium, Caulobacter crescentus (Fig. 2.10), which is equipped to 

survive in extreme environments or polluted sites that are hostile to humans. C. 

crescentus is a ubiquitous microorganism that has been found in many different 

environments, including wastewater, seawater, soil, deep subsurface goldmines and 

human gut[107, 108]. It is known that bacteria employ different molecular mechanisms 

to survive in often unknown and fluctuating environmental conditions (e.g.: heavy 

metals stress).  However, despite years of research, it is still not fully understood how 

microbes can detect and cope with so many different stresses in their surroundings. 

Furthermore, external environmental conditions can influence the cellular physiology 

of microorganisms, but it is not entirely clear how the different external signals or cues 

impinge on fundamental biological processes, like the cell cycle, in bacteria. A deep 

understanding of bacterial stress responses is important for bioremediation or other 

antimicrobial strategies, antibiotics development and synthetic biology applications 

such as the development of whole cell biosensor. It could also help us understand the 

biotransformation of environmental pollutants by gut microbiomes and how the 

contaminants would affect the metabolism of microbiota. Therefore, we seek to 

investigate how heavy metals in the environment can affect the proliferation of 

microorganisms, such as Caulobacter crescentus. 

2.10 Caulobacter crescentus: a model organism to study cell cycle  

C. crescentus is a model organism for understanding the regulation of cell cycle, 

asymmetric cell division and cellular differentiation owing to the following unique 

characteristics [109, 110]: 

1) Cell populations can be easily synchronized with a density gradient 

centrifugation that separates swarmer cell from the stalked cell population. 
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2) Cell cycle phases can be easily observed in the laboratory by monitoring the 

changes in morphology.  

3) Unlike E. coli, DNA replication takes place once and only once in a complete 

cell cycle of C. crescentus.  

4) Length of the cell cycle is not too fast. Chromosome replication in C. crescentus 

takes around 150 minutes as compared to E. coli in which chromosome is 

replicated in 20 minutes. The longer cell cycle time allows us to observe the 

sequential occurrence of different events taking place during the cell cycle.  

2.11 Cell cycle of Caulobacter crescentus  

C. crescentus utilizes changes in the form and function of a cell to create a life style that 

allows it to survive in hostile conditions. C. crescentus produces two daughter cells 

namely, swarmer cell and stalked cell, during its cell division. These two cells are 

morphologically and functionally distinct to each other. Motile swarmer cells contain a 

polar flagellum and multiple pili at one pole. At the later stage pili are retracted and 

polar flagellum of swarmer cell is replaced by a stalk during the differentiation of motile 

swarmer cell into a sessile stalked cell. Stalked cell adheres to the surface tightly using 

an organelle called “holdfast” [111].  

 The cell cycle of C. crescentus initiates with a motile swarmer cell which is incapable 

of starting DNA replication or cell division and remains in G1 Phase. Then this swarmer 

cell is differentiated into a stalked cell which can initiate DNA replication. The stalked 

cell is present in ‘S’ phase. DNA replication and movement of the chromosomes to 

opposite ends of the pre-divisional cell ensues. During the pre-divisional cell stage, a 

flagellum and a stalk are formed at swarmer pole and stalked pole respectively. Now the 

cell enters the G2 phase and becomes incompetent in DNA replication. Subsequently, 

the pre-divisional cell divides into two distinctive daughter cells namely, the motile 
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swarmer cell and the sessile stalked cell [109]. The stalked cell enters the ‘S’ phase and 

reinitiates the DNA replication, while the swarmer cell is not able to participate in DNA 

replication and remains in the G1 phase. A diagrammatic representation of a typical cell 

cycle of C. crescentus is shown in fig 2.11:  

 

                        Fig. 2.11 Life cycle of C. Crescentus [109] 

2.11.1 The core engine driving cell cycle progression in C. crescentus 

The cell cycle of C. crescentus is regulated by five key master proteins, DnaA, GcrA, 

CtrA, SciP, and CcrM [112]. The chromosome replication in C. crescentus is tightly 

controlled by DnaA and CtrA which are opposing in roles to each other. The CtrA 

protein binds to five sites in the origin of replication and thus silences the chromosomal 

replication process [113]. Therefore, CtrA must be deactivated to initiate the process of 

replication in C. crescentus. When CtrA vacates origin of replication this position is 

occupied by DnaA, thus initiation of replication takes place [114].  

The interaction amongst core cell cycle regulatory proteins is shown in figure 2.12:   



Chapter 1. Introduction 

30 

 

      

 Fig. 2.12 Core engine of cell cycle regulation in C. crescentus [115]. DnaA, GcrA, CtrA, SciP, and 

CcrM are master regulatory proteins 

CtrA is also a key transcription factor in the cell and activates or represses the 

transcription of around 25 percent of cell cycle regulated genes. It is involved in 

important cell cycle events including initiation of DNA replication, DNA methylation 

and cell division [116].  the activity of this master regulator is controlled in multiple 

ways. CtrA is present in swarmer cell but disappears during swarmer cell to stalked cell 

transition to initiate replication. The overall accumulation level of CtrA during the cell 

cycle is shown in figure 2.13  

                                           

                

 Fig 2.13 Polar localization and proteolysis of CtrA during the C. crescentus cell cycle [117]. SW-

swarmer cell, ST-stalk cell, PD- Pre-divisional cell 

 

 



Chapter 1. Introduction 

31 

 

2.11.2 DnaA/GcrA/CtrA regulatory cascade is critical for cell cycle progression  

DnaA/GcrA/CtrA regulatory cascade plays important role in driving the forward 

progression of cell cycle. GcrA promoter contains a CtrA binding site, a DnaA box and 

two putative methylation site [118].CtrA negatively regulates the transcription of gcrA 

by binding at its site on gcrA promoter while DnaA binds to the DnaA box at gcrA and 

positively regulates the transcription of this gene. The accumulation level of GcrA 

during cell cycle is shown in figure 2.14 : 

                           

                          GcrA accumulation 

Fig. 2.14 Accumulation level of GcrA during cell cycle progression [119]. SW- swarmer cell, ST-stalk 

cell, PD- Pre-divisional cell              

Initially, in the swarmer progeny cell, CtrA represses the transcription of gcrA. CtrA is 

degraded and DnaA accumulates during swarmer cell to stalked cell transition. Then 

this accumulated DnaA promotes the transcription of gcrA that results in increasing level 

of GcrA during swarmer to stalked cell transition. Once cell division is initiated gcrA 

induces the transcription of ctrA. The increased level of CtrA and reduced level of DnaA 

together are responsible for turning off gcrA transcription in predivisional cell [57].   
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2.11.3 Mechanism of interaction between essential proteins, MipZ FtsZ and ParB, 

during cell division   

There are many proteins involved in the cell division process of C. crescentus. The two 

most important proteins are FtsZ and MipZ. FtsZ is critical for initiation of cell division 

process in bacteria. It interacts with another important protein MipZ to facilitate 

chromosome segregation and cell division in C. crescentus MipZ, a member of ParA 

superfamily of P loop ATPases, is an essential protein for chromosome segregation and 

cell division process in C. crescentus. MipZ has two properties that make it an important 

cell division protein, one its ability to interact with ParB and the other it inhibits the 

polymerization of FtsZ. MipZ pattern of localization was found to be parallel to the 

origin of replication during the cell cycle [75, 76].  

The DNA partitioning protein, ParB, binds to a conserved site ParS located very near to 

the origin of replication (Cori). It was observed that ParB and origin of replication 

occupy the same position in the cell and share a similar pattern of localization over the 

cell cycle [77, 78]. The MipZ protein interacts with ParB, thus resulting in the formation 

of a MipZ-ParB- ParS complex. MipZ localization pattern is mediated by interaction 

with ParB.                            

FtsZ localization is restricted to subcellular locations with the lowest concentration of 

MipZ. Origin of replication and MipZ-ParB complex is present at the flagellated pole 

of swarmer cell and FtsZ positioned to the pole opposite to it. After commencement of 

chromosome replication and duplication of the origin , the newly formed sister duplexes 

are quickly reoccupied by ParB and MipZ, and one of the MipZ ParB origin complexes 

immediately moves towards the opposite cell pole. Once MipZ-ParB-origin complex 

reaches the opposite pole, it destabilizes FtsZ and displaces FtsZ towards the midcell, 

where MipZ concentration is lowest.  
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Later in the predivisional cell, FtsK, FtsA, and FtsQ also localize at the midcell, thus 

forming a ‘Z’ ring by combining with FtsZ [67]. The Model for FtsZ localization by the 

origin-bound MipZ-ParB complex is shown in figure 2.15:   

 

 

Fig. 2.15  Model for the FtsZ localization by the origin bound MipZ-ParB complex [117]  
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                                                            CHAPTER 3 

SIMILARITIES AND DIFFERENCES IN GUT MICROBIOME 

COMPOSITION CORRELATE WITH DIETARY PATTERNS OF INDIAN 

AND CHINESE ADULTS 

Abstract 

The interaction between diet and gut microbiota, and ultimately their link to health, has 

turned into the concentration of huge research. However, this relationship still needs to 

be fully characterized, particularly in the case of the Asian population. We compared 

the fecal bacterial diversity and composition of healthy Indian and Chinese adults, ages 

22 to 35 years, using next-generation sequencing analysis on IlluminaHiSeq2500 

platform. Our analysis revealed a unique community structure, dominant Firmicutes, 

Actinobacteria and underrepresented Bacteroides, of Indian and Chinese gut bacteria. 

This community structure closely matched with the gut bacterial composition of the 

Russian population. Therefore, we hypothesized that enrichment of these bacterial 

clades is supported by high consumption of starch-rich diet such as rice, potato, refined 

grains. The dominance of genus Bifidobacterium due to carbohydrate-rich diet is another 

notable feature of this study. Moreover, Indian gut bacteria are significantly represented 

by Bacteroidetes(p=0.001) and Prevotella (p=0.002) in contrast to Chinese, which could 

be associated with whole grains and plant-based vegetarian diet of Indians. The gut 

bacterial population of Indian adults were as diverse as Chinese adults (p>0.1), but 

significant difference was noticed in gut bacterial composition and relative abundance 

between two populations (R =0.625, p<0.005). Partial least squares discriminant 

analysis and non-metric multidimensional scaling plots showed dietary habit wise 

clustering of subjects. Thus, the present work confirms an important role of diet in 

determining gut bacterial composition. LEfse analysis revealed genera Prevotella, 

Megasphaera, Catenibacterium, Lactobacillus, Ruminococcus and species Prevotella 

copri, Lactobacillus ruminis as the potential biomarkers of diet.  

This chapter has been published as: 

Jain A, Li XH, Chen W (2018) Similarities and differences in gut microbiome composition correlates 

with dietary differences between Indian and Chinese adults. AMB Express.  
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3.1 Introduction 

The human gut is a host of trillions of bacteria. The entire gut microbiota is estimated 

to contain 150-fold more genes than our host genome [6]. Tremendous progress has 

been made in linking human gut microbiota with health and disease [52, 53, 120]. 

Imbalance in normal gut microbiota has been associated with inflammatory and 

metabolic disorders including inflammatory bowel disease [54], irritable bowel 

syndrome  [55, 56], and obesity [56]. Therefore, an understanding of what constitutes a 

health-promoting or disease-promoting microbial group has turned into the 

concentration of huge research. Gut microbiota composition varies among individuals 

within and between communities  [121]. Several factors such as diet, geography, host 

genetics and physiology, and drug usage, influence gut microbial composition [59, 60, 

122] but diet has been considered as the most prominent factor amongst all [38, 123, 

124, 125, 126]. Moreover, diet is simplest to modulate and provides the easiest route for 

therapeutic intervention [61]. Recent studies have linked diet and microbiome with 

health [65, 127, 128]. Changes in gut microbiota reported in experimental animals fed a 

high fat diet that induces obesity [66, 129, 130].Moreover, controlled diets consist of 

non-digestible carbohydrates gave to overweight men actuate remarkable changes in 

certain dominant species, although the responses vary among subjects [67].  

Over the last two decades, microbiome analysis of fecal samples using culture-

independent methods, such as high-throughput DNA sequencing has emerged as a non-

invasive tool to study nutrition and health [131]. The development of tools has enabled 

researchers to explore the interaction between diet and gut microbiota, but this 

relationship still needs to be fully characterized, especially in the case of the Asian 

population. Research in this area is still at preliminary stages and most of the studies 

have been performed on European and American population. The diets of Asians vary 
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markedly within the continent and differ substantially from those of other continents. In 

particular, two most populated countries India and China have a unique diet profile. 

Moreover, India and China together accounted for 15% of world's total obese population 

and placed immediately after the US with 13% obese population [132] . Therefore, it 

becomes important to characterize the gut microbiota of people from these two countries 

to further comprehend the correlation between dietary components and the profile of gut 

bacteria and, eventually, their link to health and disease such as obesity. 

In this study, we aimed to (1) characterize the prevalent bacterial taxa to define the 

community structure in gut samples from healthy Indian and Chinese adults, (2) 

compare the bacterial diversity distribution within and between the two groups studied, 

and (3) discover possible relationship of gut bacteria with diet and identify gut bacterial 

biomarkers of diet which distinguish Indian and Chinese adults. The gut bacterial 

profiling of 16 healthy Asian adults, including 11 Indians and 5 Chinese, obtained using 

next-generation sequencing. We further explored the influence of dietary habits on the 

composition of gut microbiota. 

3.2 Materials and Methods 

3.2.1 Recruitment of volunteers 

A total of 16 healthy adults, including 11 Indians and 5 Chinese, were recruited for the 

current study (Table 3.1). All the volunteers were university students, ages 22 to 35, 

studying in Singapore for past 1-3 years 
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 Table 3.1: Sample information on age, gender and ethnicity 

 

Sample ID Age Gender Ethnicity 

IN1 31 Male Indian 

IN2 30 Female Indian 

IN3 30 Male Indian 

IN4 30 Female Indian 

IN5 23 Female Indian 

IN6 26 Female Indian 

IN7 27 Male Indian 

IN8 26 Female Indian 

IN9 30 Male Indian 

IN10 27 Female Indian 

IN11 23 Female Indian 

CH1 26 Male Chinese 

CH2 23 Female Chinese 

CH3 22 Female Chinese 

CH4 35 Male Chinese 

CH5 23 Female Chinese 

 Healthy individuals without any gastrointestinal disorder and who did not use any 

antibiotics, laxatives or other drugs known to influence gastrointestinal function in the 

3 months before the study, were selected. The written informed consent forms and a 

standard questionnaire were taken from the volunteers. Food Frequency Questionnaire 

(FFQ) was used to recall food diary. Ethical approval was granted by Nanyang 

Technological University- Institutional Review Board, Singapore 
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3.2.2 Sample collection 

All participants were asked to refrain from smoking, eating, drinking for at least 1-2 

hour prior to samples collection. Study participants were provided with two different 

containers: a sterile pot and a 50 mL sterile centrifuge tube. The volunteers were asked 

to transfer fresh feces from the sterile pot to the tube immediately after defecation. The 

samples were anonymized in the same order with the questionnaire (e.g. IN1, 

IN2…IN11 for Indians and CHI, CH2...CH5 for Chinese). Samples were homogenized, 

10 g of feces were taken in 50 ml falcon tube and centrifuged (50,000 x g at 10℃ for 2 

h). The fecal water was removed and samples were stored at -80 ℃ freezer prior to DNA 

extraction.  

3.2.3 DNA extraction 

0.25 g of frozen fecal sample was used for total genome DNA extraction. DNA was 

extracted using Mo Bio Powersoil DNA isolation kit (Qiagen). The concentration of 

DNA sample was measured using NanoDrop and purity was monitored on 1% agarose 

gel. The concentration of DNA sample was diluted to 1 ng/µL in sterile water.  

For each sample, 16S rRNA genes of V4 region were amplified. The primer set 

corresponding to primers 515F -806R with the barcode was used for amplification. All 

PCR reactions were performed with Phusion high fidelity master mix (New England 

Biolabs). The same volume of loading buffer containing SYBR green was mixed with 

PCR products. Gel electrophoresis with 2% agarose was performed for detection. 

Samples with the bright main strip between 400-450 bp were selected for facilitating 

experiments. PCR products were mixed in equidensity ratios and afterward purified with 

Qiagen gel extraction kit (Qiagen, Germany) 
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3.2.4 Library preparation and sequencing 

Sequencing and analysis were performed by NovogeneAIT (Singapore). Sequencing 

libraries were generated using TrueSeq DNA PCR-free sample preparation kit 

(Illumina, USA) according to manufacturer's recommendations and index codes were 

added. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo 

Scientific) and Agilent Bioanalyzer 2100 system. Then, sequencing was performed on 

an Illumina HiSeq 2500 platform and 250 bp paired-end reads were generated. 

3.2.5 Data analysis 

Samples were assigned paired-end reads and reads were merged using FLASH[133] . 

Quality filtering of raw tags was performed according to QIIME quality-controlled 

process. UCHIME [134] algorithm was used to detect and remove chimera sequences, 

finally, effective tags were obtained. The Uparse software was used to analyse 

sequences. Same OTUs were assigned to sequences with ≥97% similarity. The 

representative sequence for each OTU was screened for further annotation. For each 

representative sequence, the Greengenes database was used based on RDP classifier 

algorithm to annotate taxonomic information. PyNAST software (Version 1.2)[135] was 

used to execute multiple sequence alignment against the “Core Set” dataset in the 

Greengenes database. Thus, phylogenetic relationship of different OTUs and the 

distinction of the prevailing species in various samples(groups), were contemplated. 

Normalization of OTUs abundance information was conducted using a standard of 

sequence number corresponding to the sample with the least sequences. 

