
Quick tips to perform a metabolomics study

Nascent, burgeoning, youngest, ‘connecting link between genotype and phenotype’ are

just some of the phrases associated with this ‘omics’ where small molecules (metabolites

with molecular weight < 2000 Daltons) are studied in biological systems, i.e.,

metabolomics. Currently, due to recent advances in the field, metabolomics has demanded

large attention from scientists as it has shown tremendous potential in basic research such

as the study interaction of ‘omes’ and the discovery of new biochemical pathways. Other

areas of impact include metabolic regulation, disease biomarker identification,

personalized medicine, clinical trials, toxicology, nutrigenomics, medicine diagnosis, and

agriculture. Also included are industrial applications such as metabolic engineering in

strain improvement in microbes. Here, the attempt is to get the scientific community

interested and excited about the potential use of metabolomics in their existing research

areas, by widening its dimensions to another level of data-oriented science leading to

better interpretation and understanding of the function and behavior of organisms.

Nonetheless, while excellent pioneering reviews and extremely successful studies exist in

metabolomics, a summary and/or overview of this area is lacking at this moment. Thus,

the target audience are not only researchers who are venturing into metabolomics, but

also early career researchers, investigators, students, and individuals interested in

implementing metabolomics in their current research and field. Typically, study design to

publication can span from months to years in some cases, but without a general grasp of

how beneficial and easy to implement metabolomics can be, further inquiry into the field

may be mistakenly overlooked. I attempt to summarize and encapsulate the ‘usual’ trends

in such efforts, identifying the critical steps to make the trends all fit into these quick tips.

The objective of this article is to provide a bird’s eye view of metabolomics research that

can be enjoyed over a mug of coffee while simultaneously providing an outline for a

variety of audiences interested in incorporating this fascinating field in their work.
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Abstract 23 

Nascent, burgeoning, youngest, ‘connecting link between genotype and phenotype’ are just some 24 

of the phrases associated with this ‘omics’ where small molecules (metabolites with molecular 25 

weight < 2000 Daltons) are studied in biological systems, i.e., metabolomics. Currently, due to 26 

recent advances in the field, metabolomics has demanded large attention from scientists as it has 27 

shown tremendous potential in basic research such as the study interaction of ‘omes’ and the 28 

discovery of new biochemical pathways. Other areas of impact include metabolic regulation, 29 

disease biomarker identification, personalized medicine, clinical trials, toxicology, 30 

nutrigenomics, medicine diagnosis, and agriculture. Also included are industrial applications 31 

such as metabolic engineering in strain improvement in microbes.  32 

Here, the attempt is to get the scientific community interested and excited about the potential use 33 

of metabolomics in their existing research areas, by widening its dimensions to another level of 34 

data-oriented science leading to better interpretation and understanding of the function and 35 

behavior of organisms. Nonetheless, while excellent pioneering reviews and extremely 36 

successful studies exist in metabolomics, a summary and/or overview of this area is lacking at 37 

this moment. Thus, the target audience are not only researchers who are venturing into 38 

metabolomics, but also early career researchers, investigators, students, and individuals 39 

interested in implementing metabolomics in their current research and field. Typically, study 40 

design to publication can span from months to years in some cases, but without a general grasp 41 

of how beneficial and easy to implement metabolomics can be, further inquiry into the field may 42 

be mistakenly overlooked. I attempt to summarize and encapsulate the ‘usual’ trends in such 43 

efforts, identifying the critical steps to make the trends all fit into these quick tips. The objective 44 
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of this article is to provide a bird’s eye view of metabolomics research that can be enjoyed over a 45 

mug of coffee while simultaneously providing an outline for a variety of audiences interested in 46 

incorporating this fascinating field in their work. 47 

Tip 1: Formulate a robust hypothesis and use a good study 48 

design 49 

Of prime importance is to have a good question up your sleeves before initiating a study. This 50 

will dictate the entire metabolomics work flow, or pipeline, which will greatly influence the 51 

outcome of the study. It could be grant-, program-, or funding-driven, but ultimately the 52 

