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Abstract

The interaction between microbial communities and their environment, such as the human gastrointestinal tract, has been an area of microbiology rapidly advanced, by developments in sequencing technology. However, these techniques are largely limited to the detection of the taxonomic composition of a microbial community and/or its genetic functional capacity. Here, we discuss a range of mass spectrometry-based approaches which researchers can employ to explore the host-microbiome interactions at the metabolic level. Traditional approaches to mass spectrometry are detailed, alongside new developments in the field, namely ambient ionisation mass spectrometry and imaging mass spectrometry, which we believe will prove to be important to future work in this field. We further discuss considerations for experimental workflows, data analysis options and propose a methodology for the establishment of causal relationships between functional host-microbiome interactions with regards to health and disease in the human gastrointestinal tract.

Highlights
· Mass spectrometry provides an ideal tool for metabolic profiling of microbial communities
· Wide range of approaches suited for different metabolites of interest
· Field of ambient ionisation mass spectrometry highly promising for rapid analysis
· Experimental approach needed to separate correlation and causality
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Amplicon Sequencing		Sequencing of PCR amplification products of marker genes
CE-MS				Capillary electrophoresis mass spectrometry
DESI-MS			Desorption electrospray ionisation mass spectrometry
DNA				Deoxyribose nucleic acid
GC-MS				Gas chromatography mass spectrometry
HPLC				High performance liquid chromatography
IMS				Imaging mass spectrometry
LC-MS				Liquid chromatography mass spectrometry
LESA-MS			Liquid extraction surface analysis mass spectrometry
m/z Ratio			Mass-to-charge ratio
MALDI				Matrix assisted laser desorption ionisation
Metabolic Profiling	Measurement of the entire complement of metabolites within a sample
Metagenomics	Sequencing of the collective total of genes and genomes within a sample
Meta-Taxonomics	Taxonomic characterisation of all microorganisms present within a sample
Microbiome	Entire habitat including microorganisms, their genomes, and their environment
MS				Mass spectrometry
NMR				Nuclear magnetic resonance
REIMS				Rapid evaporative ionisation mass spectrometry
RNA				Ribonucleic acid
SIMS				Secondary ion mass spectrometry
UPLC				Ultra performance liquid chromatography


























1. Moving beyond meta-taxonomics to explore host-microbiome functional relationships

1.1. Meta-taxonomics explores composition but not metabolic functionality of microbial communities: Microbial communities exist as a complex interaction between microorganisms, such as bacteria, fungi, viruses, protozoa, and parasites, and their environment. Traditional approaches to microbiology have been reliant on the isolation and culture of single colonies on solid agar plates to analyse species presence and abundance, and biochemistry. However, this approach is severely limited by current approaches to microbial culture. Estimates can vary considerably, but it is accepted that culture-based methods are only capable of isolating a minority of species [1]. Since the establishment of next generation sequencing techniques, initiated primarily by the pyrosequencing Roche 454 platform [2], researchers interested in microbial community profiling have relied on these methods as a foundation for their work. Due to the limitations of currently available culturing techniques [3], researchers have found wide utility in the use of DNA sequencing of polymerase chain reaction (PCR) amplification products targeting ribosomal RNA genes and other essential housekeeping genes to determine the taxonomic composition of the microbial communities present within a sample [4]. This has revealed a number of novel links between microbial community composition and disease state in humans, including obesity [5], inflammatory bowel disease [6], colorectal cancer [7], chronic obstructive pulmonary disease [8], and asthma [9]. However, as a result of the observational nature of these techniques, they alone are not enough to prove either a causal link, or elucidate mechanisms of interaction. This is essential in terms of validating changes in microbial community structure as biomarkers of disease [10], for establishing their potential role in disease aetiology [11], and their potential utility in disease treatment [12].