Alpha diversity was analysed using, Observed-species, Chao1, ACE, Goods-coverage, 

Shannon, and Simpson diversity indices. Beta diversity analysis, based on both 

weighted and unweighted unifrac distances were performed to evaluate compositional 
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heterogeneity among bacterial communities. Unweighted Pair-group Method with 

Arithmetic Means (UPGMA) hierarchical clustering was performed to interpret the 

distance matrix using average linkage. All these analyses were conducted by QIIME 

software (Version 1.7.0) and R software (Version 2.15.3). Non-metric 

multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity was applied with 

Analysis of similarities(ANOSIM) and Multi-response permutation procedure (MRPP) 

to analyse the difference in microbial composition among subjects and test the 

significance of the difference[136] . 

3.2.6 Statistical analysis 

Metastats analysis [137], two tailed t-test ,Wilcoxon two-sample test and Pearson 

correlation [138] were performed. Metastats identifies the differentially abundant 

feature in metagenomics dataset via nonparametric t-test, Fisher’s exact test and False 

discovery rate (FDR).  LEfSe (linear discriminant analysis (LDA) effect size) [139]  was 

applied to gut bacterial profiling data to identify bacterial biomarkers differentiating 

Indians and Chinese based on their dietary habits. The LDA>4.0 was set as the threshold 

for selection of features. MetaboAnalyst 3.0 [138] was used to perform Partial least 

square discriminant analysis (PLS-DA) to see the separation between gut bacterial 

profiles of subjects based on their dietary habits.  
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3.3 Results 

To compare the bacterial composition of GI tracts of healthy Asian adults, we collected 

fresh fecal samples from 16 adults aged 22 to 35 years old together with food frequency 

questionnaire. The diet of Indian cohorts mainly consists of whole wheat, rice, lentils, 

legumes, green vegetables, fruits and dairy products. Apart from this other whole grains, 

ghee, white flour, and fast food are also substantially included in the Indian diet. Their 

Chinese counterpart consumed a diet high in animal fat and protein in addition to 

carbohydrate and vegetables. Chinese food includes rice, noodles, beans, refined grains, 

white flour, peanut oil, sea food, fish, a lot of variety of meat and animal fat such as lard. 

Amplicon sequencing on IlluminaHiSeq2500 platform covering the V4 region of  

 

Table 3.2: The summarized information of amplicon sequencing of 16 fecal DNA samples  

Sample Raw PE Combined Qualified Nochime Base(nt) AvgLen(nt) Q20 Q30 GC% Effective% 

CH1 108,477 101,735 93,372 87,097 35,588,171 409 98.64 97.27 53.97 80.29 

CH2 102,446 95,911 87,368 80,974 33,210,664 410 98.62 97.2 55.24 79.04 

CH3 104,371 98,527 89,207 84,417 34,629,671 410 98.58 97.11 55.84 80.88 

CH4 107,509 99,405 89,302 81,821 33,995,999 415 98.54 97.07 53.78 76.11 

CH5 99,340 92,944 84,778 77,949 31,856,476 409 98.52 97.06 54.01 78.47 

IN10 96,681 89,660 80,787 76,119 31,716,233 417 98.65 97.27 53.04 78.73 

IN11 102,112 94,360 84,342 79,439 33,026,096 416 98.49 96.94 54.67 77.8 

IN1 94,186 86,888 77,787 72,601 30,215,865 416 98.58 97.12 53.48 77.08 

IN2 102,296 95,745 86,504 80,986 33,589,734 415 98.62 97.15 55.25 79.17 

IN3 95,251 89,115 81,270 74,796 30,685,000 410 98.64 97.28 54.05 78.53 

IN4 101,549 94,857 86,562 80,032 32,857,121 411 98.65 97.26 54.66 78.81 

IN5 99,728 93,306 84,954 79,340 32,578,937 411 98.63 97.23 54.38 79.56 

IN6 93,086 86,553 78,110 73,226 30,313,544 414 98.52 97.02 53.99 78.66 

IN7 106,418 98,665 88,173 83,996 35,148,149 418 98.6 97.17 53.93 78.93 

IN8 109,214 102,082 92,543 88,088 36,321,085 412 98.59 97.13 55.44 80.66 

IN9 104,681 96,815 86,976 81,110 33,839,805 417 98.65 97.27 53.56 77.48 
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bacterial 16S rRNA of 16 fecal DNA samples representing 11 Indian and 5 Chinese 

produced on an average of 85,752 high quality reads (average read length 413.12 nt) in 

each sample (Table 3.2). These reads were clustered at 97% similarity threshold into 

7223 unique OTUs (388-521 per subject). The classification tree of particularly 

concerned gut bacteria (Top 10 genera for each sample) from both Indian and Chinese 

samples is shown in Fig. 3.1.  

 

Fig. 3.1 Taxon composition profiles of Indian and Chinese gut bacteria. The numbers after the 

taxonomic ranks are the relative abundances of the corresponding taxon in gut bacteria.  
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The four major bacterial phyla detected were Firmicutes, Actinobacteria, Bacteroidetes 

and Proteobacteria, in agreement with previous studies reporting these phyla 

contributed to the majority of human gut bacteria[140, 141] . The dominant taxa at all 

the taxonomic levels were found to be the same in both the groups. The preponderant 

bacteria were belonging to Firmicutes (phylum), Clostridia (class), Clostridiales(order), 

Lachnospiraceae(family), Bifidobacterium(genus) at different taxonomic levels.   

The 10 major bacterial clades from the gut bacterial profiles of both the groups at various 

taxon levels including phylum, class, order, family, genus, and species, are represented 

in Fig. 3.2.  

Fig. 3.2   Relative abundance distribution of top 10 bacterial clades from the gut bacterial profiles 

of Indian and Chinese adults at various taxon levels including (a) phyla, (b) classes, (c) orders, (d) 

families, (e) genera 

Metastats analysis and t-test were performed to determine species with significant 

variation between groups (p< 0.05) . Bacteroidetes (p=0.001) and Cyanobacteria (p= 
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0.003) were significantly higher in the Indian group at the phylum level. Particularly, 

the abundance of Bacteroidetes in Indians (16.39%) was almost 4 times higher as 

compared to Bacteroidetes in Chinese (4.27%). The abundance of Firmicutes (68.08%), 

Actinobacteria (25.48%), in Chinese were not significantly different and slightly higher, 

as compared to Firmicutes (60.5%), Actinobacteria (20.57%) in Indians. It is noticeable 

that Firmicutes has outnumbered Bacteroidetes in both the populations (Fig. 3.2a). 

The bacterial classes that showed a significant difference (p< 0.05) between the two 

groups were Bacteroidia, Bacilli, Gammaproteobacteria, and Chloroplast. The 

bacterial orders (p< 0.05) accounting for significant variation between Indians and 

Chinese were found to be Bacteroidales, Lactobacillales, Bacillales, Streptophyta. The 

bacterial families (p< 0.05) Prevotellaceae, Lactobacillaceae, Leuconostocaceae, 

Carnobacteriaceae showed significantly higher abundance in Indians whereas 

Porphyromonadaceae was higher in Chinese.  

The bacterial genera (p< 0.05) Prevotella, Megasphaera, Catenibactrium, 

Lactobacillus, Mitsuokella, Carnobacterium, Lachnospira were significantly higher in 

Indians as compared to Chinese. The genera, Bifidobacterium (15.2%) and Prevotella 

(13.07%) were almost equally dominant in Indian population (Fig. 3.2e). Prevotella was 

dominant in 5 Indian subjects whereas the rest of the 6 subjects were dominated by 

Bifidobacterium. As shown in Fig. 3.2e, the two most abundant genera in Chinese were 

Bifidobacterium (20.90%) and Blautia (13.19%). Previous studies on different 

populations have reported that human gut microbiome could be classified based on one 

of the four distinct communities, namely Prevotella, Bacteroides, Clostridiales, and 

Bifidobacterium [74]. In our study, both the populations were dominated by 

Bifidobacterium and Clostridiales but Prevotella in Indians (13.07%) is highly abundant 
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as opposed to very low percentage of Prevotella in Chinese (0.58%) (Fig. 3.2e). Thus, 

we can conclude that Prevotella is a potential biomarker which distinguishes Indian 

cohorts from Chinese.   

To better understand if Chinese and Indians can be separated based on their gut bacterial 

profiles, hierarchical cluster analysis and partial least squares discriminant analysis 

(PLS-DA) were performed at all taxa levels (Fig. 3.3 a and b)       

Fig. 3.3 Subjects are clustered based on their dietary habits (a)Partial least square discriminant 

analysis of gut bacterial profiles of Indian and Chinese adults (b) Relative abundance heat map of top 35 

genera. 

PLS-DA plot showed clustering of individuals based on dietary habits. Leave-one-out-

cross-validation of PLS-DA plot gave R2 = 96.56 and Q2= 68.39 which represent 

variance and predictive capability respectively. We could see differences at all 

taxonomic levels but the gut bacterial composition at the genus level showed the marked 

difference between the two groups. The abundance distribution of dominant 35 genera 

among all samples was displayed in the heatmap (Fig. 3.3a).          
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All the Indians clustered together and showed a clear separation from Chinese samples, 

thus dietary habits played an important role in clustering of the individuals based on the 

gut bacterial profiles.                                  

3.3.1 Microbiota from Indian adults is as diverse as microbiota from Chinese adults 

Alpha diversity is widely used for the analysis of microbial community diversity. It 

reflects the richness and diversity of the microbial community by using a series of 

statistical indices, species accumulation curve, and species richness curve.  

 

Fig. 3.4 Rarefaction curves and rank abundance curves of alpha diversity: (Left)In Rarefaction 

curves plot, X-axis is number sequencing reads randomly chosen from a certain sample to obtain OTUs. 

Y-axis is corresponding OTUs. (Right)In Rank abundance curves plot, X-axis is the abundance rank. Y-

axis is the relative abundance. Curves for different samples are represented by different colours. 

As can be seen from Fig. 3.4, individual rarefaction and rank abundance curves revealed 

that the Indian adults exhibited similar diversity, including evenness, as the Chinese 

adults.  Alpha diversity between the two groups was further compared using observed 

species, goods coverage, Chao1, ACE, Shannon and Simpson diversity indices. The box 
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plots and tabulated description of statistical indices of alpha diversity are shown in Fig. 

3.5 and Table 3.3.  

 

Fig. 3.5 Between group variation of alpha diversity indices (a) ACE (b) Simpson (c)    Shannon     

(d) Chao1 (e) observed Species (f) goods Coverage 

Overall, the gut bacterial profiles of Indians and Chinese had the similar value of these 

statistical indices, as calculated using two-tailed t-test with unequal variance and 

Wilcoxon two-sample test, the p >0.1 for all the indices.  

3.3.2 Gut microbiota composition and relative abundance differ between healthy 

Indian and Chinese adults 

The alpha diversity indices were found to be similar in both the groups, now to estimate 

the extent of variation between gut bacterial profiles of Indians and Chinese, we 

proceeded to analyse beta diversity using unweighted and weighted unifrac distances. 

 

(a) (b) (c)

(d) (e) (f)

Indian

Chinese
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Table 3.3: Alpha diversity indices 

Sample observed_species shannon simpson chao1 ACE good_coverage 

IN1 417 5.241 0.936 516.878 502.915 0.999 

IN2 392 5.353 0.949 435.4 439.532 0.999 

IN3 476 5.843 0.961 517.6 519.106 0.999 

IN4 478 5.992 0.96 488 496.259 0.999 

IN5 426 4.889 0.893 463.82 464.431 0.999 

IN6 400 5.24 0.931 433.108 430.346 0.999 

IN7 349 4.706 0.915 385.273 390.915 0.999 

IN8 422 5.275 0.93 461.783 460.514 0.999 

IN9 395 5.306 0.949 431.667 431.41 0.999 

IN10 429 4.964 0.899 450.738 459.778 0.999 

IN11 399 5.079 0.937 438.722 449.411 0.999 

CH1 392 5.23 0.947 417.554 427.136 0.999 

CH2 466 5.554 0.953 489.459 496.189 0.999 

CH3 453 4.518 0.832 508.222 505.235 0.999 

CH4 388 4.916 0.928 402.786 415.561 0.999 

CH5 411 5.335 0.943 435.5 440.901 0.999 

 

The unweighted unifrac distance is calculated according to phylogenetic relationships 

of OTUs and weighted unifrac distance is based on the OTU’s abundance information. 

The beta diversity indices were significantly different (p< 0.02) between Indian and 

Chinese groups, as shown by two-tailed t-test and Wilcoxon two-sample test. It reveals 

that two groups can be distinguished based on both community composition and relative 

abundance of gut bacteria. The beta diversity indices box plots which describe 

differences in species diversity between groups are shown in Fig. 3.6b. Box plots also 

directly reflect the mean value, the degree of dispersion, the maximum and minimum 

value which describes intragroup species diversity. Furthermore, the unweighted pair-
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group method with arithmetic means (UPGMA), using unweighted and weighted 

unifrac distances, was applied to study the similarities among the subjects. UPGMA 

hierarchical clustering produced distinct clusters which distinguished Indian adults and 

Chinese adults (Fig. 3.6c) 

       

     

                                    

Fig. 3.6 Gut microbiota composition and relative abundance differ between healthy Indian and 

Chinese adults (a)NMDS plot of the gut bacterial profiles. Each data point represents a subject. The 

stress factor value <0.2 shows the reliability of results. (b) Beta diversity box plots of unweighted and 

weighted unifrac distances (c)UPGMA hierarchical clustering based on unweighted and weighted unifrac 

distances produced distinct clusters which distinguished Indian adults and Chinese adults 

(a) (b)

(c)
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Non-metric multi-dimensional scaling (NMDS) plot of the gut bacterial profiling data 

indicates the tendency of dietary habit wise grouping of subjects (Fig. 3.6a). The stress 

factor value is <0.2, which confirms the reliability of NMDS analysis results.  As shown 

in Fig. 3.6a, most of the Indian samples were grouped closely and showed clear 

separation from Chinese samples, which were more dispersed. The significance of 

differences was confirmed by the test of Analysis of similarity (ANOSIM) (R=0.620.5, 

p=0.001), and multi-response permutation procedures (MRPP) (p=0.003). R >0.5 

implies that separation between groups is good and intergroup variation is significantly 

greater than intragroup variations. 

3.3.3 LEfse analysis identified gut bacterial biomarkers of diet 

Our analysis has revealed a noteworthy contrast in gut bacterial profiles of Indian and 

Chinese adults. It suggests that different dietary habits could be the major drivers 

towards distinction in gut microbiota. This led us to examine gut bacterial biomarkers 

of diet. LEfse (linear discriminant analysis (LDA) effect size) analysis, which couples 

statistical significance with biological consistency and effect size estimation, detected 

15 bacterial clades (LDA score >4) showing marked differences between Indian and 

Chinese adults (Fig. 3.7a). The histogram with LDA scores and cladogram are shown in 

Fig. 3.7 a and b. In the histogram, green colour represents the taxa found to be more 

abundant in Indian adults and red colour represents the taxa more abundant in Chinese 

adults. 

The discriminating features at higher taxonomic levels are unlikely to be an effective 

biomarker, as they incorporate a diversity of genera and species. In this regard, genera 

Prevotella, Megasphaera, Catenibacterium, Lactobacillus, Ruminococcus and species 

Prevotella copri, Lactobacillus ruminis can potentially serve as biomarkers of diet to 

distinguish Indian and Chinese adults. 
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Fig. 3.7  LEfse analysis identified gut bacterial biomarkers of diet (a)The histogram of the LDA scores 

presents species(biomarker) whose abundance showed significant differences between Indian and 

Chinese adults. The length of each bin, namely, the LDA score, represents the effect size i.e. the extent 

to which a biomarker can explain the differentiating phenotypes between groups (b) In Cladogram, circles 

radiating from inner side to outer side represents taxonomic level from phylum to genus(species). Each 

circle's diameter is proportional to the taxon's relative abundance. Red nodes refer to the bacteria 

contributed a lot in Chinese adults, Green nodes refer to the bacteria dominant in Indians 

 

The colours in the cladogram represent the branch of the phylogenetic tree more 

significantly represents a certain group. In this case, Indians are significantly 

represented by Bacteroidetes.  

3.4 Discussion 

Long-term diet has been noted as one of the significant factors linked to gut bacterial 

composition in US and European subjects[61, 70]. In our study, the unique community 

structure, dominated by Firmicutes and Actinobacteria and underrepresented 

Bacteroides, of Indian and Chinese gut bacteria closely matches with the gut bacterial 

composition of eastern Russia and rural regions consuming starch-rich diet[142] . It is 

known that a large portion of bacteria belongs to Firmicutes and Actinobacteria, are 
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nutritionally specialized towards starch [143]. Presumably, the unique bacterial 

community is due to high consumption of starch-rich food such as rice, oatmeal or other 

breakfast cereals, potatoes, refined grains, white flour, noodles, tortillas, beans, in Indian 

and Chinese adults. 

The Firmicutes to Bacteroidetes(F/B) ratio was 14:1 in Chinese adults and the ratio was 

3.7:1 in the Indian adults (Fig. 3.8). 