objective of the study must be to solve scientific challenges for future applications and would be 53 

as good as the working hypothesis. Moreover, it is important to realize that metabolomics can 54 

help both in solving a biological questions in hand and in hypothesis generation as well- a 55 

double-edged sword. The hypothesis will dictate which technologies to choose from, the source 56 

of the metabolites, such as the appropriate organisms, and which approaches to use (targeted vs. 57 

untargeted) to carry on the metabolomics study.  58 

The study design can be challenging, painful, and error-prone, as is the case with any scientific 59 

are of research. However, with careful and timely planning, the study can be planned well ahead 60 

of time. This would also help in performing effective power analysis to provide necessary 61 

dimensionality to the data for statistical validations. Considerations on sample size is thus, very 62 

important. For instance, essential to the study design is randomization, a procedure that randomly 63 

determines the allocation of the experimental material and the order of experimental runs, or 64 

orthogonalization which nullifies the effects from unknown and known sources of variations. 65 
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Some approaches that can become detrimental issues, like blocking, replication, comparison, and 66 

following factorial study designs, can be circumvented. In fact, both free and paid design of 67 

experiments (DOEs) software products are available such as SAS (SAS Institute, Cary, NC), 68 

JMP (SAS Institute, Cary, NC), Modde (Umetrics, Kinnelon, NJ), Design Expert (StatEase, 69 

Minneapolis, MN) and others which provide a compromise between information quality and ease 70 

of use.  71 

Tip 2: Choose the right platforms available to you 72 

Typically, users choose either mass spectrometry (MS) or spectroscopy-based platforms to 73 

investigate metabolomes. For MS-base metabolomics, gas chromatography (GC), liquid 74 

chromatography (LC), and capillary electrophoresis (CE) have been shown to produce the best 75 

results. However, for ion mobility mass spectrometry (IMS) [2] and specific applications such as 76 

metallomics, inductively coupled plasma mass spectrometry (ICP-MS) [3] has been providing 77 

exciting results for various types of studies as well. Among other platforms, Fourier Transform 78 

Ion Cyclotron Resonance Mass Spectrometry (FT-ICR) with its resolving power values over 79 

1,000,000, a high mass accuracy with less than 1 ppm errors, high limits of detection, a dynamic 80 

range of 10,000 better fragmentation, and MSn capabilities can provide great potential for 81 

metabolomics applications [4]. Availability to of an user to desirable platforms either for 82 

resolution (such as QToFs) and sensitivities for better quantifications (QTraps), modes of 83 

ionization (chemical, electron impact, or electron spray) etc., would help address proper 84 

solutions to the study. Non-targeted metabolomics approaches have enormous potentials in 85 

discovery science [5].  86 
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However, recent integration of multiple platforms such as MS and NMR has shown to have 87 

greater promise in expanding the metabolome in a more complimentary manner [6]. A word of 88 

caution is that with hyphenation and increased dimensionality or hyphenation, the complexity 89 

and enormity of data multiplies and so does the down-stream processing time and expertise in 90 

terms of manpower and software requirements. In addition, other methods such as Raman 91 

spectroscopy and Fourier Transform Infra-Red (FTIR) spectroscopy have found applications in 92 

metabolomics. A balance must be found between identifying a larger number of metabolites and 93 

to confidently quantifying a smaller number of metabolites. In addition to choosing the correct 94 

platform, skilled manpower, handling skills, and instrument troubleshooting, generating good 95 

quality data, to avoid the ‘garbage in, garbage out’ phenomena, is equally important. 96 

 97 

Tip 3: Collect and handle the samples following the 98 

metabolomics standard initiative (MSI) guidelines 99 

Sample selection, preparation or processing, quenching, storage, handling, and extraction are all 100 

important steps in obtaining quality metabolomics data. Variations induced in each of the steps 101 

would impact huge differences in acquired data sets. Including appropriate internal standards, 102 

which can be instrument-or chemical class dependent, retention index standards, metabolomic 103 

test mixtures, either commercial or pooled samples, and quality controls (QCs) are important to 104 

have. The factors check on data acquisition, batch variations, and instrument health among other 105 

issues that may arise in the study. Many times, at this step of sample collection, isotopic labeling 106 

needs to be performed. For processing live organisms to bio fluids, whole lysate, or extracts, 107 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2002v1 | CC-BY 4.0 Open Access | rec: 26 Apr 2016, publ: 26 Apr 2016