1.2. Moving beyond meta-taxonomics using sequence-based approaches: Exploring the functional relationship between microbiome and host and how this corresponds to disease was a pressing issue even before the introduction of next generation sequencing. In fact, it was originally identified by Theodore Escherich in his study of infant diarrhoea as a potential explanation of why some bacterial strains readily cause disease, whilst some exist as harmless commensal bacteria [13]. The lack of functional information obtained through traditional approaches or sequencing of PCR amplicons has, to some extent, been addressed by assigning functional capabilities to 16S rRNA based taxonomies. Examples of such tools include Tax4Fun [14] and phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) [15]. These techniques have been widely used by researchers to expand the potential information obtained by amplicon sequencing through the assignment of predictive gene functions to marker genes, such as 16S rRNA gene amplicon sequences, from a database of reference genome sequences. However, at their core, they rely on the observational nature of amplicon sequencing and cannot therefore, provide evidence for the causative link between microbiome and functional host-microbiome interactions. Furthermore, due to the limitations of current sequencing techniques, primarily in the length of sequences which can be obtained, amplicon sequencing approaches are typically limited to the genus level of taxonomic resolution [16]. Due to the considerable variation within genera, such as between pathogenic and non-pathogenic species of the same genus, this ultimately means that a large volume of functional differences may be overlooked [17]. 

Due to advances in DNA sequencing technology, particularly regarding sample throughput and sequence depth and coverage, an alternative to sequencing of PCR amplicons has emerged within the field. Metagenomic sequencing, whereby all of the DNA present within a sample, regardless of biological origin, is sequenced, has become more widely used by researchers within the field. Although frequently used to describe amplicon sequencing-based meta-taxonomic studies, metagenomic sequencing is becoming a powerful tool to explore the functional component of the interactions between microbial communities and their environment. Due to the non-targeted nature of metagenomic sequencing, the technique can be used to observe changes in the genetic arsenal of the microbiome which may be indicative of evolutionary changes driven by environmental conditions; such as those caused by disease initiation and progression. The technique has been used to show that the functional capacity of the gastrointestinal microbiome alters in response to new-onset Crohn’s disease and may be a driver of inflammation [18], and that the lung microbiome in patients with chronic obstructive pulmonary disease increases its capacity for bacterial growth and potentially decreases the host’s ability to control inflammation [19]; which is an important factor in disease progression. Although metagenomic studies have the potential to expand the information obtained from sequencing-based approaches to microbial community profiling from meta-taxonomic abundance to functional capability, they are still limited by measuring the genetic capacity of the community. This does not necessarily relate directly to the expression of genes and to the production of proteins (see for Aebersold et al., [20] and VerBerkmoes et al., [21] for comprehensive reviews) and metabolites, and as these have been shown to be at the interface of host-microbiome interactions, a thorough understanding of their presence, concentration, and spatial and temporal variability is essential in establishing how microbial communities functionally relate to disease aetiology, progression, and potential treatment. There are also issues related to the establishment of sequence-function relationships – the mapping of biochemical function to DNA sequences – particularly as there has been a lack of research regarding difficult-to-culture microorganisms, resulting in many predicted coding regions possessing unknown functions [22].

1.3. The potential of metabolic profiling to explore functional capacity of microbial communities: Metabolic profiling is the technique used for the measurement in biological systems of the range of low-molecular-weight metabolites that reflects the response of the system to a range of internal and external pressures and stimuli. Metabolic profiling can be accomplished via two different spectroscopic approaches, nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry. Employing NMR-based approaches carries a number of advantages including reproducibility, non-destructive sample analysis, and the relative ease of metabolite identification. As we will not cover NMR-based approaches here, for a comprehensive review of practical NMR-based approaches to metabolic profiling, we recommend Beckonert et al., [23]. Mass spectrometry is widely used in the study and analysis of microorganisms, including microbial metabolomics [24], and in clinical pathogen identification [25], and has already been shown to be a powerful analytical tool. Its use in metabolic profiling of microbial communities is gaining traction within the field and holds great promise in elucidating functional host-microbiome relationships.

In this review, we will explore a wide range of mass spectrometry based approaches which can be employed by researchers for metabolic profiling of microbial communities. We focus on the separation techniques which are frequently coupled to mass spectrometry analysis as this presents the greatest area of scope for flexibility in the approach researchers can take in determining the metabolic composition of a sample. We discuss both traditional approaches of metabolic profiling in conjunction with developing areas within the field including imaging mass spectrometry and ambient ionisation mass spectrometry alongside strategies which can be adopted for data evaluation and integration. Finally, we will suggest a methodological workflow to establish functional relationships between microbiome and host, and how these relate to disease biomarkers, aetiology of disease, and disease treatment. We hope that this review equips readers and researchers within the field with an appreciation of the diverse range of analytical tools employing mass spectrometry available to them to explore the functional aspect of microbial communities and their interaction with their environment.