                  

 

                   Fig. 3.8 Firmicutes to Bacteroidetes (F/B) ratio in Indian and Chinese adults 

Previous studies have reported that high (F/B) ratio and higher abundance of 

Actinobacteria are associated with obesity[124, 144, 145]. The high abundance of 

Firmicutes and Actinobacteria (Fig. 3.9) in Indians (81.07%) and Chinese (93.56%) 

justifies the study carried out by Ng et al. (2014) [132] in which China and India are 

placed at second and third position respectively after the US in the world's most obese 

population list. Indian and Chinese together accounted for 15% of world's obese people 

with 46 million and 30 million obese population respectively.   
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Fig. 3.9 Relative abundance of Firmicutes and Actinobacteria 

Another notable feature of our study was the dominance of genus Bifidobacterium in 

gut bacteria of both the communities. Bifidobacteria have been reported to confer 

protection against pathogens and maintain immune system and exertion of nutritional 

effects to the intestinal cells and the host [146, 147]. The high abundance of 

Bifidobacterium has previously been noted as a particular feature in Asian children, rural 

Indian tribes, and rural Russian population[142, 148, 149] . It could be conceived that 

carbohydrate-based Asian diet drives the colonization of Bifidobacteria.  

3.4.1 Dominance of Bacteroidetes, Prevotella, and Lactobacillus in gut bacteria of 

Indians is consistent with their dietary habits 

We found that Bacteroidetes and Prevotella are significantly dominant in Indians as 

compared to that of Chinese. These bacterial clades have previously been reported to be 

more prevalent in the populations consuming vegan or vegetarian diet[70, 150]. 

Prevotella is also known to be associated with indigestible carbohydrate-rich diet, 
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particularly grains such as whole wheat, barley[61, 151] .US American and Europe 

population consuming high animal fat and protein diet had shown a significantly lower 

abundance of Bacteroidetes and Prevotella, as compared to Egyptian and rural African 

population which consumed the vegetarian diet rich in carbohydrate and dietary 

fibers[70, 72].Prevotella are known degraders of xylan and other fibrous 

polysaccharides [152] which justifies their presence in Indian group where a large 

fraction of diet is comprised of vegetables and whole grains.It could be inferred that 

differential abundance of Bacteroidetes and Prevotella is consistent with the difference 

between Chinese and Indian diet. Prevotella is very well known as an important 

biomarker of diet[74]. 

In our study, Lactobacillus was identified as another important biomarker of diet. Past 

reports have suggested that dairy associated microbes such as Lactobacillus can survive 

the transit through the digestive system[68]. It implies that the significantly higher 

abundance of Lactobacillus in Indians could be due to their high intake of milk products 

(including cheese or paneer, curd, buttermilk and other dairy products) and fermented 

products containing Lactobacillus. 

Catenibacterium, Megasphaera, and Mitsuokella were also found to be enriched in 

Indian gut. Higher abundance of these three genera was noted in Egyptian children when 

compared to US children[72]. Similarly, Catenibacterium and Mitsuokella were found 

only in Bangladeshi children but were absent in the gut of US children [71]  and they 

have been previously linked to the abundances of Prevotella [72, 153] . In the present 

study also, Prevotella was found to be in positive correlation with Catenibacterium, 

Megasphaera, Mitsuokella (r=0.562-0.90).  In comparison to Indians, starch-degrading 

genera, namely, Ruminococcus, and Blautia, were more abundant in the stools of 

Chinese, feasibly due to the high preponderance of starch as a dietary polysaccharide in 
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their diet. It concurs with De Filippis et al. (2016) [150] who previously reported a lower 

abundance of Prevotella and higher abundance of Ruminococcus in Omnivores. In 

addition to this, mucin degrading genus Akkermansia which has previously been 

associated with non-vegetarian[154] was detected in all Chinese samples whereas only 

3 out of 11 Indian samples have shown its presence. Prevotella has shown a negative 

correlation with Ruminococcus, Blautia, Dorea, Megamonas Bacteroides (-(0.587-

0.797)), while a positive correlation with Faecalibacterium Dialister, Lactobacillus 

(0.641-0.775). The correlation of Prevotella with these bacteria is in agreement with 

previously reported results[148, 149] .  

3.5 Conclusions  

Overall this study deepens our understanding of gut microbiota composition of healthy 

adults from two largest Asian countries, India and China. In spite of the fact that, the 

prevalent gut bacteria were similar to those found in other populaces, we discovered 

some exceptional community structure also. This information expands our knowledge 

of healthy human microbiome ecology and serves as a reference point for future 

epidemiological investigations and translational applications. Moreover, we examined 

the correlations among the gut bacterial community. We further suggested the possible 

link between diet and gut bacterial composition. We identified bacterial biomarkers of 

diet, which are very well known for their interaction with diet, distinguishing Indian and 

Chinese adults. However other hidden factors such as host physiology and genetics may 

also interact with their microbiota. Thus, Knowledge from this study could aid future 

research aim to modulate human gut microbiota, with probiotics or synbiotic dietary 

supplementations, which may provide new approaches to control the diet-microbiota-

human health interactions. 
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CHAPTER 4 

ASSOCIATION OF FECAL AND URINE METABOLITES WITH DIET OR 

ETHNICITY AND GUT MICROBIOME OF INDIAN AND CHINESE 

ADULTS: AN UNTARGETED METABOLOMICS ANALYSIS 

Abstract 

Human fecal and urine metabolites are involved in multiple host metabolic pathways. 

The metabolites composition is used in disease diagnosis and it is largely affected by 

diet or ethnicity and gut microbiota. We established an untargeted GC-MS 

metabolomics method based on two solvent extraction steps, first acetonitrile: methanol 

for protein precipitation, second methanol: water, followed by trimethylsilylation 

derivatization. This method enabled the detection of 120 and 86 metabolites including 

amino acids, phenolics, indoles, carbohydrates, sugars and metabolites of microbial 

origin from fecal and urine samples respectively. 41 compounds were confirmed using 

external standards. Next, we compared urine and fecal metabolites composition of 

healthy Indian and Chinese adults using untargeted GC-MS and LC-MS metabolomics 

approaches. Partial least squares discriminant and hierarchical cluster heat map showed 

dietary habit or ethnicity wise grouping of urine and fecal metabolite profiles of subjects. 

Our analysis revealed 53 differentiating metabolites including a higher abundance of 

amino acids and phenolics in Chinese and higher abundance of fatty acids, glycocholic 

acid, metabolites related to tryptophan metabolism in Indian adults. Correlation analysis 

showed a strong association of metabolites with gut bacterial profiles of the same 

subjects in the genus and species level. Our study showed that diet or ethnicity and gut 

microbiota play an important role in determining urine and fecal metabolites 

composition. We also confirmed a link between metabolites and gut bacteria, thus it 

could be possible to predict gut bacterial profile with the help of less expensive and less 

tedious metabolomics technology. 
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4.1 Introduction 

Metabolites mirror the health status of an individual by acquiring extensive insights into 

the functioning of a biological system. Metabolomics is a powerful technique that 

simultaneously detects hundreds of small molecules present in a given biological system 

such as fecal, urine or saliva samples[4]. Fecal metabolites are the final product of both 

cellular and microbial metabolism undergoing inside the human intestinal tract. Some 

of the metabolites from the gut are absorbed into the circulation and eventually 

chemically modified (that is, co-metabolized) by the host, then finally excreted with the 

urine[34]. The development of culture-free techniques, for example high-throughput 

DNA sequencing, suggests the presence of various microorganisms in the human 

gastrointestinal tract which affects nutrient absorption, energy regulation, detoxification, 

or transformation of xenobiotics and the health of an individual[35, 36, 37]. It is known 

that gut microbiota composition is largely affected by diet, consequently metabolites 

produced by gut microbiota also determined by diet[38, 39]. The complex gut microbial 

community utilizes both diet and host derived energy sources for growth, predominantly 

through fermentative metabolism[40]. Analysis of fecal and urine metabolic 

compositions has received a lot of attention, as it does not just reflect the status of the 

gut microbiome yet additionally bridge the connections between symbiotic microbes 

and the host’s health. Several previous studies have proposed the usefulness of fecal and 

urine metabolites in disease diagnosis, e.g. higher concentrations of amino acids, 

saturated fatty acids, and ursodeoxycholic acid were reported in fecal samples of 

colorectal cancer patients [41].In another study higher levels of choline, trimethylamine 

N-oxide (TMAO) and betaine produced from dietary phosphatidylcholine in the gut 

were found to be associated with cardiovascular disease risk and atherosclerosis[42]. 

Moreover, some metabolites such as short chain fatty acids, phenolics and vitamins 
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decrease the risk of  gastrointestinal disorder[43], cancer[44], diabetes[45] and 

cardiovascular diseases[46]. Thus, examining the fecal and urine metabolomes serve as 

a vigorous strategy for understanding the interactions between diet, human metabolism, 

and the gut microbiota composition in health and disease. 

In this regard, there is a growing need for developing a high-throughput and large-scale 

sample analysis method which is pivotal to the results of metabolomics in such a field. 

Several mass spectrometry-based techniques (MS) and nuclear magnetic resonances 

spectroscopy (NMR) have been employed to analyze metabolites levels in biological 

samples but GC-MS is the most robust method due to higher sensitivity, resolution, 

reproducibility and better reliability as compared to LC-MS and NMR. However, the 

choice of extraction solvents and derivatization method largely affect the simultaneous 

detection of the total number and different classes of metabolites within a single GC-

MS analysis, thus it makes the sample preparation a tedious process[26]. In the last few 

years, the use of LC-MS in nutritional metabolomics has also been increasing. LC-MS 

is more suitable for labile compounds and in addition to those that are difficult to 

derivatize[29]. An untargeted global investigation of urine or fecal samples is useful to 

identify metabolite biomarkers of diet or disease. 

The two most populated Asian countries, India and China, have a unique diet profile. In 

our previous study, we determined the gut microbiota composition of healthy Indian and 

Chinese adults. In this study, an untargeted GC-MS metabolomics was established for 

fecal and urine samples. Untargeted GC-MS and LC-MS metabolite profiling were 

performed on 16 fecal and urine samples obtained from 11 Indian and 5 Chinese adults. 

Dietary habits or ethnicity wise grouping of subjects were observed based on their 
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metabolite profiles. Next, we performed a correlation analysis between metabolites and 

gut bacteria.  

4.2 Material and methods 

4.2.1 Chemicals 

All chemicals were of analytical grade. Amino acid standard AAS18 (Sigma-Aldrich 

Chemical Co., St. Louis, MO, USA) was used for the identification of amino acids. 

Lactic acid, benzoic acid, succinic acid, 4-hydroxybenzaldehyde, 3- phenylpropionic 

acid, malic Acid, 4-methoxyphenylacetic acid, Gamma-Aminobutyric acid, trans-

Cinnamic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, 4-hydroxyphenylacetic 

acid, adonitol, hydrocinnamic acid, 3,4-dihydroxyphenylacetic acid, citric acid, D-

Fructose, d-Galactose, d-Glucose, 3,4-dihydroxyhydrocinnamic acid, 3-(4-

hydroxyphenyl)propionic acid, 1H-indole-3-acetic Acid, D-mannitol, dextrose, sucrose, 

indole, were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA) and 

used for identification purposes. Stock solutions of all the analytical standards were 

prepared by dissolving the compounds in MilliQ water. 

4.2.2 Recruitment of volunteers 

A total of 16 healthy adults, including 11 Indians and 5 Chinese, were recruited for the 

current study (Table 3.1). All the volunteers were university students, ages 22 to 35, 

studying in Singapore for past 1-3 years. Healthy individuals without any 

gastrointestinal disorder and who did not use any antibiotics, laxatives or other drugs 

known to influence gastrointestinal function in the 3 months before the study, were 

selected[155]. The written informed consent forms were taken from the volunteers. 

Ethical approval was granted by Nanyang Technological University- Institutional 

Review Board, Singapore. 
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4.2.3 Sample collection  

All participants were asked to refrain from smoking, eating, drinking for at least 1-2 

hour prior to samples collection. Study participants were provided with two different 

containers: a sterile pot and a 50 mL sterile centrifuge tube. The volunteers were asked 

to transfer fresh feces from the sterile pot to the tube immediately after defecation and 

urine samples were collected directly in 50 mL sterile centrifuge tube. The samples were 

anonymized as, IN1, IN2…IN11 for Indians and CHI, CH2...CH5 for Chinese [155]. 

Samples were homogenized, 10 g of feces were taken in 50 ml falcon tube and 

centrifuged (50,000 x g at 10℃ for 2 h), the supernatant is collected[156]. The urine 

samples in 50 ml falcon tubes were centrifuged to remove any debris (50,000 x g at 10℃ 

for 15 mins). The fecal water or urine samples were transferred to 1.5 ml Eppendorf 

tubes and immediately stored at -80 ℃ freezer prior to metabolite extraction.  

4.3 GC-MS sample preparation and metabolite extraction 

Fecal water or urine samples were thawed and 100 µl of samples were taken in fresh 

Eppendorf tubes. Five microliters of 4 mg/mL ribitol dissolved in MilliQ water was 

added to every sample as an internal standard to correct for any loss of metabolite during 

the extraction process. For protein precipitation, 450 µl of acetonitrile/methanol (3:1) 

was added, vortexed the mixture for 2 minutes and kept at room temperature for 10 

minutes. The samples were then centrifuged at 12000 rpm at 4°C for 20 minutes and the 

supernatant was transferred to a fresh Eppendorf tube. A second extraction was 

conducted by adding 200 µl of methanol/water (8:1) to the remaining residue, vortexed 

for 2 minutes, kept at room temperature for 10 minutes, then centrifuged the mixture at 

12000 rpm at 4°C for 20 minutes. Now the previous supernatant was added to the tube 

and whole mixture was centrifuged for 5 minutes, transferred the whole supernatant to 
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a fresh Eppendorf tube. The samples were air dried using a heat block at 30°C for 24 

hours. Samples were derivatized by adding 50 µl of 2% methoxyamine HCL in pyridine 

(ThermoFisher Scientific) and incubated for 1 h at 37 °C. Next, 100 μL of  N-methyl-

N-(trimethylsilyl)-trifluoroacetamide (MSTFA) with 1% trimethylchlorosilane 

(TMCS) (Sigma-Aldrich) was added to all samples and incubated at 70 °C for 30 min. 

Samples were centrifuged for 1 h at room temperature and then transferred to GC-MS 

glass vials[157] .15 µl of amino acids standard and all other analytical standards(1 

mg/ml) were air dried and derivatized same as the samples, and transferred to GC-MS 

vials. 

4.3.1 GC-MS analysis and metabolites detection 

The analysis of samples and standards was done using Agilent Technologies 5973N 

GC/MS. Metabolites were isolated through a HP-5MS capillary 54 column (30 m× 

0.250 mm i.d.; 0.25-μm film thickness; Agilent J&W Scientific). Autosampler injected 

1 µl of each sample and the separation was performed using the column in splitless 

mode. The carrier gas was Helium with a flow rate of 1.1 mL/min. Temperatures for 

inlets and MS source were taken as 250°C and 230°C, respectively. The temperature of 

the oven was kept at 75 °C for 4 min and increased to 280 °C with a rate of 4°C/min 

then held for 1.56 min. Mass spectrum was recorded from 40 to 600 m/z with a scan 

time of 0.2 s. 

Data processing and metabolite identification were performed according to the previous 

study[158]. Briefly, data extraction was performed by GC-MS solution software (GC/ 

MSD Chemstation Data Analysis, Agilent). The total ion chromatogram was obtained, 

and then mass spectra were identified. The detected metabolites peaks were identified 

using the NIST 08 mass spectral library (National Institute of Standards and 

Technology) and the extracted compounds were aligned, normalized according to 
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internal standard ribitol. Peaks with a similarity index more than 80% were used for 

feature identification. 

4.4 LC-MS metabolomics analysis and metabolites identification 

100 µl of fecal water or urine samples were thawed and filtered using 0.22 µm pore size 

membrane(Jiménez-Girón et al. 2015). Metabolomic analysis of filtered solution was 

performed using Agilent 6550 iFunnel Q-TOF LC/MS system (Agilent Technologies, 

Santa Clara, CA, USA), operated in both positive and negative ion mode. 2 µl of samples 

were injected into an Agilent ZORBAX Rapid Resolution HD SB C18 (2.1 × 100 mm, 

1.8 μm) maintained at 45 °C. The flow rate was set at a constant 0.4 ml/min and the 

pressure was 600 bar. The gradient mobile phase was composed of phase A (water 

containing 0.1% formic acid) and phase B (acetonitrile containing 0.1% formic acid). 

The gradient started with 95% A from 0 to 1 min and decreased to 5% from 1 min to 13 

min, holding at 5% A till 16 min then turned to 95% in next 10 minutes and holding at 

95% A for 4 minutes. 

The parameters were the following: capillary voltage 3500 V, nozzle voltage 1000 V, 

skimmer voltage 65 V, drying gas temperature 200, sheath gas temperature 350, 

fragmentor voltage 175 V, drying gas flow rate 14 l/min, sheath Gas flow rate 11 l/min, 

nebulizer pressure 35 psi. MS data were recorded across the range of 50− 1700 m/z at 

1.5 spectra/s. 