6 

 

approaches can be different. Quenching of metabolism to storage of thermo-labile intermediates 108 

can be really challenging. At this stage, a thought must be given to either have technical 109 

replicates (instrument or sample wise) or conditional (i.e., biological) replicates to allow 110 

understanding of variability in population, independent sampling, and enough replicates for 111 

statistical power analysis. Helpful guidelines in the form of metabolomics standard initiative 112 

(MSI) proposed by the Metabolomics Society (http://metabolomicssociety.org/) are summarized 113 

[7, 8]. Even organizing the meta-data in the form of Investigation/Study/Assay (tab-delimited 114 

(ISA-TAB) format [9] would help follow most basic requirements while conducting a 115 

metabolomics investigation. These standards are still evolving with community-driven initiatives 116 

[10].  117 

Tip 4: Choose your tools for data pre (processing) and 118 

annotation 119 

Depending on whether the datasets are obtained from MS, tandem MS, or spectroscopy 120 

platforms, the software tools can be the similar or strikingly different. For instance, 121 

ProteoWizard Tools (http://proteowizard.sourceforge.net/tools.shtml) offers a command line 122 

tool, msConvert for converting between various file formats in MS to more popular and 123 

convenient formats such as .mzZML, .mzML, and .cdf when vendor-specific commercial tools 124 

do not provide acquired data sets in universally readable formats. A plethora of curated tools can 125 

be obtained from OMICTools (http://omictools.com/), Fiehn lab resources 126 

(http://fiehnlab.ucdavis.edu/), and Metabolomics Society’s Resources pages 127 

(http://metabolomicssociety.org/resources/metabolomics-databases) among others.  128 
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This software can be either commercial, supplied by vendors of the platforms or otherwise, or 129 

free-sources. Webservers such as MetaboAnalyst [11], XCMS (http://metlin.scripps.edu/xcms/) 130 

[12] and its online version XCMS Online [13], and tools such as mzMINE 131 

(http://mzmine.sourceforge.net/) for LC-MS data sets [14] are just some of the free-access 132 

software programs available for data processing and annotation. For GC-MS based data sets, the 133 

National Institute of Standards and Technology (NIST) provides free, downloadable 134 

deconvolution software AMDIS (Automated Mass spectral Deconvolution and Identification 135 

System) is a good starting point. Other processing and annotation tools are either implemented in 136 

C++, .NET platform, Python, Java, or in other commercial tools such as Matlab and are operable 137 

on Linux or Windows platforms - which is another level of challenge that can have an impact on 138 

the data analysis and the analyst. For instance, for metabolite identification, the chemical and 139 

mass spectral databases such as METLIN, HMDB, ChemSpider, PubChem, and KEGG are 140 

immensely valuable. Guidelines set by the ‘seven golden rules’ [15] and fragmentation tree 141 

approaches such as mzCloud (https://www.mzcloud.org/) are indispensable tools for MS/MS-142 

based data annotations. 143 

 R (https://www.r-project.org/) has taken a center stage as free software for statistical computing 144 

and graphics with numerous packages developed for data analysis and visualization; this 145 

software complies with and runs on a wide variety of UNIX platforms, as well as on Windows 146 

and MacOS systems. With advances in analytical platforms, mass-spectrometric techniques, data 147 

acquisition quality, and data volume, new resources and tools in metabolomics tools are being 148 

developed [16]. Nonetheless, commercial tools developed by vendors can be extremely useful in 149 

data collection and meta-analysis as all the features are included in one software suite, but these 150 

may have a higher price cap to consider.  151 
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Post-data acquisition, data transformation, normalization, centering, and scaling are usually 152 

needed to make data suitable for further downstream statistical analysis [17] as well as to get rid 153 

of batch variations, analytical and other systematic variations induced during sample preparation 154 

and data collection.   155 

Tip 5: Do your statistical analysis and interpretation well or 156 

consult! 157 

Statistical consultation is imperative and unavoidable. Researchers are recommended to perform 158 

an a priori power calculation as failures can result in disappointing results [18]. Depending on 159 

samples, the researcher can choose parametric (one and two-sample t-tests) or non-parametric 160 