2. Mass spectrometry based approaches to metabolic profiling of microbial communities

As a field, mass spectrometric metabolic profiling is typically advanced by improvements in instrumentation, such as higher levels of sensitivity, resolution, and dynamic range of analytical measurements. Here, we focus on the range of approaches which can be coupled with mass spectrometry analysis, namely direct infusion/injection (DI), liquid chromatography (LC), gas chromatography (GC), capillary electrophoresis (CE), and matrix assisted laser desorption ionisation (MALDI) as this offers the widest flexibility in terms of analytical approach. Each method carries both benefits and drawbacks which should be considered when choosing a platform and methodology for analysis. An overall comparison of different mass spectrometry approaches to metabolic profiling of microbial communities is given in Table 1, alongside examples of studies completed using each of the methods in Table 2.

2.1. Overview of mass spectrometry instrumentation: Mass spectrometry is a molecular spectroscopy technique which analyses atomic or molecular species as gas-phase ions and performs the analysis based on their different mass-to-charge (m/z) ratios. This results in a mass spectrum which plots the ion abundance as a function of the m/z ratio. Mass spectrometry is often coupled with a chromatographic technique to separate the chemical constituents of a sample based on their physical and/or chemical properties prior to MS analysis. Chromatography carries a number of benefits, the primary of which is arguably a reduction in matrix associated ion suppression events. Causes of ion suppression differ between different ionisation methods. The use of chromatographic separation prior to ion formation reduces the molecules which are present at the ion source, reducing competition between molecules and thus the potential for ion suppression; improving the precision, sensitivity, and limit of detection of mass spectrometric analysis. As shown in Figure 1, mass spectrometry analysis is performed in five steps. Firstly, the sample is introduced into the mass spectrometer, after which ions are generated using a variety of techniques including electron ionisation (EI) [26], chemical ionisation (CI) [27], electrospray ionisation (ESI) [28], matrix assisted laser desorption ionisation (MALDI) [29] or atmospheric pressure chemical ionisation (APCI) [30]. After ions are formed, they are transported into the vacuum of the mass spectrometer through the use of ion optic systems which focus and control ions through the use of electric and/or magnetic fields. The ions are then separated by the mass analyser under vacuum based on their mass-to-charge ratio; either in time or space and detected separately. Example of these techniques include time-of-flight (ToF) [31], ion traps [32], quadrupoles [33], and magnetic sector [34] mass analysers. Alternatively, the ions can also be trapped between two electrodes and the current induced by the orbiting charges used for non-destructive detection of m/z ratio following Fourier transformation of the signal. Frequently used mass analysers of this type include Fourier transform ion cyclotron resonance (FT-ICR) [35] and Orbitrap® [36] systems. The mass spectrometric signal translates to a two-dimensional representation of mass-to-charge ratios against the frequency of detection of ions with that particular mass-to-charge ratio.

2.2. Considerations in conducting metabolic profiling experiments using mass spectrometry: Regardless of the choice of mass spectrometric approach chosen for metabolic profiling analysis of microbial communities, considerations regarding experimental workflows are universal. As shown in Figure 2, there are six steps which should be considered by researchers: sample type and sampling method, sample processing, metabolite extraction, separation steps (if any), mass spectrometric ionization method and analyser and finally data processing and analysis.