All raw data extracted and processed using Agilent MassHunter Qualitative Analysis 

B.07.00 software. A list of peak areas, retention time and mass to charge(m/z) were 

obtained and metabolites were identified by comparing the data to selected databases, 

namely, KEGG, HMDB, and METLIN 
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4.5 Statistical analysis 

Multivariate statistical analysis was performed using MetaboAnalyst 3.0[138]. Partial 

least squares discriminant analysis was performed to see the difference between 

metabolite profiles of Indian and Chinese adults. The VIP>1 was taken to identify the 

features significantly differentiating between Indian and Chinese adults, then fold 

change ratio was obtained for each feature. Hierarchical cluster analysis heat map was 

obtained using ward clustering algorithm and Euclidean distance calculation to further 

confirm the results of PLS-DA and to show the distribution of metabolites among all 

individuals. Pathways analysis was performed and correlations between microbiome 

and metabolites were obtained using Pearson r distance measure.  
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4.6 Results and discussion 

Metabolome analysis of fecal and urine samples are emerging as a non-invasive tool to 

study the relation of diet and gut microbiota with human health. Our aim was to establish 

an untargeted GC-MS metabolomics method which allows the simultaneous detection 

of as many important metabolites as possible in the fecal samples. We applied two 

solvent extraction steps, first acetonitrile: methanol followed by methanol: water, with 

trimethylsilylation derivatization. Although methanol alone has been proved to be a 

suitable solvent for metabolite extraction from human biofluids but most of these 

methods did not consider the importance of protein precipitation step in the fecal GC-

MS analysis[159]. Precipitation of protein form fecal samples can be achieved by adding 

salts or acids but the addition of water miscible solvents prior to GC-MS could be a 

better approach. It decreases the electrolyte which improves MS sensitivity and avoids 

instrument capillary blockage[160]. The solubility of phospholipids in methanol is high, 

hence, in the event that methanol is utilized as an extraction solvent, lipids (including 

triacylglycerides and phospholipids) are extracted in sizable quantity which are 

involatile in GC-MS under trimethylsilylating conditions and would, consequently 

increase the carry-over background fatty acid signals detected in the 

chromatograms[161, 162, 163]. We chose acetonitrile as it is more effective in removing 

the phospholipids due to poor solubility of phospholipids in acetonitrile[28, 164]. The 

second step with just methanol was likely to get a more complete extraction and as 

proteins already denatured and precipitated in the first step, it cannot get into solution. 

Moreover, the nonpolar nature of methanol as a solvent can help maximize the 

metabolome coverage. Also, methanol is an effective desalting agent 

To study the metabolic activity in the gut ecosystem of healthy humans and understand 

the relationship between diet, gut microbiome and fecal or urine metabolites, we applied 
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our GC-MS method on the fecal samples of 16 healthy Asian adults. We extracted 122 

metabolites including amino acids, phenolics, indoles, dicarboxylic acids and other 

metabolites of microbial origin (Table 4.1). The same method was applied to urine 

samples and it enabled the detection of 86 metabolites as listed in the table 4.1. 

Table 4.1: List of metabolites detected in fecal and urine samples of Indian and Chinese adults using 

GC-MS metabolomics .41 metabolites confirmed using analytical standards and metabolites of 

microbial origin are shown 

RT Fecal Metabolites Urine metabolites                                Origin 

7.9 Lactic acid  confirmed Microbial 

8.26 Acetic acid   Microbial 

8.58 2-propenoic acid    

9.07 L-alanine  confirmed  

10.22 Propanedioic Acid    

10.84 3-hydroxybutyric acid    

11.89 Cyclohexanecarboxylic acid    

12.67 L-valine  confirmed  

13.4 Benzoic acid  confirmed Microbial 

14.58 L-leucine  confirmed  

14.93 3-pyridinecarboxylic acid    

15.14 Benzeneacetic acid   Microbial 

15.27 L-isoleucine  confirmed  

15.6 Glycine Glycine confirmed  

15.88 Succinic acid Succinic acid confirmed Microbial 

16.26 Methylsuccinic acid Methylsuccinic acid   

16.47 n-valeric acid n-valeric acid  Microbial 

16.68 Pyrimidine Pyrimidine   

16.89 2-butenedioic acid    

17.17 4-hydroxybenzaldehyde 4-hydroxybenzaldehyde confirmed  

17.25 5-hydroxyhexanoic acid    

17.33 Pipecolic acid Pipecolic acid  Microbial 

17.5  2,3-Dihydroxybutanoic acid   

17.61 Serine Serine confirmed  

17.94 benzene    

18.47 L-threonine L-threonine confirmed  

18.75 Pentanedioic acid   Microbial 

18.83 3- phenylpropionic acid  confirmed  

19.5 Beta-alanine Beta-alanine   



Chapter 4. Association of metabolites with diet and gut microbiome  

66 

 

19.6 Indole  confirmed Microbial 

19.9 3,4-dihydroxybutanoic acid 3,4-dihydroxybutanoic acid   

20.05 Propylene glycol    

20.35 L-homoserine L-homoserine  Microbial 

20.99 Pyruvic acid    

21.63 Malic Acid  confirmed  

21.75 4-pentenoic acid    

21.8 2-pyrrolidone-5-carboxylic acid    

21.85 Hexanedioic acid    

21.98 2-aminocaprylic acid    

22.08 pyroglutamic acid    

22.25  Butane   

22.31 L-methionine L-methionine confirmed  

22.36 L-proline  confirmed  

22.5 L-aspartic acid L-aspartic acid confirmed  

22.53  Pyrogallol   

22.76 4-methoxyphenylacetic acid 4-methoxyphenylacetic acid confirmed  

22.78 Gamma-Aminobutyric acid  confirmed  

22.8 trans-Cinnamic acid  confirmed Microbial 

22.83  2-Furancarboxylic acid   

22.93  Creatinine   

23.35 L-cysteine  confirmed  

23.48  2,3,4-trihydroxybutyric acid   

23.51 Dodecanol    

24.07 L-threonic acid L-threonic acid   

24.11 Linolenic acid Linolenic acid   

24.72 3-hydroxybenzoic acid 3-hydroxybenzoic acid confirmed Microbial 

24.9 Cyclohexylacetate    

25.14 L-ornithine    

25.18 4-hydroxybenzoic acid 4-hydroxybenzoic acid confirmed Microbial 

25.26 Phenylalanine  confirmed  

25.34 L-glutamic acid  confirmed  

25.37  Mannonic acid   

25.45 Acetamide    

25.48  2,3-dimethyl-3-hydroxyglutaric acid   

25.57 3,5-dihydroxybenzoic acid 3,5-dihydroxybenzoic acid   

25.76 4-hydroxybenzeneacetic acid 4-hydroxybenzeneacetic acid confirmed Microbial 

26.26  Tartaric Acid   

26.31 Arachidonic acid    
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26.57 Phenol Phenol   

26.7 3,4,5-trihydroxy pentanoic acid 3,4,5-trihydroxy pentanoic acid   

26.89 2-propenoic acid 2-propenoic acid   

26.96 D-arabinonic acid D-arabinonic acid   

27.02 d-xylose d-xylose   

27.45 5-hydroxyindole 5-hydroxyindole   

27.63  Arabinitol   

27.69 Threitol    

27.72 Glycyl-1-glutamic acid    

27.8 1,6-anhydro-.beta.-d-glucose 1,6-anhydro-.beta.-d-glucose   

27.83  L-Arabinose   

27.93 3-(3-hydroxyphenyl)propanoic acid 3-(3-hydroxyphenyl)propanoic acid  Microbial 

28.2 3-hydroxyhex-2-enedioic acid    

28.23 1,4-butanediamine 1,4-butanediamine  Microbial 

28.35  

acetamide 

  

 

28.43 Tricarballylic acid   Microbial 

28.53  

d-(+)-Arabitol 

  

 

28.65 Adonitol Adonitol confirmed  

28.85 Hydrocinnamic acid Hydrocinnamic acid confirmed Microbial 

29 trans-Aconitic acid trans-Aconitic acid   

29.25 Phenylacetic acid Phenylacetic acid  Microbial 

29.6 Phosphoric Acid Phosphoric Acid   

29.81 Azelaic Acid Azelaic Acid   

30.11 Ribonic Acid Ribonic Acid   

30.64  L-sobopyronase   

30.88 Cadaverine   Microbial 

30.93 D-Arabinose   Microbial 

31.05  1,2,3-propanetricarboxylic acid   

31.06 3,4 -dihydroxyphenylacetic acid  confirmed Microbial 

31.13  

(4-hydroxy-3-methoxyphenyl) 

ethylene glycol  

 

31.22 N-alfa-acetyl-L-lysine    

31.33 1H-Indole-3-ethanamine    

31.38  Pinitol   

31.45 

3-(3-hydroxyphenyl)-3-

hydroxypropionic acid 

 

 

 

31.55 Citric acid Citric acid confirmed  

31.62 Ethylmalonic acid Ethylmalonic acid   
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32.01 Hydrobenzoin    

32.14 Arabinitol Arabinitol   

32.23  Gluconolactone   

32.3 3-hydroxy-3-phenylpropanoic acid 3-hydroxy-3-phenylpropanoic acid   

32.48 L-(-)-Sorbose L-(-)-Sorbose   

32.64 Galactonic acid Galactonic acid   

32.85 D-Fructose D-Fructose confirmed  

32.91 d-Galactose d-Galactose confirmed  

33.14 d-Glucose d-Glucose confirmed  

33.2 L-Lysine  confirmed  

33.35 Tyrosine  confirmed  

33.57 d-Mannose d-Mannose   

33.64 3,4-dihydroxyhydrocinnamic acid 3,4-dihydroxyhydrocinnamic acid confirmed Microbial 

33.88 3-(4-hydroxyphenyl)propionic acid 3-(4-hydroxyphenyl)propionic acid confirmed  

33.92 1H-indole-3-Acetic Acid  confirmed Microbial 

33.99 D-mannitol D-mannitol confirmed Microbial 

34.15 Dulcitol Dulcitol   

34.4 MyoInositol MyoInositol   

34.53 Aniline    

34.93 Pantothenic acid Pantothenic acid   

35.2 Dextrose  confirmed  

35.56  D-Gluconic acid   

35.72 Hexadecanoic acid Hexadecanoic acid   

35.78 (3,4-dihydroxy phenyl)pentanoic acid    

36.15 Scyllo-Inositol Scyllo-Inositol   

36.41 cis-5,8,11-Eicosatrienoic acid cis-5,8,11-Eicosatrienoic acid   

36.57 3-Indolepropionic acid   Microbial 

37.4 Inositol Inositol   

37.88 Heptadecanoic acid Heptadecanoic acid   

38.14 Sedoheptulose Sedoheptulose   

38.63 D-Arabinopyranose D-Arabinopyranose   

38.73 D-Glucitol D-Glucitol   

38.95 5-hydroxyindolepropionic acid    

40.06 Octadecanoic acid Octadecanoic acid   

46.96 Hexacosane Hexacosane   

49.15 Sucrose Sucrose confirmed  

49.94  Cellobiose   

50.51 maltose Maltose   
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Two technical replicates were run for each sample and only the metabolites detected in 

both the cases were listed, which shows the reproducibility of the GC-MS method. Out 

of all the metabolites detected, the presence of 41 compounds was further confirmed  

Fig. 4.1 A representative GC-MS chromatogram of the fecal extract  

using commercial external standards. The representative GC-MS chromatogram of fecal 

extract is shown in figure 4.1. In order to further understand the usefulness of the 

metabolites detected with the GC-MS method, we performed pathway analysis to relate 

the metabolites with their corresponding pathways.  

A network map, a bar graph and a table with the probable functional role of metabolites 

are generated (Table 4.2, Figs. 4.2 a and b).  
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Table 4.2: Functional roles of fecal and urine metabolites detected using GC-MS 

Pathway Total Hits 

Glutathione Metabolism 21 6 

Glucose-Alanine Cycle 13 4 

Galactose Metabolism 38 8 

Glutamate Metabolism 49 9 

Malate-Aspartate Shuttle 10 3 

Urea Cycle 29 6 

Alanine Metabolism 17 4 

Ammonia Recycling 32 6 

Glycine and Serine Metabolism 59 9 

Homocysteine Degradation 9 2 

Lactose Degradation 9 2 

Spermidine and Spermine Biosynthesis 18 3 

Cysteine Metabolism 26 4 

Methionine Metabolism 43 6 

Aspartate Metabolism 35 5 

Gluconeogenesis 35 5 

Arginine and Proline Metabolism 53 7 

Carnitine Synthesis 22 3 

Transfer of Acetyl Groups into Mitochondria 22 3 

Warburg Effect 58 7 

Fructose and Mannose Degradation 32 4 

Amino Sugar Metabolism 33 4 

Beta-Alanine Metabolism 34 4 

Glycolysis 25 3 

Fatty Acid Biosynthesis 35 4 

Biotin Metabolism 8 1 

Phenylalanine and Tyrosine Metabolism 28 3 
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Selenoamino Acid Metabolism 28 3 

Pyruvate Metabolism 48 5 

Alpha Linolenic Acid and Linoleic Acid Metabolism 19 2 

Phenylacetate Metabolism 9 1 

Lactose Synthesis 20 2 

Starch and Sucrose Metabolism 31 3 

Pyruvaldehyde Degradation 10 1 

Pantothenate and CoA Biosynthesis 21 2 

Propanoate Metabolism 42 4 

Citric Acid Cycle 32 3 

Glycerol Phosphate Shuttle 11 1 

Phosphatidylethanolamine Biosynthesis 12 1 

Taurine and Hypotaurine Metabolism 12 1 

Ketone Body Metabolism 13 1 

Thyroid hormone synthesis 13 1 

Nicotinate and Nicotinamide Metabolism 37 3 

Inositol Phosphate Metabolism 26 2 

Valine, Leucine and Isoleucine Degradation 60 5 

Sphingolipid Metabolism 40 3 

Lysine Degradation 30 2 

Phosphatidylinositol Phosphate Metabolism 17 1 

Butyrate Metabolism 19 1 

Ethanol Degradation 19 1 

Mitochondrial Electron Transport Chain 19 1 

Inositol Metabolism 33 2 

Catecholamine Biosynthesis 20 1 

Nucleotide Sugars Metabolism 20 1 

Threonine and 2-Oxobutanoate Degradation 20 1 

Ubiquinone Biosynthesis 20 1 
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Vitamin B6 Metabolism 20 1 

Betaine Metabolism 21 1 

Tryptophan Metabolism 60 4 

Tyrosine Metabolism 72 5 

Sulfate/Sulfite Metabolism 22 1 

Glycerolipid Metabolism 25 1 

Oxidation of Branched Chain Fatty Acids 26 1 

Phytanic Acid Peroxisomal Oxidation 26 1 

Plasmalogen Synthesis 26 1 

Histidine Metabolism 43 2 

Mitochondrial Beta-Oxidation of Long Chain Saturated Fatty Acids 28 1 

Folate Metabolism 29 1 

Pentose Phosphate Pathway 29 1 

Purine Metabolism 74 4 

Fatty Acid Elongation In Mitochondria 35 1 

Porphyrin Metabolism 40 1 

Pyrimidine Metabolism 59 2 

Fatty acid Metabolism 43 1 

Bile Acid Biosynthesis 65 2 

Steroid Biosynthesis 48 1 

Arachidonic Acid Metabolism 69 2 
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The functional analysis of urine and fecal metabolites of Indian and Chinese adults 

showed that most of the metabolites were involved in more than one pathway. For 

example, the metabolites of glutamate metabolism (Gamma-Aminobutyric acid, 

glycine, L-glutamic acid, L-alanine, L-aspartic acid, pyruvic acid, succinic acid, L-

cysteine, phosphoric acid) represented most in the study.  

Fig. 4.2 (a) A network map and (b) a bar graph with the functional role of metabolites detected 

using GC-MS metabolomics in fecal and urine samples of Indian and Chinese adults  

The metabolites related to galactose metabolism were galactitol, D-Glucose, D-

Galactose, D-mannose, myo-Inositol, sorbitol, sucrose, D-Fructose. The metabolites of 

glutathione metabolism detected were glycine, L-glutamic acid, L-alanine, 

pyroglutamic acid, L-cysteine, phosphoric acid. Glycine, L-glutamic acid, L-proline, L-

aspartic acid, ornithine, succinic acid, phosphoric acid were found to be involved in 

arginine and proline Metabolism. The metabolites of methionine metabolism detected 

were glycine, L-serine, L-cysteine, L-methionine, L-homoserine, putrescine.   
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Metabolites associated with ammonia recycling were glycine, L-glutamic acid, L-

serine, L-aspartic acid, pyruvic acid. Ornithine, putrescine, L-methionine were 

associated with spermidine and spermine biosynthesis. 

4.6.1 Fecal and urine metabolomics revealed differences between Indian and 

Chinese adults 

The Indian adults recruited for this study were consuming food which closely matches 

the Mediterranean style diet. The main components of their diet were whole wheat or 

other whole grains, nuts, rice, lentils, legumes, green vegetables, fruits, dairy products, 

sweets, ghee, refined flour and fast food. On the other hand, Chinese adults consumed a 

diet including seafood, fish, chicken, pork, beef, a lot of variety of other meat, which 

was high in animal fat and protein. In addition, rice, noodles, beans, peanut oil, green 

vegetables, white flour, refined grains were a substantial part of the Chinese diet. In our 

previous study, we have reported the differences in gut microbiome composition 

between Indian and Chinese adults[155]. To assess whether the differences in gut 

microbiome composition and dietary habits between Indian and Chinese adults can alter 

the luminal environment, GC-MS and LC-MS metabolomics were performed on 16 

fecal and urine samples, including 11 Indian and 5 Chinese. Overall 69 and 123 

metabolites were extracted from LC-MS metabolomics of fecal and urine samples, 

respectively. LC-MS is more suitable for labile compounds, polar compounds and in 

addition to those that are difficult to derivatize[29]. Some specific classes of metabolites 

such as organic acids, organic amines, nucleosides, ionic species, nucleotides, and 

polyamines are more compatible with LC-MS analysis.  Thus, a combination of both 

GC-MS and LC-MS will be more suitable for a comprehensive metabolomics 

analysis[165].   



Chapter 4. Association of metabolites with diet and gut microbiome  

75 

 

The multivariate statistical analysis was applied on data of fecal metabolites. Partial 

least square discriminant analysis plot and hierarchical clustering analysis heatmap 

showed dietary habit wise clustering of subjects. PLS-DA plots based on Leave- one-

out cross-validation had R2 = 96.56 and Q2= 68.39 which indicates total explained 

variance and cross validation predictive ability, respectively. The heatmap representing 

the distribution of fecal metabolites among all the individuals and PLS-DA plots are 

shown in Figure 4.3a and b. 