(Wilcoxon sign-rank or Mann Whitney tests) tests for comparing two samples. For more than 161 

two samples, researchers/you may use a one-way ANOVA or multifactor ANOVAs or a 162 

bootstrap analyses with a false discovery rate (FDR) and Bonferroni or Benjamini-Hochberg 163 

(BH) corrections. For dimensionality reduction, use multivariate tools such as principal 164 

component analysis (PCA) or orthogonal partial linear discriminant analysis (O-PLSDA). 165 

Interestingly, a recently updated status of the above computational and statistical approaches is 166 

presented [19]. These tools can be useful for detection and removal of out-liers as well. For 167 

grouping the samples and metabolites, and hierarchical clustering, K-means clustering, and self-168 

organizing (SOM) maps can be used. In addition, there have been guidelines discussing as to 169 

how to avoid false discoveries in metabolomics [20]. Statistical programming languages such as 170 

R (https://www.r-project.org/), more specifically Bioconductor (https://www.bioconductor.org/) 171 

and R Studio (https://www.rstudio.com/), have been particularly instrumental in changing the 172 
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landscape of statistical computing in metabolomics in recent times. As newer programming 173 

languages find their way into statistical computing, metabolomics data analysis and 174 

interpretation continue to become easier to perform.  175 

Tip 6: The more the better: So integrate other “omics” too 176 

Although this integration of omics data, popularly called as “transomics” or “integromics”, can 177 

be challenging, is  complimentary, useful, and more informative than if it stood alone. Recently, 178 

these tools aiding in integration of a diverse –omics datasets have been reviewed [21]. With 179 

correct choice of (a) empirical-correlation-based methods, (b) ontology, (c) enrichment and over 180 

representation analysis, and (d) network and pathway scale modeling, such integration is helpful 181 

for datasets ranging from genomics, epigenetics, transcriptomics, proteomics, fluxomics, and 182 

phenomics with metabolomics. Towards this end, pathway enrichment analysis tools like 183 

IMPALA (http://impala.molgen.mpg.de/) and iPEAP 184 

(http://www.tongji.edu.cn/~qiliu/ipeap.html) and biological network analysis tools like pwOmics 185 

(http://www.bioconductor.org/packages/release/bioc/html/pwOmics.html), MetaMapR 186 

(http://dgrapov.github.io/MetaMapR/), and MetScape (http://metscape.ncibi.org/) are worth 187 

mentioning. With advances in the areas of computational modeling, biomarker discovery, 188 

genome-scale modelling, and flux analysis, metabolomics is going to carve out a bigger niche 189 

than ever before towards understanding of the ‘trans-omes’ or the ‘globalomes’.  190 

Tip 7: Choose what best represents your data: Pathway or 191 

network view 192 
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Depending on the goals of the study and the platforms used, the user has a choice to present their 193 

data in either a pathway view, a more orthodox approach, or in a network view. Both approaches 194 

will allow seamless integration of other “omics” data sets, albeit with differential considerations 195 

for data normalization and statistical pre-processing. For example, KEGG (Kyoto Encyclopedia 196 

of Genes and Genomes)-based pathways have formed the basis on uncountable studies over time 197 

[22]. However, with these pathways being organism-specific and not undergoing frequent 198 

updates, other databases such as MetaCyc [23] have come into the picture. However, for 199 

untargeted and unbiased analysis, where a more metabolome-wide picture is anticipated, the 200 

network view allows connecting more metabolites (nodes or dots) using biological (KEGG), 201 

chemical (Tanimoto), functional, structural, or other connectivity (edges) such as positive or 202 

negative correlations. Moreover, with versatile and consistently enriched tools such as Cytoscape 203 

and a huge list of plugins that come with it, metabolomic networking opportunities are immense. 204 