The human gastrointestinal tract is an enclosed system which makes direct sampling difficult without invasive procedures such as endoscopy [37]. For this reason, the majority of studies exploring host-microbiome functional interactions have used faeces as an indirect sampling method. An important consideration here is that to ensure an accurate representation of microbial community functional activity is measured using mass spectrometry, metabolic activity of the microbiome should be quenched through ultralow temperature freezing or through the use of a chemical suppressor, such as sodium azide [38], as soon as possible. Although sample processing before this can be completed, such as centrifugation or filtering, it should be noted that there is a varied response of different microorganisms to exposure to atmospheric and temperature conditions outside of the gastrointestinal tract [39], which may alter the metabolic profile obtained through later analysis. Typically, whole faecal samples are frozen in liquid nitrogen or in an ultralow temperature freezer (≈ -70 to -80°C) and then subjected to metabolite extraction using a solvent such as chloroform, methanol, or water – either as frozen material or after thawing. Depending upon the nature of the sample, and particularly if quantitative comparisons are to be made between metabolic profiles, it may be necessary to remove the water content of the sample through freeze-drying. This may be particularly important when comparing the metabolic activity of microbial communities associated with inflammation or diarrhoea [40], but may result in the loss of certain metabolites, particularly those which are volatile [41]. Prior to solvent extraction, mechanical disruption of a sample may be used to homogenise the sample and to release intracellular metabolites. This will likely aid in sample handling, but may introduce an element of bias as mechanical disruption may, for example, cause heat damage to metabolites or preferentially lyse different microorganisms. The choice of solvent is likely to be the main determinant of the metabolites extracted with organic solvents potentially leading to a reduction in the extraction of hydrophilic products, with water showing the broadest range of metabolite extraction efficiency, particularly with regards to microbiome-related metabolites [40]. 

[bookmark: OLE_LINK19]2.3. Direct infusion/injection mass spectrometry (DI-MS): DI-MS is arguably one of the simplest methods which can be used in metabolic profiling as it requires minimal sample preparation and run time; primarily as a result of no chromatographic separation being completed on the sample. This method details the injection of a sample directly into the ionisation source of the mass spectrometer, typically electrospray ionisation [42], using a syringe pump with the mass spectra either summed or averaged over the scan range of each sample. As a result, DI-MS is a high-throughput approach allowing a sample to be analysed in a few minutes which reduces sample-to-sample variability and maximises reproducibility. However, as a result of no chromatographic separation prior to introduction to the mass spectrometer, DI-MS suffers from an inability to distinguish between chemical isomers and also from ion suppression which can significantly alter the resulting mass-to-charge signal to such an extent that biological variation is suppressed [43]. A different configuration of DI-MS is that of flow-infusion electrospray ionisation mass spectrometry (FIE-MS). This differs in that the sample is infused with a solvent and injected into the electrospray source of the mass spectrometer using a liquid chromatography pump. Typically with this approach, mass spectra are summed or averaged over the scan range collected over the infusion period; prior to the background signal being restored [44]. DI-MS has been coupled with both nominal mass resolution mass spectrometers [45] and high resolution instruments [46] in the study of microbial metabolism, but to date has seen little use in the direct metabolic profiling of microbial communities within the human gastrointestinal tract.

2.4. Liquid chromatography mass spectrometry (LC-MS): LC-MS is one of the most widely used methods in metabolic profiling due to the benefit of chromatographically separating compounds prior to their introduction into the mass spectrometer; overcoming the issue of ion suppression encountered whilst using DI-MS, and also allowing the separation of isomers based on their elution through the chromatographic column. There are a variety of different chromatographic approaches which can be employed whilst using LC-MS which can target particular compound classes based on their chemical and/or physical properties. Normal-phase chromatography separates analytes based on their affinity for polar stationary surfaces, the dominant material used being silica, whilst moving in a mobile phase of a non-polar, non-aqueous solvent. The separation of analytes is driven by polar interactions, such as hydrogen bonding, but is also affected by the presence of functional groups and steric factors; allowing the method to resolve isomers [47]. In recent years, hydrophobic interaction chromatography (HILIC) has emerged as a widely used technique that combines features of normal-phase chromatography with other methods such as ion chromatography and reversed phase liquid chromatography and elutes analytes in increasing polarity. Typical mobile phase solvent for HILIC is a mixture of acetonitrile and small quantities of water; where additives can also be added to differentially change target analyte retention [48]. Reversed-phase chromatography, in comparison to normal phase, uses a non-polar stationary phase with an aqueous polar mobile phase and separates analytes based on their hydrophobic interactions, with polar molecules eluting earlier and less polar molecules being retained on the column for longer. Typically, with reversed-phase chromatography:  silica is the most common stationary phase which has been modified with a straight chain alkyl group: typically, C18H37 or C8H17. Due to the longer chain length, C18 columns show improved retention of non-polar compounds [49]. For both normal-phase and reversed-phase chromatography, analyte separation can be affected by the internal diameter of the LC column, with smaller diameters improving sensitivity, much reducing the volume of sample which can be loaded. Particle size is also important, with smaller particles providing a greater surface area and thus interaction potential, leading to improved separation [50]. Other methods of chromatographic separation used in LC-MS include size-exclusion chromatography (separation of analytes by molecular size [51]), ion-exchange chromatography (separation based on interaction between analytes and charged sites bound to stationary phase [52]), and affinity chromatography (separation based on highly specific interaction between analytes and receptor bound to stationary phase [53]). LC-MS is frequently coupled with high resolution mass spectrometers for metabolic profiling, including both time-of-flight [54] and Orbitrap® [55] instruments in the study of the microbial components of human gastrointestinal tract samples.