Fig. 4.3 Subjects are clustered based on their dietary habits or ethnicity (a) Partial least square 

discriminant analysis of fecal metabolites profiles of Indian and Chinese adults (b) Heat map of the 

distribution of fecal metabolites among all individuals 

(a)

(b)
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In order to further strengthen our results, the multivariate statistical analysis was applied 

on urine metabolites profiles also. PLS-DA plot with R2 =80.81, Q2= 63.18 and heat 

map of urine metabolites data also showed a clear distinction between Indian and 

Chinese based on their urine metabolite profiles. The heatmap representing the 

distribution of urine metabolites among all the individuals and PLS-DA plots are shown 

in figure 4.4a and b. 

Fig. 4.4  Urine metabolites profiles are influenced by dietary habits or ethnicity of subjects (a) Partial 

least square discriminant analysis of urine metabolites profiles of Indian and Chinese adults (b) Heat map 

of the distribution of urine metabolites among all individuals  

Overall dietary habits or ethnicity were found to play an important role in clustering of 

individuals based on urine and fecal metabolite profile. These results justify our 

previous findings where diet or ethnicity was found to be important in determining gut 

microbiome composition[155]   

(a)
(b)
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4.6.2 Metabolites that differentiate between Indian and Chinese adults could be 

associated with their diet 

It has been reported that variable importance in the projections (VIP) values greater than 

1 could be considered as the most relevant metabolites for explaining the 

differences[166]. Based on the criteria of VIP >1, 53 compounds distinguishing Indian 

and Chinese adults were identified. The metabolites with VIP values and fold change 

ratio between Indian and Chinese are presented in table 4.3. 

Table 4.3: Metabolites that differentiate between Indian and Chinese adults. All the metabolites are 

presented with variable importance in projection (VIP) values and fold change ratio 

(Chinese/Indian) 

Metabolite VIP Fold (Chinese/Indian) 

L-alanine 1.71 1.72 

L-leucine 1.87 3 

L-isoleucine 1.73 2.06 

Glycine 1.62. 1.871 

L-proline 1.67 2.2 

Serine  1.75 2.62 

L-glutamic acid 1.69 9.84 

L-threonine  1.22 1.7 

Gamma aminobutyric acid 1.71 2.65 

L-homoserine 1.81 2.18 

Benzeneacetic acid 2.34 3.96 

3-(4-hydroxyphenyl) propionic acid 1.67 3.94 

3-hydroxy-3-phenylpropanoic acid 1.93 4.66 

3-(3-hydroxyphenyl)-3-hydroxypropionic acid 2.09 37.09 

3-hydroxybenzoic acid 1.43 2.18 

Malic acid 2.03 4.26 

Citric acid 1.36 3.03 

http://www.metaboanalyst.ca/faces/Secure/details/FeatureDetailsView.xhtml


Chapter 4. Association of metabolites with diet and gut microbiome  

78 

 

Sedoheptulose 1.76 2.56 

5-hydroxyindole 1.3 1.76 

2-hydroxydecanedioic acid 2.39 3.7 

L-urobilin 1.59 7.92 

3-hydroxyisovalerylcarnitine 1.82 6.98 

Pentanedioic acid 1.97 3.72 

Tricarballylic acid 1.46 29.72 

3-hydroxyphenylglycine  1.69 3 

Myoinositol 1.74 4.09 

2-piperidinecarboxylic Acid  1.25 4.13 

5,6-dihydroxyindole  0.98 3.26 

4-sulfobenzyl alcohol 2.49 0.229 

5-sulfosalicylic acid  1.26 4.12 

L-sobopyronase  1.32 0.7 

D-gluconic acid  1.97 0.54 

Dulcitol  1.11 0.085 

Tartaric Acid  1.30 0.008 

L-isoleucyl-L-proline 1.54 0.082 

Pantothenic acid 1.51 0.47 

Palmitaldehyde 1.54 0.43 

Diisopropyl adipate 1.41 0.166 

Cyclohexanecarboxylic acid 1.541 0.106 

S-ribosyl-L-homocysteine 1.86 * 

Syringin 2.73 * 

4-pyridoxic acid  1.22 0.38 

Indole-3-ethanol 1.73 0.45 

2-aminomuconic acid semialdehyde 1.65 0.11 

3-hydroxy-sebacic acid 1.95 0.10 

Glycocholic Acid  1.28 0.51 

http://www.metaboanalyst.ca/MetaboAnalyst/faces/Secure/details/FeatureDetailsView.xhtml
http://www.metaboanalyst.ca/MetaboAnalyst/faces/Secure/details/FeatureDetailsView.xhtml
http://www.metaboanalyst.ca/MetaboAnalyst/faces/Secure/details/FeatureDetailsView.xhtml
http://www.metaboanalyst.ca/MetaboAnalyst/faces/Secure/details/FeatureDetailsView.xhtml
http://www.metaboanalyst.ca/MetaboAnalyst/faces/Secure/details/FeatureDetailsView.xhtml
http://www.metaboanalyst.ca/MetaboAnalyst/faces/Secure/details/FeatureDetailsView.xhtml
http://www.metaboanalyst.ca/MetaboAnalyst/faces/Secure/details/FeatureDetailsView.xhtml
http://www.metaboanalyst.ca/MetaboAnalyst/faces/Secure/details/FeatureDetailsView.xhtml
http://www.metaboanalyst.ca/faces/Secure/details/FeatureDetailsView.xhtml
http://www.metaboanalyst.ca/MetaboAnalyst/faces/Secure/details/FeatureDetailsView.xhtml
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D-glucitol 1.55 2 

Pinitol 2.07 0.21 

Gluconolactone 1.78 0.08 

Benzoic acid 1.49 0.39 

3-phenylpropionic acid 1.32 3.89 

Creatinine  1 1.31 

Creatine 2.31 1.2 

*detected only in Indian samples 

The levels of 7 amino acids were higher in Chinese adults, consistent with high protein 

consumption in subjects consuming Chinese diet. Our results are in agreement with the 

study carried out by Shankar et al.(2017) where US children consuming the western diet 

with high protein showed a higher level of amino acids as compared to Egyptian 

consuming Mediterranean diet[72]. Microbial degradation of dietary proteins results in 

the production of amino acids. However, the bioavailability of amino acids in the host 

is controlled by the gut microbiota composition. It has been reported previously that 

distribution of free amino acids in the gastrointestinal tract of germ free and 

conventionalized mice can be altered by the gut bacteria as the amino acids could be 

utilized by the bacteria in SCFA synthesis [73, 167]. Pathway analysis on differentiating 

metabolites showed that the seven amino acid metabolites(glycine, L-serine, L-

isoleucine, L-proline, L-glutamic acid, L-alanine, L-threonine) were found to be 

involved in aminoacyl-tRNA biosynthesis pathway. The etiology of diseases including 

cancer, neuronal pathologies, autoimmune disorders and abnormal metabolic conditions 

is found to be associated with aminoacyl-tRNA synthetases[168]. The metabolites L-

glutamic acid, Gamma-Aminobutyric acid, L-alanine were associated with alanine, 

aspartate, and glutamate metabolism. Glycine, L-glutamic acid, L-alanine were related 

to glutathione metabolism and alanine metabolism. Metabolites of glutamate 

http://www.metaboanalyst.ca/MetaboAnalyst/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/MetaboAnalyst/faces/Secure/pathway/ResultView.xhtml
http://www.metaboanalyst.ca/MetaboAnalyst/faces/Secure/pathway/ResultView.xhtml
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metabolism (Gamma-Aminobutyric acid, glycine, L-glutamic acid, L-alanine) were 

higher in Chinese. Another group of five metabolites (L-threonine, L-serine, glycine, 

creatine, L-homoserine) was associated with glycine, serine and threonine metabolism 

We have also noticed a marked increase in benzeneacetic acid in Chinese samples which 

has previously been associated to high protein diet[169, 170]. Interestingly, most of the 

phenolics (3-(4-hydroxyphenyl) propionic acid,3-hydroxy-3-phenylpropanoic acid,3-

(3-hydroxyphenyl)-3-hydroxypropionic acid,3 hydroxybenzoic acid, 3-phenylpropionic 

acid) were higher in Chinese except benzoic acid which was more abundant in Indian 

subjects. The high amount of phenolics could be associated with high consumption of 

soy products, eggplants, mushrooms, blueberry, cranberry and leafy green vegetables 

such as broccoli, cabbage, cauliflower, spinach[85]. It is evidenced that phenolics are 

derived from the plant-based diet but these compounds can also be produced from 

microbial fermentation of protein-rich diet[169, 170]. Phenolics displayed many 

important functions including inhibition of pathogens, prevention of various chronic 

diseases such as cancer, diabetes, and cardiovascular diseases, antioxidant[64, 

171].Levels of central metabolism intermediates (malate, citrate, sedoheptulose, 

myoinositol, and D-Glucitol) were also higher in Chinese samples, possibly indicating 

incomplete fermentation of complex polysaccharides in the guts of these adults. 

Furthermore, higher abundance of creatine and creatinine in Chinese adults concurs with 

Stella et al. (2006), which showed consumption of meat is associated with an increase 

of these metabolites[172]. Creatinine is a breakdown product of creatine and high levels 

of creatinine could be an indicator of kidney diseases[173]. 

The higher amount of fatty acids and conjugates (palmitaldehyde,3-hydroxy-sebacic 

acid, diisopropyl adipate) were observed in Indian samples. The higher amount of fatty 

acids could be associated with higher secretion of glycocholic acid in Indians. It is a 

http://www.metaboanalyst.ca/MetaboAnalyst/faces/Secure/details/FeatureDetailsView.xhtml
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secondary bile acid produced by the bacterial actions in the colon. Bile acids act as a 

fatty acid emulsifier to facilitate the digestion of fats and oil. The levels of metabolites 

related to tryptophan metabolism (2-aminomuconic acid semialdehyde, Indole-3-

ethanol) were also higher in Indians. Higher abundance of tryptophan related 

metabolites has been associated with the Mediterranean diet[174].The bioactive 

compound, a phenylpropanoid, syringin was detected only in Indian subjects which 

could be linked with plant based diet.  

Fig. 4.5 Metabolites that differentiates Indian and Chinese adults are mapped onto metabolic 

pathways. Red color represents higher abundance in Chinese, green color represents higher abundance 

in Indian, blue color shows the metabolites that do not differ between the two groups and black represents 

the undetected metabolites  
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Syringin is known for its pharmacological properties including scavenging of free 

radicals ,anti-diabetic effect , anti-allergic effect, anti-inflammatory potential[175]. The 

alteration of metabolites in response to different dietary components has been studied 

but linking the metabolite changes to specific pathways still remains a challenge. The 

effect of diet on the human body and health or diseased status are directly correlated 

with presence or absence of specific combinations of metabolites. Generally, it is the 

combination of metabolites rather than the individual compounds, which is of great 

biological relevance[62].  Therefore, the alteration in the metabolites involved in the 

central metabolism and in the linking metabolites to amino acid synthesis w summarized 

on a simplified metabolic map (Fig. 4.5) 

4.6.3 Gut microbiome is correlated with fecal and urine metabolites  

We investigated the interactive features between metabolites differentiating Indian and 

Chinese adults, metabolites of microbial origin and gut microbiome. The metabolites 

showed a comprehensive correlation with available 16S rRNA sequencing data on the 

gut bacterial profiles of the same subjects in the genus and species level[155]. The heat 

map showing correlations between metabolites and gut microbial abundance in genus, 

species levels is presented in the figure 4.6 

Three genera, Ruminococcus, Dorea, and Blautia which are member of one of the most 

abundant families, Lachnospiraceae, are positively correlated with L-alanine, L-

leucine, L-isoleucine, glycine, serine, and L-proline. Consistent with our results, in a 

recent study of Swedish adults, all these genera were associated with increased levels of 

amino acids except a negative correlation was observed with serine[176]. Similarly, 

Clostridium which is known to be involved in the amino acid production [177]was found 

to be associated with L-alanine, L-norleucine, L-isoleucine, glycine, serine, L-proline 
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in our study. Genus Turicibacter and species Bifidobacterium longum, Lactobacillus 

mucosae, Lactobacillus zeae were positively correlated with 3,4- 

dihydroxyhydrocinnmaic acid. Bifidobacterium and Lactobacillus have been reported 

to be associated with hydroxycinnamic acid and polyphenol production[178, 179, 180]. 

Similarly, a positive correlation of Eubacterium with 3-hydroxybenzoic acid and  

Fig. 4.6 Heat map showing the correlation between metabolites and gut microbial abundance in 

genus, species level. The correlation was calculated using Pearson r distance measure 
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4-hydroxybenzoic acid concurs with the previous studies[181]. Bacteroides ovatus is 

correlated with n-valeric acid. Collinsella aerofaciens showed a positive correlation 

with sedoheptulose, citric acid, tricarballylic acid. E.coli was positively correlated with 

pipecolic acid. Genus Faecalibacterium showed a negative correlation with L-leucine 

and serine and species Faecalibacterium prausnitzii showed a negative correlation with 

serine, L-leucine, and malic acid. Lactobacillus ruminis showed a negative correlation 

with glycine. Genera Dialister, Catenibacterium, Turicibacter showed a positive 

correlation with tartaric acid and species Ruminococcus bromii, Parabacteroides 

distasonis, Bacteroides caccae were negatively correlated with tartaric acid. Genera 

Akkermansia, species Coprococcus catus were positively correlated with creatine and 

genera Mitsuokella, Weissella, Lactobacillus, species Mitsuokella multacida, 

Lactobacillus ruminis were negatively correlated with creatine. Genera 

Faecalibacterium, Succinivibrio, Macrococcus are negatively correlated with 

creatinine.Genera Bilophila, Enterococcus, Dorea, Clostridium, Phascolarctobacter 

and species Faecalibacterium prausnitzii, Photobacterium angustum are positively 

correlated with creatinine. Genera Escherichia, Paraprevotella, Akkermansia have a 

positive correlation with glycocholic acid. Genus Carnobacterium and species 

Ruminococcus flavefaciens, Butyricicoccus pullicaecorum, Mitsuokella multacida, 

Bacteroides fragilis have a negative correlation with glycocholic acid. Genera 

Enterococcus, Dermacoccus, Kocuria, Roseburia and species Eggerthella lenta, 

Bacteroides fragilis showed a negative correlation with 3-phenylpropionic acid.Genus 

Oscillospira is positively correlated with citric acid, concurs with maria et al [182]. 

Genera Acinetobacter, Microbacterium, Dysgonomonas, Bulleidia, Oscillospira and 

species Bacteroides caccae, Kocuria rhizophila, Pseudomonas fragi, Ruminococcus 

bromii were positively correlated with 4-pyridoxic acid.  
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4.7 Conclusions 

In summary, we have established a trimethylsilylation based GC-MS metabolomics 

method which enabled the detection of various important fecal and urine metabolites 

such as amino acids, phenolics, indoles, sugars in health and nutritional studies. This 

study reported the fecal and urine metabolites of Indian and Chinese adults. Individuals 

with the same dietary habit or ethnic group had more similar profiles of gut microbiome 

and metabolites. A higher level of amino acids and phenolics were observed in Chinese 

population whereas Indian cohort showed more abundance of fatty acids and 

glycocholic acid. Overall, 53 metabolites differentiating Indian and Chinese adults were 

identified based on PLS-DA and fold change ratio. Further analysis on the gut microbial 

and metabolite profiles of the Indian and Chinese population should be carried out for 

more details. Various metabolites such as amino acids, phenolics, glycocholic acid were 

found to be correlated with bacterial genera or species. Although it was a preliminary 

analysis with small sample size, this study strengthens our understanding towards links 

between metabolite signatures with specific bacterial genera or species and a possibility 

of foreseeing gut bacterial profile in light of less expensive and less tedious 

metabolomics analysis. However, a study of a much larger population with different 

groups across Asia and the rest of the world will give a better picture of these con
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CHAPTER 5 

INVOLVEMENT OF ORGANIC ACIDS AND AMINO ACIDS IN 

AMELIORATING NI(II) TOXICITY INDUCED CELL CYCLE 

DYSREGULATION IN CAULOBACTER CRESCENTUS: A 

METABOLOMICS ANALYSIS 

Abstract 

Nickel (Ni(II)) toxicity is addressed by many different bacteria but bacterial responses 

to nickel stress are still unclear. Therefore, we studied the effect of Ni(II) toxicity on 

cell proliferation of α-proteobacterium Caulobacter crescentus. Next, we showed the 

mechanism that allows C. crescentus to survive in Ni(II) stress condition. Our results 

revealed that the growth of C. crescentus is severely affected when the bacterium was 

exposed to different Ni(II) concentrations, 0.003 mM slightly affected the growth, 0.008 

mM reduced the growth by 50% and growth was completely inhibited at 0.015 mM. It 

was further shown that Ni(II) toxicity induced mislocalization of major regulatory 

proteins such as MipZ, FtsZ, ParB, and MreB, resulting in dysregulation of the cell 

cycle. GC-MS metabolomics analysis of Ni(II) stressed C. crescentus showed an 

increased level of nine important metabolites including TCA cycle intermediates and 

amino acids. This indicates that changes in central carbon metabolism and nitrogen 

metabolism are linked with the disruption of cell division process. Addition of malic 

acid, citric acid, alanine, proline and glutamine to 0.015 mM Ni(II) treated C. crescentus 

restored its growth. Thus, the present work shows a protective effect of these organic 

acids and amino acids on Ni(II) toxicity. Metabolic stimulation through the PutA/GlnA 

pathway, accelerated degradation of CtrA, and Ni-chelation by organic acids or amino 
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acids are some of the possible mechanisms suggested to be involved in enhancing C. 

crescentus’s tolerance.  