Very versatile mass spectral molecular networking approaches for MS/MS-based metabolomics 205 

datasets seem to have found abundant applications in metabolomics studies of microbiomes [24, 206 

25].  207 

Tip 8: Visualization matters 208 

We often hear that an appealing picture conveys more than a thousand words. An overwhelming 209 

number of graphical tools are available to maneuver study results to create effective 210 

presentations. Oftentimes, a tool is chosen based on whether or not the product is financially 211 

feasible and on what purpose they will serve in a particular study. Hierarchical heat maps, Venn 212 

diagrams, volcano plots, along with PCA score plots and scree plots or S-plots have all found 213 

their worthiness in underscoring the similarities and dissimilarities within metabolomics datasets. 214 
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Software such as XCMS can create very informative cloud plots [13], while Voronoi tree maps 215 

[26] can be useful as well. Hive plots (http://www.hiveplot.net/) have been used to provide a 216 

framework for the interactive visualization of a network relationship or the correlation among 217 

datasets [27]. Noteworthy mention goes to the cloud plots functionality available with XC-MS 218 

for differential global metabolomics data sets [28], or for that matter, interactive PCA available 219 

with XCMS online [29]. For GC-MS datasets, MetabolomeExpress can provide a variety of 220 

interactive visualizations such as heat maps, chromatogram viewers, and 3D PCA plots [30]. 221 

With new visualization tools added every year [16], it may seem challenging to choose the right 222 

tool for right kind of interpretation of the metabolomics datasets but a study-dependent approach 223 

to present the results in the most suitable manner would guide your search.  224 

Tip 9: Make your data publicly available and do publish! 225 

Data storage can be a challenging task too, yet it can be locally addressed by using encrypted 226 

hard drives to shared local networks. For public data sharing, however, there are recommended 227 

databases for storage of all metadata. The most prominent ones are Metabolights at 228 

http://www.ebi.ac.uk/metabolights/ [31] and Metabolomics Workbench at 229 

http://www.metabolomicsworkbench.org/ [32]. For instance, 150+ studies have been archived at 230 

Metabolights, and the numbers have shot up in recent times. In addition, websites maintained by 231 

research groups i.e., Data Resources of Plant Metabolomics (DROP Met) at Platform for RIKEN 232 

Metabolomics (PRIMe) can be good platforms for data disbursal in a timely fashion, making 233 

them available to developers for generation of novel algorithms and workflows for metabolomics 234 

datasets. Data archiving on public domains are not only a requirement for all funding agencies, 235 

scientific journals, and scientific societies, but it is considered ethical for public interest and a 236 
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very basic step in open science. This tip is not only essential for the entire scientific community, 237 

but it is also a responsibility since most of these studies are funded with taxpayer money.  238 

In addition, many subscriptions and Open-Access journals, do publish standalone 239 

metabolomics studies while almost all journals tend to accept metabolomics experiments 240 

alongside other -omics datasets for thematic fits. In fact, a PubMed search at the National Center 241 

for Biotechnology Information (NCBI) for the term ‘metabolomics’ 242 

(http://www.ncbi.nlm.nih.gov/pubmed/?term=metabolomics) will reveal majority of the 243 

scientific journals publishing metabolomics-oriented investigations.  244 

Conclusions 245 

Having written this ‘quick tips’ article, the author does not assume that either conducting an 246 

error-free metabolomics study and then writing a metabolomics stand-alone manuscript are easy 247 

whatsoever. Challenges lay in every step of the study, starting from the sample collection to 248 

acceptance of the manuscript, but this article has only attempted to summarize the basic 249 

framework which can be generalized to some extent and prove beneficial for those recently 250 

entering into the metabolomics field. Having summarized above, still the ‘big elephants in the 251 

room’ may remain invisible and studies lead to failures- irrespective of all measures taken to 252 

avoid pitfalls.  253 
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