[bookmark: OLE_LINK23]2.5. Gas chromatography mass spectrometry (GC-MS): GC-MS is a powerful tool for the study of volatile metabolites as it provides high-chromatographic resolution, and potential quantification of compounds using internal standards. For non-volatile metabolites, GC-MS typically employs derivatisation of metabolites through alkylation, acylation, or sialylation of hydrogen atoms in functional groups including -COOH, -OH, -NH, and -SH and for carbonyls, oximation followed by sialylation is used. In metabolic profiling, the most frequently utilised derivatizing agents including BSTFA (N, O-bis-(trimethylsilyl)trifluoroacetamide) and MSTFA (N-ethyl-trimethylsilyl trifluoroacetamide) [43]. However, these derivatizing agents are highly sensitive to water content, thus necessitating the thorough drying of samples before analysis can be completed. After sample preparation, samples for GC-MS analysis undergo chromatographic separation, which can typically take between ten and 60 minutes, and subsequent mass spectrometry analysis using either time-of-flight instruments or quadrupole instruments. Due to the presence of high numbers of volatile compounds within the gastrointestinal tract, GC-MS has been widely used in the metabolic profiling of microbial communities, typically targeting short chain fatty acids (SCFAs) of microbial origin [56].

2.6 Capillary electrophoresis mass spectrometry (CE-MS): CE-MS is a technique which has not seen as wide use as either DI-MS, LC-MS, nor GC-MS, but is particularly suited to the analysis of charged metabolites, which other methods can struggle with. It employs liquid separation by applying a high voltage electrical current to a sample, resulting in metabolites being separated according to differences in their electrophoretic mobilities and structural form. CE-MS is typically coupled with electrospray ionisation to generate ions for mass spectrometry analysis. CE-MS is a technique which can be used for highly targeted analysis and has high resolving power; potentially allowing the separation of isobaric and isomeric compounds. However, the technique can have lower sensitivity than other techniques and run times can be considerable. As a metabolic profiling technique, CE-MS has not seen wide use in terms of microbial community metabolic profiling of the human gastrointestinal tract. It has however, shown utility in other areas including urine analysis [57], cancer biomarker discovery [58-62], and quantitative analysis of cancer microenvironments [63] suggesting it may be a powerful and useful tool for researchers exploring host-microbiome interactions in the human gastrointestinal tract.

2.7 Matrix assisted laser desorption ionisation mass spectrometry (MALDI-MS): MALDI-MS is an approach that has seen widespread use in mass spectrometry analysis of microorganisms, but limited use in metabolic profiling when compared to techniques such as LC-MS and GC-MS. In MALDI-MS analysis, a sample is applied to a metallic target plate and overlaid with a matrix containing crystallised molecules. The matrix is capable of absorbing laser energy which triggers ablation and desorption of the sample and matrix material into a plume which is then analysed using a mass spectrometer. As a technique, MALDI-MS is well suited to the analysis of a wide range of molecules, such as proteins and metabolites. It is also beneficial in that it requires minimal sample and is high-throughput compared to LC-MS and GC-MS methods – although it can be coupled with these chromatographic techniques. MALDI-MS has seen wide utilisation in the analysis of microorganisms as a diagnostic tool in clinical microbiology, where mass spectral fingerprints of mainly ribosomal proteins are used in species identification [25, 64, 65]. However, as this review focuses on metabolic profiling of microbial communities, rather than proteome analysis, this will not be widely covered. Although MALDI-MS has been used in the metabolic phenotyping of biological material including urine [66] and tissue [67], it has not been widely applied to the metabolic phenotyping of microbial communities nor gastrointestinal tract samples. It has however, seen frequent utilisation as a method in mass spectrometry imaging of microorganisms (discussed in detail in Section 4), for which it has wide applicability.