Our results shed light on the mechanism of increased Ni(II) tolerance in C. crescentus 

which may be useful in bioremediation strategies and synthetic biology applications 

such as the development of whole cell biosensor. 
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5.1 Introduction 

Bacteria are often exposed to heavy metal ions in their environment. Human activities 

such as industrial production, agriculture, mining, and smelting operations, significantly 

contribute to the elevated level of heavy metals in the environment[98, 183, 184] . The 

U.S. Environmental Protection Agency has placed 13 heavy metals, including nickel 

(Ni), on its priority pollutants list of 126 compounds[88]. Nickel toxicity in plants, 

animals, and humans has been widely studied[185, 186, 187] . Nickel toxicity has 

received a lot of attention due to its role as a human carcinogen. Conversely, the 

importance of nickel toxicosis in microorganisms is less well studied[188] . However, 

the nickel defense system (RcnA) in E.coli and detection of putative homologues in 

archaea and throughout bacteria suggests that excessive nickel is a routine physiological 

concern[189] . Therefore, it becomes important to understand the effect of nickel 

exposure to bacteria. Nickel may support bacterial growth when present in trace 

amounts but at higher concentrations, this metal causes toxic effects to bacteria by 

inhibiting iron metalloenzymes like taurine/αKG dioxygenase (TauD) in E.coli [190], 

zinc metalloenzymes like Trypanosoma cruzi metallocarboxypeptidase 1 (TcMCP-1) 

[191] or some other metalloenzymes such as nitrous oxide reductase from Rhodobacter 

sphaeroides [192] , Cobaltochelatase from Pseudomonas denitrificans [193]. Nickel is 

also known to inhibit non-metal enzymes, for example, Uricase (urate oxidase) from 

Bacillus fastidiosus [194] and N-carbamoyl D-amino acid amidohydrolase from 

Agrobacterium lose activity in the presence of nickel[195] . Hence it is essential for cells 

to maintain homeostasis by tightly regulating the cellular concentration of nickel. When 

the metal concentration is insufficient inside the cell, bacteria express metal import 

systems, such as, NikABCDE which is a part of the ABC transporter subfamily found 

in eubacteria and archaea [196, 197] . Conversely, if the cellular concentration of metal 
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is more than the required limit, bacteria use several types of metal transport system, such 

as the RcnA efflux pump in E.coli [189], the RND transport system in C. metallidurans, 

A. xylosoxidans and H. pylori to remove the excess metal ions [188, 198] . 

It is known that bacteria employ different molecular mechanisms to survive in often 

unknown and fluctuating nickel stressed environmental conditions. However, despite 

years of research, it is still not fully understood how microbes detect and cope with 

nickel stress in their surroundings. Furthermore, external environmental conditions (e g. 

nickel stress) can influence the cellular physiology of microorganisms, but it is not 

entirely clear how the different external signals or cues impinge on fundamental 

biological processes, like the cell cycle, in bacteria. Cell cycle regulation has been 

studied in several model bacteria. One prominent example is the asymmetrically 

dividing alpha proteobacterium Caulobacter crescentus. C. crescentus has been found 

in many different environments, including wastewater, seawater, soil, and deep 

subsurface goldmines [107]. 

It is particularly noted for its ability to survive in low nutrient conditions or in habitats 

that contain harmful levels of metal contamination. In particular, scientists have found 

that C. crescentus can tolerate at least up to 2-3 times more uranium stress than E.coli. 

C. crescentus could survive at 1 mM of uranium while E.coli was completely non-viable 

at 0.5 mM [199]. In addition, C. crescentus is a model organism for understanding the 

cell cycle regulation, asymmetric cell division and cellular differentiation [109, 110] . 

The cell cycle mechanism of C. crescentus has been studied mostly in ideal laboratory 

conditions but it is still not understood how natural environmental stresses (e.g. heavy 

metal stress) affect the complex regulatory cascade of the cell cycle. A deep 

understanding of bacterial stress responses is important for the development of 

antibiotics or other antimicrobial strategies as well as for synthetic biology applications 
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such as the development of whole cell biosensors. Previous studies have also shown that 

C. crescentus has applications in uranium biosensor and cadmium bioremediation [199, 

200] . 

In this chapter, we seek to (1) investigate how Ni(II) stress in the environment can affect 

the proliferation of microorganisms, such as C. crescentus and (2) identify the 

metabolites that enhance or reduce C. crescentus ’s ability to survive in Ni(II) stress 

condition. This study began with the systematic analysis of the effect of Ni(II) stress on 

C. crescentus growth and survival. Our analysis revealed that certain Ni(II) 

concentration severely affect both cell morphology and cell cycle of C. crescentus. The 

diameter of Ni(II) stressed C. crescentus cells was increased due to mislocalization of 

important cytoskeleton protein MreB. We also found that mislocalization of the cell 

division proteins such as FtsZ, MipZ, and ParB was responsible for dysregulation in 

chromosome replication and cell division process. Next, GC-MS metabolomics analysis 

revealed nine important metabolites which were increased in Ni(II) stressed C. 

crescentus. The restoration of growth of 0.015 mM Ni(II) treated cells upon 

supplementation of malic acid, citric acid, glutamine, alanine, and proline confirmed 

their role in ameliorating Ni(II) toxicity in C. crescentus.  

5.2 Materials and methods 

5.2.1 Bacterial strains, media, and growth 

The Caulobacter crescentus strain CB15N (ATCC 19089) and its derivatives cultures 

were maintained on PYE (peptone-yeast extract) agar plates containing 0.2% (wt/vol) 

bacto peptone (Difco), 0.1% (wt/ vol) yeast extract (Difco), 1 mM MgSO4, 0.5 mM 

CaCl2, and 3% (wt/vol) agar (Difco) supplemented with appropriate combinations of 

antibiotics. Broth cultures used for growth curve, qPCR and microscopic studies were 
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PYE and M2G Minimal media contains per litre [ 50 ml of 20X M2 salts (34.8 g 

Na2HPO4, 21.2 g KH2PO4, 10 g NH4Cl per litre), 0.5 mM MgSO4, 10 ml of 20% 

Glucose, 1 ml 10mM FeSO4 and 10mM EDTA (Sigma #F-0518), 0.5 mM CaCl2]. The 

overnight culture was inoculated with colonies from PYE plates, grown at 30°C, and 

shaken continuously at 225 rpm [201]. 

5.2.2 Toxic metals effect on growth and survival 

1M, 0.1 M and 10 mM stock solutions of Nicl2.6H2O, CoSO4.7H2O, K2CrO4, CdSO4, 

Na2SeO3, CuSO4 (Sigma-Aldrich) were prepared by dissolving the metal compounds in 

MilliQ water. All metal stocks were sterilized by filtration through a 0.2 µm membrane. 

Similarly,0.5 M and 0.25 M stock solutions of glutamine, proline, alanine, valine, 

glutamic acid, malic acid and citric acid (Sigma-Aldrich) were prepared.  

5 ml culture of C. crescentus were grown in PYE overnight. The PYE culture is diluted 

1:50 in minimal media and grew until bacteria reached mid log phase. The mid log phase 

culture then diluted again to OD 0.03 - 0.04 in fresh minimal media and 5 ml of culture 

were aliquot into different 14 ml snap cap tubes already containing heavy metals. A 

control was also prepared with no heavy metal. The OD was measured at 660 nm using 

the spectrophotometer. For spot dilution test, OD values were normalized for all the 

cultures after 24 h and 10-fold serial dilutions were prepared for each. 4µl of each 

dilution was spotted on PYE agar plates. Plates were kept in 30°C incubator for 40-48 

hrs, then images were taken using Gel doc system (Bio-Rad). 

To test the effect of organic acids and amino acids on growth of 0.015 mM Ni(II) treated 

cells,1 mM or 10 mM of each amino acid or organic acid exogenously added to C. 

crescentus culture in M2G minimal media containing 0.015 mM Ni(II).   
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5.2.3 RNA Extraction 

The overnight C. crescentus culture in PYE was diluted in minimal media and grew 

until bacteria reached mid log phase. The mid log phase culture in minimal media was 

diluted again to OD 0.03 - 0.04 in fresh minimal media. When the bacteria reached 

exponential phase (OD 0.25 -0.30), 10 ml of culture were aliquot into different 50 ml 

tubes already containing Ni(II) concentrations and incubated for 30 mins. A control was 

also prepared with no heavy metal. After 30 mins of heavy metal shock, samples were 

centrifuged at 10,000 × g for 5 min and the supernatant was removed. The cell pellets 

were stored at -80°C. RNA was first isolated by QiAzol-chloroform extraction. Then 

RNeasy mini kit from Qiagen including on-column DNase digestion was used for 

further extraction steps.  RNA concentration was measured using Nanodrop. 

5.3 Quantitative PCR 

Quantitative PCR (qPCR) was performed in 96 well plates in a CFX96 Touch Real-

Time PCR Detection System(Bio-Rad). qScript cDNA SuperMix (Quantabio) was used 

for reverse transcription. For quantitation of transcript levels, PerfeCTa SYBR Green 

FastMix (Quantabio) was used and thermocycling conditions were as follows:  3 min at 

95 °C, and 39 cycles (30 s at 95 °C, 45 s at 55 °C, 30 s at 60 °C) for amplification. 

Primers used for qPCR are listed in table 5.1 
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Table 5.1 List of primers used for qPCR 

 

5.4 Fluorescence Microscopy 

The overnight culture in PYE was diluted in minimal media and grew until C. crescentus 

strains reached mid log phase. This mid log phase culture in minimal media was diluted 

again to OD 0.03 - 0.04 in fresh minimal media and 5 ml of cultures were aliquot into 

different 14 ml snap cap tubes already containing heavy metals concentrations to be 

tested. A control was also prepared with no heavy metal. All the strains were exposed 

to heavy metal for 12 hours. Expression of xylose-inducible genes or vanillate-inducible 

genes was induced by adding 0.3% xylose(Sigma-Aldrich) or 0.5 mM vanillate (Sigma-

Aldrich) for 2-3 hours[202] . All samples were imaged on freshly prepared 1% agarose 

Name  Sequence 

CC_2677 (for) TCTACTATCGCGGCTATCCC 

CC_2677 (rev) GTACATGCGCGAGGTGTC 

ctrA (for) CCGACGACTACATGACCAAG 

ctrA (rev)  AGCATCTGGTACTCCTTGCC 

sciP (for) TGCGATCGTTACAAGCTGA 

sciP (rev) ACCCACCTTAACGGTACTGC 

gcrA (for) AGACGGGTAATGAGCTGGAC 

gcrA (rev) CAATTGCTTGGCGATCTG 

dnaA (for) CTGTCGGCGGGTCTGGTCTG 

dnaA (rev) AACGGTCGGCGAGGAACTGC 

ccrM (for) CTGGATCCTCAACGACATC 

ccrM(Rev) TCGTAGTTGAAGGTGTAGC 

ftsZ (for) ATCGCTAACCCGCTGCTGGAC 

ftsZ (rev) CGCGCCGAAGATGATGTTGG 

mipZ (for) GCGCGTGGCTGGACAACAAGA 

mipZ (rev) TTCGAAACCGGCCACCTGCTC 

CC_0464 (for) ACTATGCCCGTGAGGTCGTTGAG 

CC_0464 (rev) TGCCCCGTTTCCGCTTCTTTA 
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pad onto microscopy slides. Microscopy was performed on a DM6000B(Leica) upright 

microscope with Leica Application Suite X (LAS X) software. An external light source 

Leica EL6000 was used for enhanced fluorescence imaging. Cell dimensions were 

measured using ImageJ [203]  Strains used in this study are listed in table 5.2. 

Table 5.2: List of C. crescentus strains 

 

0.003 mM,0.008 mM and 0.015 mM of Ni(II) concentrations. A control was also 

prepared with no heavy metal. Three separate sets of samples were collected after 30 

mins, 2h and 4h of heavy metal shock respectively. Samples were centrifuged at 10,000 

× g for 5 min and the supernatant was removed. The cell pellets were stored at -80°C. 

The cell pellets were stored at -80°C. Metabolites were extracted after collecting all the 

samples. 900 μL of 2:1 methanol: chloroform solution was added to frozen cell pellets 

for extraction. 

5.5 Collection of samples and extraction of metabolites 

The overnight C. crescentus culture in PYE was diluted in minimal media and grew 

until bacteria reached mid log phase. This mid log phase culture in minimal media was 

diluted again to OD 0.03 - 0.04 in fresh minimal media. When the bacteria reached mid 

log phase (OD 0.25 -0.30), 5 ml of culture were aliquot into different 14 ml tubes already 

containing Samples were then lysed using glass beads and a bead grinder. 5 μL of 4 

Strain Description Reference 

77 pMT464-CC0903; Pvan-ftsZ-mCherry (gentR)                      [204] 

1643 CB15N pMT335-CC0903; Pxyl-GFP-MreB (kanR)                      [205]  

MT15 CB15N ori:(lacO)n;xylX::pHPVV472                      [206]  

MT 97 CB15N mipZ::mipZ-yfp                      [204]  

1534 CB15N pVCHYN2-parB [207](vanA::mcherry-

parB) 

                     [207]  
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mg/mL ribitol dissolved in MilliQ water was added to each sample as an internal 

standard to correct for any loss of metabolite during the extraction process. After this 

200 μL of water and chloroform solution was added to each sample. Samples were 

centrifuged for 10 min at 14,000 RPM and supernatant was transferred to a fresh 

Eppendorf tube (Booth et al. 2015). The supernatant was air dried using a heat block set 

at 37°C for 24 h. 50 μL of 2% methoxyamine. HCL in pyridine (ThermoFisher 

Scientific) was added to all the samples and incubated for 1h at 37°C. Next, 100μL of 

N,O Bis (trimethylsilyl) trifluoroacetamide with 1% trimethylchlorosilane 

(BSTFA+1%TMCS, Sigma Aldrich) was added to all samples and incubated for 30 min 

at 70°C. Samples were centrifuged for 1 h at room temperature and then transferred to 

GC-MS glass vial [157]. 

5.6 GC-MS analysis 

The samples were analyzed using an Agilent Technologies 7890B GC and 5977A GC-

MSD system. Metabolites were isolated through a HP-5MS capillary 54 column (30 m 

× 0.250 mm i.d.; 0.25 μm film thickness; Agilent J&W Scientific).  1 µl of each sample 

was injected into the system by autosampler and separated using the column in splitless 

mode. Helium was used as carrier gas with a flow rate of 1.1 ml/min. Temperatures for 

inlets and MS source were set at 250°C and 230℃, respectively.  The oven temperature 

was kept at 75 ℃ for 4 minutes and increased to 280 ℃ with a rate of 4 ℃/min then 

held for 1.56 minutes.  Mass spectrum was recorded from 40 to 600 m/z with a scan 

time of 0.2 second. 

5.6.1 Metabolites detection and quantification  

Acquisition of the total ion chromatogram and identification of mass spectra were done 

by GC-MS solution software (GC/MSD Chemstation Data Analysis, Agilent). NIST14 
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mass spectral library (National Institute of Standards and Technology) was used to 

identify the detected metabolite peaks. Peak area of Compounds was compared to 

internal control for normalization.  Peaks with a similarity index of more than 80% were 

extracted to name the candidate compounds. Partial least square discriminant analysis 

using MetaboAnalyst 3.0 [208] was performed to see the difference between metabolite 

profiles of untreated Caulobacter and Caulobacter cells treated with different 

concentrations of Ni(II). 
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5.7 Results 

5.7.1 Ni(II) toxicity inhibits cell growth and proliferation of C. crescentus  

The effect of Ni(II) toxicity on cell growth was compared with five other heavy metals 

(Co(II), Cr(VI), Cu(II), Se(IV), Cd(II)) which are listed as priority pollutants [88]. In 

order to understand the effect of heavy metal toxicity on microbial life,we first tested 

the effect of heavy metals on the growth of some of the commonly found microbial 

strains such as E. coli, P. aeruginosa, B. subtilis, S. cerevisae, S. oneidensis, in natural 

environment or gut environment and compared them with C. crescentus. IC50 values of 

all the heavy metals are presented in table 5.3. IC50 value refers to the concentration of 

heavy metal responsible for 50% reduction in the growth of bacteria during mid log 

phase. 

Table 5.3:  Growth of different microbial strains in presence of heavy metals [IC50 (mM)]   

Metals E. coli P. aeruginosa B. subtilis S. cerevisae S. oneidensis C. crescentus 

Ni(II) 0.08 0.02 0.03 0.7 0.05 0.008 

Co(II) 0.05 0.01 0.03 1.2 0.04 0.03 

Cr(VI) 0.03 0.03 0.8 0.2-0.3 0.06 0.03-0.04 

Cd(II) 0.001 0.005 0.001 0.03 0.05 0.004 

Cu(II) 0.03 0.01 0.1 0.6-0.7 0.3 0.02 

Se(IV) 0.4 1.5 0.005 * 0.05 0.8 

Zn(II) - - 0.3 *  - 

*Small effect (upto 1.5 mM) 

From the analysis of results, it was found that out of all the six microbial strains studied, 

S. cerevisiae has shown the maximum tolerance against all the heavy metals tested 

except in case of Cr (VI). Our results for S. cerevisiae are in good agreement with those 

reported by Hosiner et al. (2014)  [209]  and Hyeong-Cheol et al. (2003) [210]. B. 
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subtilis showed maximum tolerance against Cr(VI) amongst all the strains. The results 

of effect of heavy metals on growth of B. subtilis are in good agreement with those 

reported in some previous studies [211, 212, 213]. P. aeruginosa growth results in 

minimal media were also in good agreement with the studies carried out by A. Hassen 

et al. (1998) [214], Teitzel et al. (2003) [215] . The effect of heavy metals on growth of 

E. coli were similar to the studies performed by Ackerley et al. (2006) [216], Nies et al. 

(1999) [217]. Growth of Shewanella is substantially affected in 0.06 mM Cr (VI), which 

is slightly different from those reported in studies carried out by Parker et al. (2011) 

[218] and Karuna et al. (2006) [219].  

Our results of effect of heavy metals on the growth of model organism C. crescentus 

were consistent with those reported by Hu et al.(2005) [201] . It was observed that 

growth of C. crescentus was severely affected in presence of 0.006 mM Cd(II), 0.04 

mM Cr(VI) but slightly affected in presence of 0.3 mM Se(IV) [201]. Therefore, we can 

conclude that these results are comparable with our findings in which IC50 values of 

Cd(II) and Cr(VI) are 0.004 mM and 0.04 mM respectively, whereas growth of bacteria 

is slightly affected in presence of 0.3 mM Se(VI). The results obtained show that 

relatively lower concentrations of NiCl2 and CdCl2 were sufficient to inhibit the growth 

of C. crescentus (Table 5.3, Fig. 5.1a ). We found firstly that 0.003 mM slightly affected 

the cell growth, secondly, that 0.008 mM reduced the cell growth by 50% and thirdly 

that 0.015 mM of Ni(II) completely inhibited the growth. Next, spot dilution test results 

confirmed that the cells did not only stop proliferating  
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but were also killed by 0.015 mM of Ni(II) (Fig. 5.1b). This is in contrast to the effect 

seen using 0.008 mM concentration of Ni(II), whereby cells only stopped proliferation 

but were still viable (Fig. 5.1b). On the other hand, growth reduced by half at 0.004 mM 

Cd(II) and the cells stopped proliferating when treated with 0.1 mM Cd(II) . However, 

spot dilution test results showed that cells were viable even after exposure to 0.2 mM 

Cd(II) concentration . Thus, our results showed that out of all six metals tested, Ni(II) 

produced the most toxic effect on cell growth and survival. 

(a)                                                                      (b) 

Fig. 5.1 Ni(II) stress severely affected growth and survival of C. crescentus CB15N  (a) C. crescentus 

was grown in M2G minimal media in presence of 0.005 mM to 0.03 mM Ni(II) and the effect on growth 

with respect to control (without metal) is measured in terms of cell optical density at 660 nm. (b) Spot 

dilution test confirms the detrimental effect of Ni(II) on the growth of C. crescentus . The results are 

shown in presence of  0.008 mM to 0.02 mM Ni(II) .All the results are representative of at least three 

experiments. *C – Control without metal  

 

5.7.2 Mislocalization of MreB leads to a severe cell shape defect in Ni(II) treated C. 

crescentus   

The morphology of Ni(II) treated C. crescentus cells was severely affected. It has been 

shown that different stress conditions affect the C. crescentus morphology in different 

ways. The cell size of C. crescentus was largely maintained during carbon starvation, 

growth in stationary phase and acute heat shock [220, 221, 222] . In another study, C. 

crescentus cells grew into long filaments after treatment with 100 mM NaCl or 4% 

Proliferation stopped 

but Cells were viable 

 

Cells started dying at 

 0.01 mM of Ni(II) 
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ethanol [202] . However, we observed a different cell morphology when C. crescentus 

treated with Ni(II). The diameter of 0.015 mM Ni(II) stressed cells was significantly 

increased at the mid cell as compared to untreated or 0.003 mM Ni(II) treated cells (Fig. 

5.2a). 

(a)                                                                            (b)                                       

 

                                                                                                                               
 

 

 

 

 

 

 

Fig. 5.2 Mislocalization of MreB affected cell morphology in Ni(II) treated C. crescentus  (a) 

Differential interference contrast(DIC) microscopy images of C. crescentus cells treated with different 

Ni(II) concentrations (b) Representative DIC and fluorescence microscopy images from cell expressing 

MreB-GFP. Shown are untreated cells, cells treated with 0.003 mM or 0.008 mM or 0.015 mM Ni(II) 

The cells showed different morphologies when treated with 0.008 mM and 0.015 mM 

concentration of Ni(II), as shown in Fig. 5.2a. The expanded predivisional cells with 

constriction at mid cell were dominant in the presence of 0.008 mM Ni(II), whereas 

large lemon shaped cells were observed at 0.015 mM concentration of Ni(II) (Fig. 5.2a). 

The cells were also found to be increased in length in both the cases. A comparison of 

cell size under different Ni(II) stress conditions is presented in table 5.4.  
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Table 5.4: Cell size under different Ni(II) stress conditions 

 

The bacterial actin homologue MreB is required to maintain the rod shape of the cell in 

C. crescentus, E. coli, and Bacillus [205]. The lemon shape or expanded predivisional 

morphology of Ni(II) treated cell was similar to what observed in the C. crescentus cell 

with malfunctioning MreB protein [223] . This led us to examine the localization of 

MreB using fluorescence microscopy. We found that Ni(II) stress disrupted the 

localization pattern of MreB in C. crescentus. In the case of untreated or 0.003 mM 

Ni(II) treated cells, MreB bands were concentrated to the mid cell region whereas, at 

0.008 mM and 0.015 mM concentrations of Ni(II), MreB was distributed throughout the 

cells or sometimes accumulated at the poles (Fig. 5.2b). 

In the present study, we have also compared the effects of five other metals with Ni(II) 

stress on the morphology of C. crescentus (Fig. 5.3).  

  

Ni(II) (mM) Length ( µm) Width(µm) 

No Ni(II) 2 - 2.2 0.45 - 0.49 

0.003 2 - 2.3 0.45 - 0.49 

0.008 3.7 - 4.3 1 - 1.2 

0.015 2.8 - 3.3 0.85 - 1.1 
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Fig. 5.3 Different heavy metals stresses affected cell morphology of C. crescentus in different ways 

 

C. crescentus cells had shown different morphological patterns when exposed to various 

heavy metals. Cells were found to be slightly longer and more crescent shaped when 

exposed to 0.02 mM Co(II) and 0.05 mM Cr(VI), while 0.1 mM Cd(II) stress produced 

longer cells. An increase in width and length of the cells was observed in the presence 

of 0.02 mM Cu(II). On the other hand, Se(IV) did not affect the morphology of C. 

crescentus cells and were similar to the untreated cells. It can be concluded that the 

lemon shaped or expanded predivisional phenotype of cells under Ni(II) stress condition 

is not a common pattern under heavy metal stress condition but a unique effect 

specifically produced in Ni(II) treated cells. 
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5.7.3 Ni(II) stressed C. crescentus cells show altered expression of master cell cycle 

regulatory genes and abnormal localization of major cell division proteins 

 It was previously observed that the cell cycle master regulator CtrA was differentially 

expressed upon exposure of C. crescentus to ethanol and salt stress condition but FtsZ 

expression or localization pattern was found to be normal [202] . In another study carbon 

starvation in C. crescentus altered expression of important cell cycle proteins such as 

CtrA, DnaA, GcrA and cell division protein FtsZ [224] . Therefore, it was of interest to 

investigate if the expression of genes regulating the cell cycle is affected in Ni(II) 

stressed C. crescentus cells. qPCR results showed that the cell cycle regulatory genes 

dnaA, gcrA, and ctrA and gene responsible for cytokinesis, ftsZ, were upregulated in all 

three concentrations (0.003 mM,0.008 mM,0.015 mM) of Ni(II) treated C. crescentus 

cells (Fig. 5.4).  

 

Fig. 5.4 Ni(II) stress altered expression of major cell cycle regulatory genes in C. crescentus: Relative 

expression levels of four key master regulatory genes (dnaA, gcrA, ctrA, ccrM) and cell division genes 

(ftsZ, mipZ), under different Ni(II) stress conditions. The error bars indicate the SD of three biological 

replicates. 
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The altered expression of ctrA, dnaA, gcrA, and ftsZ is consistent with the slowing down 

of the cell cycle in presence of Ni(II). The transcription of ccrM gene is dependent on 

CtrA protein but interestingly ccrM expression level were not found to be affected in 

Ni(II) stressed C. crescentus cells.CtrA regulates the expression of ccrM only in 

phosphorylated state and phosphorylation of CtrA depends on  hybrid membrane kinase 

CckA  and the histidine phosphotransferase ChpT [225].It could be hypothesized that 

dysregulation in CtrA phosphorylation pathway resulting in unchanged expression of 

ccrM.  

In our previous experiments, we have observed that Ni(II) affected cell growth and 

morphology. The difference in C. crescentus cell morphology in 0.008 mM and 0.015 

mM Ni(II) stressed cells suggests that different concentrations of Ni(II) affected the cell 

cycle at different stages. At 0.008 mM Ni(II) treatment, most of the C. crescentus cells 

were at the predivisional stage which shows that the cells were capable of replicating 

initially but were arrested at the G2 pthase later and unable to divide. On the other hand, 

0.015 mM Ni(II) treated C. crescentus cell phenotype, lemon shaped cells without mid 

cell septa, suggested that both replication and cell division process were affected. This 

led us to hypothesize that the cell cycle is dysregulated. To better understand the 

underlying molecular mechanism, we proceeded to test the localization pattern of key 

proteins implicated in cell division like MipZ, FtsZ, and chromosome partitioning 

protein ParB in the presence of Ni(II). The localization of FtsZ- mCherry, MipZ-YFP 

and ParB-mCherry fusion proteins was examined in Ni(II) treated C. crescentus cells 

(Fig. 5.5). It was found that at Ni(II) concentration of 0.003 mM and 0.008 mM the 

localization pattern of these proteins was similar to untreated cells. But in the case of 

0.015 mM Ni(II) treated cells multiple 3-4 abnormal MipZ, FtsZ and ParB foci were 

observed (Fig. 5.5).  
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Fig. 5.5 Ni(II) stress induced abnormal localization pattern of FtsZ, MipZ, and ParB: Representative 

DIC and fluorescence microscopy images from cell expressing ftsZ-mCherry, mCherry-ParB, MipZ-YFP. 

Shown are untreated cells, cells treated with 0.003 mM or 0.008 mM or 0.015 mM Ni(II) 

 

Multiple MipZ and ParB foci suggest that there are multiple origins of replication. We 

confirmed by using a fluorescent repressor-operator system (FROS), which marks the 

origins of replication [206] , that 0.015 mM Ni(II) treated lemon shaped cells contained 

multiple 3-4 well-segregated origins (Fig. 5.6). 
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Fig. 5.6 Localization pattern of origin of replication in 0.015 mM Ni(II) stressed C. crescentus cells 

as compared to untreated cells. (lacO)n/LacI-CFP- tagged ori were used for visualisation 

The FtsZ-mCherry and MipZ-YFP localization patterns were also analyzed in the other 

five heavy metals stress. It was found that the FtsZ and MipZ had normal localization. 

However, mislocalization of MipZ was observed in 0.02 mM Cu(II)treated cells (data 

not shown). These results confirmed that different heavy metal stresses affected the cell 

cycle of C. crescentus at different stages. Additionally, 0.015 mM Ni(II) stress produced 

the most severe effect by disturbing the localization of important cell division protein 

such as FtsZ, MipZ, and ParB. 

Fluorescence microscopy has shed light onto the mechanism of how Ni(II) toxicity 

affects cell morphology and cell cycle process in C. crescentus. Now as the second part 

of this paper we aspire to unveil the cellular metabolism involved in alleviating the 

Ni(II) toxicity in C. crescentus. Therefore, in our next section, we have described the 

GC-MS metabolomics performed on C. crescentus cells to identify the important 

metabolites which enhance or reduce its capability to survive in Ni(II) stress condition. 

5.7.4 Comparison of metabolite profiles of C. crescentus treated with different 

Ni(II) concentrations 
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The role of amino acids and central metabolism in cell growth and division have been 

explored [226, 227]. The toxic effect on cell growth and division induced by Ni(II) stress 

 

suggests that Ni(II) might affect the C. crescentus metabolome. To investigate this 

possibility, we performed untargeted GC-MS metabolomics to compare untreated C. 

crescentus with C. crescentus cells treated with three different NI(II) concentrations. 

The changes in metabolome would help shed light on the mechanism for C. crescentus’s 

ability to cope with Ni(II) toxicity. In total 42 metabolites including amino acids, sugar 

and organic acids were identified (Table 5.5).   

 

Fig. 5.7 The GC-MS spectra of untreated (black) and 0.015 mM Ni(II) treated(blue) C. 

crescentus.The observable differences are shown with red blocks or arrows 
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Table 5.5 GC-MS metabolites             
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The GC-MS spectra of untreated and 0.015 mM Ni(II) treated C. crescentus was 

overlaid, as illustrated in Fig. 5.7.  

The visual inspection shows the differences in metabolite profiles between untreated 

and 0.015 mM Ni(II) treated cells. Multivariate analysis using Partial least square 

discriminant analysis was used to accurately describe the variations between GC-MS 

metabolite profiles.  

           

Fig. 5.8 Ni(II) stress affected C. crescentus metabolome. Partial least square discriminant analysis of 

GC-MS metabolite profiles of untreated cells and cells treated with 0.003 mM(red) or 0.008 mM(green) 

or 0.015 mM(blue) Ni(II) for 4 h 

 

As shown in Fig. 5.8, PLS-DA analysis clearly separated untreated C. crescentus cells 

from Ni(II) treated cells. 0.003 mM and 0.008 mM Ni(II) treated cells were grouped 

close to each other and clearly separated apart from 0.015 mM Ni(II) ells. Nine 
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important differential metabolites were identified and the changes in their levels are 

shown in Fig. 5.9.  

Fig. 5.9 Relative abundance of metabolites in 0.003 mM, 0.008 mM and 0.015 mM Ni(II) treated C. 

crescentus cells as compared to untreated cells: changes in the TCA cycle metabolite malic acid, amino 

acid metabolites (alanine, proline, glutamic acid, valine, aminomalonic acid) and levels of 3,4,5 

trihydroxypentanoic acid. The error bars indicate the SD of three biological replicates 

 

Citric acid and glutamine could be detected only when cells were exposed to 0.015 mM 

of Ni(II) for 4h. The metabolites can be classified into amino acids (alanine, proline, 

glutamic acid, glutamine, valine, aminomalonic acid), TCA cycle intermediates (malic 

acid, citric acid) and 3,4,5 trihydroxypentanoic acid.  

We mapped the metabolomic changes in relation to biochemical pathways (Fig 5.10).  
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Fig. 5.10 Metabolic changes in C. crescentus exposed to 0.003 mM,0.008 mM and 0.015 mM Ni(II) 

for 4 h mapped onto metabolic pathways. Coloured symbols represent an increase or no change in the 

metabolite level at each Ni(II) concentration as compared to untreated C. crescentus. Open symbol 

represents metabolites below detectable level 

This gives a view of metabolite changes in presence of different Ni(II) concentrations 

in comparison to untreated C. crescentus cells which help us understand (1) the 

connection of carbon and nitrogen metabolism with cell cycle dysregulation and (2) the 

cellular metabolism to ameliorate Ni(II) toxicity. 
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5.7.5 Exogenous addition of malic acid, citric acid, proline, glutamine, and alanine 

enhanced the Ni(II) tolerance of C. crescentus  

GC-MS metabolomics revealed nine differential metabolites in Ni(II) stressed C. 

crescentus cells. Aminomalonic acid and 3,4,5-trihydroxypentanoic acid are generated 

as a product of stress damage. We have added 1 mM or 10 mM concentration of the 

remaining six metabolites (malic acid, citric acid, alanine, proline, glutamic acid, 

glutamine, valine) to 0.015 mM Ni(II) treated cells to test whether they have a direct 

role in Ni(II) tolerance in C. crescentus. Interestingly, we found that the growth of 0.015 

mM Ni(II) stressed cells was significantly improved after the addition of 10 mM of 

malic acid or proline or alanine or glutamine or 1 mM of citric acid (fig. 5.11) 

                      

Fig. 5.11 Effect of exogenous addition of 1 mM or 10 mM of malic acid or citric acid or proline or 

alanine or glutamic acid or glutamine or valine on the growth of 0.015 mM Ni(II) stressed C. 

crescentus cells. Cell optical density was monitored to represent cell Ni(II) tolerance. The results shown 

are representative of at least three experiments. 

The growth was slightly improved in presence of 1mM of malic acid or proline. There 

was no restoration of growth observed when glutamic acid or valine added to 0.015 mM 
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Ni(II) treated C. crescentus cells (Fig. 5.11). The observation from this experiment and 

GC-MS metabolomics combinedly confirmed the role of The growth was slightly 

improved in presence of 1mM of malic acid or proline. There was no restoration of 

growth observed when glutamic acid or valine added to 0.015 mM Ni(II) treated C. 

crescentus cells (Fig. 5.11). The observation from this experiment and GC-MS 

metabolomics combinedly confirmed the role of malic acid, citric acid, proline, 

glutamine and alanine in conferring the resistance against Ni(II) toxicity in C. 

crescentus. 