3. Ambient ionisation mass spectrometry as a rapid metabolic profiling tool

3.1. Ambient ionisation mass spectrometry allows analysis of sample in its native form: The field of ambient ionisation mass spectrometry (AIMS) is a collective term for techniques which do not require any sample pre-treatment or introduction of the sample into the mass spectrometer [68]. Interest and widespread use of techniques within the field of AIMS was triggered with the publication of a number of novel ambient ionisation methods including direct analysis in real time (DART) [69] and desorption electrospray ionisation (DESI) [70]. The attractions of AIMS methods to metabolic profiling of microbial communities are numerous and revolve around the elimination of sample pre-treatment, such as metabolite extraction, which reduce the potential introduction of bias and minimise any adverse effects of removing the microbial community from their natural environment, and sample throughput. As shown in Figure 3, due to the lack of sample extraction and chromatographic separation, AIMS methods are capable of sample analysis in the scale of seconds, whilst traditional techniques such as LC-MS, GC-MS, and CE-MS are in the scale of minutes and hours. Nevertheless, although some AIMS techniques are capable of generating mass spectral data within a second, several seconds of data acquisition may be required to achieve a sufficient signal-to-noise ratio. Here, we discuss two ambient ionisation techniques which we believe are well suited to metabolic profiling of microbial communities and outline emerging techniques in the field which may also provide utility to researchers.

3.2. Desorption electrospray ionisation mass spectrometry (DESI-MS): DESI-MS is a surface analysis method where electrically charged solvent micro-droplets are directed towards a sample surface, resulting in the formation of secondary ions upon impact. These secondary ions are then directed towards a mass spectrometer allowing almost instantaneous analysis. Characteristics of DESI-MS acquired mass spectra are highly similar to those acquired using conventional electrospray ionisation, but DESI-MS has additionally been shown to be able to detect non-polar compounds such as TNT, carotene, and cholesterol; which are generally not ionised under electrospray conditions [71]. Due to the rapid nature of DESI-MS analysis, it has been suggested as an ideal tool for rapid metabolic profiling [72]. With regards to microbial community profiling, it has seen multiple uses as a tool of direct analysis microbial colonies growing on agar petri dishes [73-79], but has not yet been directly applied to the metabolic profiling of microbial communities within the human gastrointestinal tract. Nevertheless, the work completed on microbial colonies shows the powerful nature of DESI-MS analysis, particularly in regard the ability of the approach to capture microbial metabolism in an ambient setting; thus, removing any potential bias introduced by sample preparation and extraction. Furthermore, due to the non-destructive nature of DESI-MS analysis, it would be possible to capture both microbial community meta-taxonomic data and metabolic profiling data from the same sample which would be highly beneficial in linking microbiome function to the presence or absence of particular microbial taxons.