5.8 Discussion 

5.8.1 Comparison of the effect of different Ni(II) concentrations on C. crescentus 

cell cycle 

MipZ, a member of ParA superfamily of P loop ATPases, is an essential protein for 

chromosome segregation and cell division in C. crescentus. The localization of MipZ is 

parallel to the origin of replication during the cell cycle [204] . The MipZ protein 

interacts with the DNA partitioning protein, ParB. The MipZ-ParB complex and the 

origin of replication occupy the same position in the cell and share a similar pattern of 

localization over the cell cycle [228, 229]. Another protein FtsZ is responsible for 

cytokinesis process in C. crescentus. FtsZ localization is MipZ dependent and restricted 

to subcellular locations with the lowest concentration of MipZ. The MipZ-ParB-origin 

complex displaces FtsZ towards the midcell, where MipZ concentration is lowest [204, 

230] . Multiple mislocalized foci of MipZ, FtsZ, and ParB in 0.015 mM Ni(II) treated 

C. crescentus cells suggest that replication occurred multiple times. Cells did not 

increase in length and accumulated only 3-4 origin of replication in 15 hours. It could 

be inferred that cell growth and DNA replication proceeded for only 1-2 doubling times 
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without division then later cells got arrested at the G1 stage. These observations 

recommend that chromosome replication and segregations process has gone awry in 

0.015 mM Ni(II) treated C. crescentus. Past investigations have also detailed that stress 

conditions such as carbon starvation, growth in stationary phase and acute heat shock 

caused DNA replication block and G1-arrest in C. crescentus  [220, 221, 222] . All these 

cell cycle proteins showed the normal pattern of localization in 0.003 mM and 0.008 

mM Ni(II) treated C. crescentus cells (Fig. 5.5). It implies that 0.008 mM of Ni(II) 

impaired cell proliferation, however, DNA replication process remain unaffected. The 

morphology of 0.008 mM Ni(II) treated cells also suggest that a large portion of the 

cells are captured at the predivisional stage (Fig. 5.2a) after completing replication 

process normally. The morphological manifestations of cell polarity are essential for the 

lifecycle of C. crescentus [231]. The bacterial actin homologue, MreB, is involved in 

generating cell polarity in C. crescentus and E. coli [205, 232]. We speculate that 0.008 

mM Ni(II) treated C. crescentus cells were unable to establish correct polarity due to 

the abnormal localization of MreB. Because of mislocalization of MreB, cells were 

arrested at predivisional stage without further division. In contrast to Ni(II) stress, upon 

treatment with 100 mM NaCl or 4% ethanol cells grew into long filaments and 

accumulated 7-8 chromosomes within 8 hours. It demonstrated that cells continued to 

undergo DNA replication, chromosome segregation and cellular growth, however, cell 

division was ceased [202].  

5.8.2 Role of organic acids and amino acids in Ni (II) stress response of C.   

crescentus  

Metabolomic profiling can be useful to gain insight into the mechanism of cell cycle 

dysregulation in Ni(II) stressed C. crescentus. Aminomalonic [233] and 3,4,5-

trihydroxypentanoic acid [234]  have been reported as a product of stress damage. We 

could interpret that the increased level of aminomalonic acid is associated with errors in 
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protein synthesis and oxidative damage to amino acid residues in proteins whereas 3,4,5-

trihydroxypentanoic acid production is related with DNA damage process in Ni(II) 

stressed C. crescentus. 

Increased level of amino acids and organic acids have previously been associated with 

increased tolerance to various stress conditions [235, 236, 237, 238]. The higher 

accumulation of amino acids and organic acids may be a result of a major shift in 

metabolism and activation of defence mechanism in Ni(II) stressed C. crescentus. The 

restoration of growth upon exogenous addition of proline, glutamine, alanine, malic acid 

and citric acid in 0.015 mM Ni(II) stressed C. crescentus cells affirmed their role in 

enhancing Ni(II) tolerance (Fig. 5.11). While the role of these metabolites is very well 

documented in plant stress conditions, there is still a dearth of literature in the case of 

bacteria. Previous studies on Ni-accumulating plants have demonstrated nickel’s 

tendency to form stable complexes with amino acids and organic acids as a mechanism 

of detoxification [237, 239, 240] . Elevated levels of organic and amino acids in C. 

crescentus may involve in Ni-chelation mechanism to protect against Ni toxicity related 

damages. Increased levels of alanine, citric acid, and malic acid have previously shown 

to contribute to nickel complexation to alleviate toxicity in Stackhousia tryonii [241] 

.Proline is very well known for its role as an osmoprotectant in bacteria and plants [242, 

243, 244] . Furthermore, as compared to other amino acids, the proline accumulation 

under heavy metal stress is a more prevalent phenomenon [244, 245, 246] . Proline is 

involved in the synthesis of glutathione, an important antioxidant, which has been 

associated with presenting resistance against heavy metal stress including Ni(II) [247, 

248, 249] . Elevated level of proline may help C. crescentus undergo osmotic adjustment 

and enhance anti-oxidant metabolism to secure against Ni(II) toxicity related damages. 

We also propose that 0.015 mM Ni(II) induced putA and glnA expression may be a 
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reason of improved growth in the presence of glutamine and proline. C. crescentus 

imported exogenous proline and PutA converted this proline into glutamate [250] . 

Glutamate is converted by glutamate dehydrogenase to alpha-ketoglutarate, an 

intermediate of TCA cycle, which can subsequently generate ATP via oxidative 

phosphorylation. GlnA (glutamine synthetase) catalyzes the reaction between ammonia 

and glutamate to produce glutamine which is a key nitrogen donor in nitrogen 

metabolism process [251] . It could be conceived that C. crescentus can take up 

exogenous proline and glutamine but not glutamic acid. In this manner, proline and 

glutamine encouraged metabolic stimulation through PutA/GlnA pathway may be an 

explanation behind improved resilience of C. crescentus against Ni(II). 

Cheng et al. (2014) [252] reported another role of proline and glutamine in accelerating 

degradation of DNA-binding protein CtrA in alpha proteobacterium E. chaffeensis. 

Ni(II) treatment has significantly increased the expression of ctrA in C. crescentus (Fig. 

5.4). The chromosome replication is tightly controlled by CtrA and it must be 

deactivated to start the process [113] . We speculate that like E. chaffeensis, increased 

level of glutamine and proline might be associated with the accelerated degradation of 

CtrA to facilitate replication process in 0.015 mM Ni(II) stressed C. crescentus. 

The connection of carbon and nitrogen metabolism with cell growth and division has 

been established [226, 227, 253] . We perceive that changes in amino acids and TCA 

cycle intermediates are linked with the cell cycle dysregulation in Ni(II) stressed C. 

crescentus. Elevated level of malic acid and citric acid might affect FtsZ assembly. Our 

argument could be supported by a recently highlighted connection between central 

carbon metabolism and cell division in B. subtilis [227]. B. subtilis Z-ring assembly is 

regulated by pyruvate thus it was a key metabolite in the coordination of bacterial 
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growth with cell division. In another study glutamate dehydrogenase (GdhZ) was 

involved in the molecular mechanism that coordinates central metabolism with cell 

division in C. crescentus  [253]. GdhZ also acts as a bridging molecule between nitrogen 

cycle and TCA cycle. GdhZ directly interferes with FtsZ polymerization and its 

catabolic activity is mainly controlled by glutamate. It is conceivable that change in 

glutamic acid concentration affect GdhZ activity which may lead to mislocalization of 

FtsZ in Ni(II) treated C. crescentus. Furthermore, Beaufay et al. (2015) [253] reported 

that alanine suppressed the growth and morphology defect in ΔgdhZ C. crescentus cells 

which concurs with the protective effect of alanine on Ni(II) toxicity. 

5.9 Conclusions 

In summary, Ni(II) toxicity severely affected growth, morphology and cell cycle of C. 

crescentus. The use of GC-MS metabolomics has enabled us to understand Ni(II) 

induced changes in metabolism and biochemical pathways of C. crescentus. The results 

suggest that changes in carbon and nitrogen metabolism are linked with the 

dysregulation of the cell cycle. Also, metabolite profiling helped us identify the role of 

amino acids and organic acids in ameliorating Ni(II) toxicity. However, more studies to 

uncover the exact mechanism of protective effect of amino acids and organic acid on 

Ni(II) toxicity is required. For example, gene manipulations or reporter gene assay to 

check the role of central metabolism and PutA/GlnA pathway, pulse chase experiment 

to calculate the half-life of CtrA. Knowledge from this study could aid future work to 

understand bacterial responses to environmental stress conditions
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CHAPTER 6 

CONCLUSIONS AND FUTURE PERSPECTIVE 

In the recent years, the focus of the microbiology field has been shifted towards 

understanding of uncharacterized and obscure metabolic pathways. Another direction is 

the investigation of microbes under unknown and fluctuating environmental stress 

conditions. Over the years, due to rising levels of environmental pollution, microbes 

capable of degrading organic xenobiotics and additionally those able to survive and 

biotransform toxic heavy metals have gained economic value. Therefore, we were keen 

on unveiling how the microbes are able to do such useful metabolic accomplishments. 

In addition to their large industrial applications, microbes also play a vital role in human 

health. For example, microbes residing in human gut has been linked to plethora of 

disease, from diabetes, autism to anxiety and obesity. The gut microbiome could also 

determine the response of an individual to a certain drug, recently   Alexander et al. 

(2017) reviewed how gut microbiota influence the response of cancer patients to 

chemotherapy[10]. Even a possible link of gut microbiota with how well humans sleep 

has been suggested. Hence, we were interested to understand how external factors such 

as diet affect the gut microbiome composition in Asian adults 

This thesis investigated how microorganisms interact with, survive in and influence 

different kind of environment such as human gut and heavy metal contaminated soil, 

water or air. We have combined metabolomics with microbiology to investigate 

bacterial interaction in different environment. Figure 6.1 is depicting how metabolomics 

is used as an effective monitoring tool to characterize the metabolites of bacteria in 

response to their interaction with external factors such as diet and heavy metals.  
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Fig. 6.1 Metabolomics is used as an effective monitoring tool to study bacterial responses in different 

environments such as the human gut and heavy metal stress.CA - Citric acid, MA - Malic acid  

We compared the fecal bacterial diversity and composition of healthy Indian and 

Chinese adults, ages 22–35 years, using next-generation sequencing. In spite of the fact 

that, the prevalent gut bacteria were similar to those found in other populaces, we 

discovered some exceptional community structure also. The dominant Firmicutes, 

Actinobacteria and underrepresented Bacteroides, in Indian and Chinese gut community 

structure, closely matched with the gut bacterial composition of the Russian population. 

The dominance of genus Bifidobacterium due to carbohydrate-rich diet is another 

notable feature of this study. We further suggested the possible link between diet and 

gut bacterial composition. We identified bacterial biomarkers of diet, which are very 

well known for their interaction with diet, distinguishing Indian and Chinese adults. This 

information expands our knowledge of healthy human microbiome ecology and serves 
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as a reference point for future epidemiological investigations and translational 

applications 

We further hypothesized that analysis of metabolites compositions could be useful to 

reflect the status of the gut microbiome and additionally bridge the connections between 

symbiotic microbes and the host’s health. In the chapter 4, a pipeline workflow for the 

metabolomics study was developed. We optimized the metabolite extraction process and 

the sample preparation for the GC-MS analysis. Our untargeted GC-MS metabolomics 

method enabled the detection of 120 and 86 metabolites including amino acids, 

phenolics, indoles, carbohydrates, sugars and metabolites of microbial origin from fecal 

and urine samples respectively. 41 compounds were confirmed using external standards. 

In order to increase the metabolome coverage, we determined urine and fecal 

metabolites composition using a combination of both GC-MS and LC-MS 

metabolomics and compared them between Indian and Chinese adults. According to 

metabolomics analysis, urine and fecal metabolome compositions were influenced by 

diet or ethnicity of subjects. These results justify our previous findings in chapter 3, 

where diet or ethnicity was found to be important in determining gut microbiome 

composition. We identified 53 differentiating metabolites including higher abundance 

of amino acids and phenolics in Chinese and higher abundance of fatty acids, 

glycocholic acid in Indians. Correlation analysis further confirm the association of 

metabolites with gut bacterial profiles of the same subjects in the genus and species 

level. It shows the possibility of predicting gut bacterial profile with the help of less 

expensive and less tedious metabolomics technology. 
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The overall outline and major finding from chapter 3 and 4 is summarized in figure 6.2

  

Fig. 6.2 Schematic diagram summarizing the role of dietary habits on the gut microbiome and 

metabolite profiles of Indian and Chinese adults 

In chapter 5, we investigated the Ni(II) stress condition in bacterium C. crescentus ,a 

model organism to study cell cycle, which is found many different environments 

including wastewater, seawater, soil, deep subsurface goldmines and the human gut. 

Nickel toxicity in plants, animals, and humans has been widely studied. Conversely, the 

importance of nickel toxicosis in microorganisms is less well studied. Nickel stress is a 

routine physiological concern for bacteria, for example, human gut bacteria are exposed 

to 150 – 900 μg of nickel per day as a constituent of the diet. Therefore, it becomes 

important to understand the effect of nickel exposure to bacteria. The overall outline and 

major findings from chapter 5 are summarized in figure 6.3. Our analysis revealed that 

Ni(II) toxicity severely affected growth, morphology and cell cycle of C. crescentus. 
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The use of GC-MS metabolomics has enabled us to understand Ni(II) induced changes 

in metabolism and biochemical pathways of C. crescentus. The results suggest that 

changes in carbon and nitrogen metabolism are linked with the dysregulation of the cell 

cycle. Also, metabolite profiling helped us identify the role of amino acids and organic 

acids in ameliorating Ni(II) toxicity 

 

Fig. 6.3 Schematic diagram summarizing the study of Ni (II) stress condition in bacterium C. 

crescentus 

 Conclusively, our study showed that metabolomics is an effective technology to 

investigate the bacterial interaction with different kind of environments, focusing on 

human gut and heavy metal stress. Knowledge from this study could aid future research 

aim to modulate human gut microbiota, with probiotics or synbiotic dietary 

supplementations, which may provide new approaches to control the diet-microbiota-

human health interactions. This thesis also strengthens our understanding towards links 

between metabolite signatures with specific bacterial genera or species and a possibility 

of foreseeing gut bacterial profile in light of less expensive and less tedious 
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metabolomics analysis. Moreover, our results shed light on the mechanism of increased 

Ni(II) tolerance in C. crescentus which may be useful in bioremediation or other 

antimicrobial strategies, antibiotics development and synthetic biology applications 

such as the development of whole cell biosensor. It could also help us investigate the 

biotransformation of environmental pollutants by gut microbiomes and how the 

contaminants would affect the metabolism of microbiota  

6.1 Future Perspective 

In this study we compared the gut microbiome composition of healthy Indian and 

Chinese adults. We further suggested a link between diet and gut microbiome 

composition. However, other hidden factors such as host physiology and genetics, 

lifestyle, geography may also affect gut microbiota composition. The present study was 

based on the uncontrolled dietary habits of subjects. However, dietary intervention 

studies with a defined composition of Indian and Chinese diet will give us a better idea 

of changes in gut microbiota specifically in response to diet and it will certainly 

minimize the effect of other hidden factors. Another useful approach will be to develop 

in vitro culture conditions to determine the impact of diet on gut microbiota. Although, 

few studies attempted developing in vitro condition for maintaining gut bacteria, but it 

is still needed to set up better culture conditions to support the growth of as many as gut 

bacteria possible which can represent the human gastrointestinal tract in vitro.   

GC-MS and LC-MS based untargeted metabolomics analysis of fecal and urine samples 

helped us identify the association of metabolites with diet or ethnicity and gut 

microbiome of Indian and Chinese adults. This study strengthens our understanding 

towards links between metabolite signatures with specific bacterial genera or species 

which could be useful to foresee gut bacterial profile in light of less expensive and less 

tedious metabolomics analysis. It was a preliminary analysis with small sample size, 
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However, a  study of a much larger population with different groups across Asia and the 

rest of the world will give a better picture of the connection between gut microbiota, 

metabolites, and diet 

In this thesis, we also studied the effect of Ni(II) toxicity on cell growth , morphology, 

and cell cycle of C. crescentus. The use of GC-MS metabolomics has enabled us to 

understand Ni (II)-induced changes in metabolism and biochemical pathways of C. 

crescentus. We have used only GC-MS for metabolites detection in C. crescentus 

However, using an additional platform such as LC-MS in combination with GC-MS can 

enhance the metabolome coverage and will be able to provide additional information to 

the study. We have identified the role of amino acids and organic acids in ameliorating 

Ni(II) toxicity. However, more studies to uncover the exact mechanism of the protective 

effect of amino acids and organic acid on Ni (II) toxicity is required.Metabolic 

stimulation through the PutA/GlnA pathway, accelerated degradation of CtrA, and Ni-

chelation by organic acids or amino acids are some of the mechanisms that could be 

involved in enhancing C. crescentus’s tolerance. We can use gene manipulations or 

reporter gene assay to check the role of central metabolism and PutA/GlnA pathway, 

and pulse chase experiment to calculate the half-life of CtrA.  

Besides metabolomics analysis during heavy metal stresses, we plan to perform screens 

for genomic elements that can either enhance the ability of C. crescentus to survive in 

NI(II) stress condition. We will perform transposon mutagenesis to identify genomic 

elements that can enhance the ability of C. crescentus to survive. We will grow the cells 

in a sub-lethal concentration of nickel (~0.008mM) that lowers proliferation rate and 

repeatedly mutagenize the cells, until we obtain a population of cells that can grow as 

quickly as wildtype untreated cells. Due to the relatively small size of the bacterial 
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genome (~4MB), we will sequence the whole genome of multiple mutant clones to 

identify changes in the DNA that have occurred. 

In this thesis we have successfully set up the metabolomics platform to investigate 

bacterial interaction with different kind of environments. We hope this could aid future 

work, on the relation of diet and gut microbiota with human health and to investigate 

bacterial responses to environmental stress conditions. 
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