3.3. Rapid evaporative ionisation mass spectrometry (REIMS): REIMS analysis is based on the rapid thermal evaporation of a biomass which produces molecular ions in their gaseous form [80]. Thermal evaporation of a sample can be completed using a range of heating modalities including joule heating, contact heating, and radiative heating using ultraviolet and infrared lasers [81]. These gaseous ions can then be aspirated directly into a mass spectrometer allowing mass spectra to be generated in near real-time speed. REIMS has primarily been developed as a tool for the real-time intraoperative identification of cancer margins during surgery [82]; which takes advantage of electrosurgical thermal disintegration of tissue routinely used in operating theatres. In the study of microorganisms, REIMS has seen use in the direct analysis of microbial cultures directly from agar culture plates [83-88], without the requirement for sample preparation. Due to the inherent ease of sample analysis using REIMS, it is highly suited to rapid metabolic profiling of samples, such as faeces, and can detect metabolites, such as fatty acids, which have previously been shown to be important in host-microbiome functional interactions. Figure 4 shows REIMS mass spectra acquired from faecal samples collected from healthy individuals and analysed using a monopolar electrode and a Xevo G2-XS QToF instrument operated in negative ion detection mode. The spectra were annotated using tandem mass spectrometry fragmentation showing the detection of bile acids and the presence of bacterial phospholipids – identified by the presence of odd chain fatty acid tails (Unpublished data provided courtesy of Simon JS Cameron and Zoltán Takáts). The detection of bacterial metabolites and host metabolites known to be involved in host-microbiome interactions [89] using REIMS suggests that this method could provide a rapid tool for the metabolic profiling of gut microbial communities, directly from sample and without any separation or pre-treatment. A particularly promising application area for REIMS research is in vivo microbial community metabolic profiling. Due to the enclosed nature of the gastrointestinal tract, sampling is difficult and thus, faeces is commonly used as an intermediate. However, it is likely that many aspects of host-microbiome metabolic interactions take place at the mucosal surface of the gastrointestinal tract and therefore, may not be detectable in faeces. Although tissue biopsies can be taken and analysed using REIMS, this method suffers from the same issues which occur with sample collection and storage and the changes in microbial metabolism as a result of removal from their natural environment. Analysis of tissue within the gastrointestinal tract would overcome these issues and has been shown to be possible using a modified endoscopy polypectomy snare whereby the snare is used to apply joule heating to gastrointestinal tissue [90]. Although not directly used for the analysis of microbial communities, a similar approach would potentially allow for the in vivo metabolic profiling of microbial communities directly at the host-microbiome interface.

3.4. Emerging techniques for metabolic profiling of microbial communities: DESI-MS and REIMS techniques are both powerful methodologies which could be applied to the metabolic profiling of microbial communities, but they are by no means the only AIMS techniques which could show utility in this application. One promising technique, named the “MassSpec Pen” uses a small droplet of water (4 to 10 µL) to extract metabolites from tissue which is then directly analysed using a mass spectrometer [91]. Similarly to REIMS, the “MassSpec Pen” is being developed as a method for intraoperative assessment of cancer margins, but due to its non-destructive analysis, may have further utility as an in vivo tool for metabolic profiling of microbial communities. To date, however, the “MassSpec Pen” has only been used to analyse human tissue ex vivo so its utility in this area is still to be established. In a similar fashion to water extraction used by the “MassSpec Pen”, liquid extraction surface analysis mass spectrometry (LESA-MS) employs micro-liquid extraction from a solid surface to analyse metabolites and proteins [92, 93]. LESA-MS has been applied to the study of microbial proteins [94] and metabolite production, including antibiotics [95], suggesting its potential utility in the functional study of microbial communities. Paper spray mass spectrometry may prove to be a useful technique for metabolic profiling of microbial communities. This ambient ionisation methods produces molecular ions through the application of a high voltage to a paper triangle which has been impregnated with a small volume (< 10 µL) of solution [96]. This technique has been shown to be capable of bacterial analysis by smearing the paper triangle with biomass [97] and also for the direct analysis of tissue biopsies [98]. Nanospray desorption electrospray ionisation mass spectrometry (NanoDESI-MS) is a highly promising technique for the analysis of microorganisms, and has seen utilisation in a number of studies of microorganisms grown directly from culture [99-101]. It works through the production of a liquid bridge between two capillaries – one to deliver a solvent and the other to aspirate the solvent towards the mass spectrometer -  on the sample surface where analytes are desorbed into the liquid droplet. Unlike DESI-MS, as NanoDESI-MS does not use a high pressure gas for solvent focussing, it is particularly suited to the analysis of microorganisms growing directly on agar surfaces.








4. Imaging mass spectrometry allows spatially resolved metabolomics

4.1. Overview of imaging mass spectrometry: Traditional approaches to mass spectrometry rely upon the homogenisation of a sample prior to metabolite extraction and thus, effectively gives an average of the sample, even though there is likely to be spatial heterogeneity; particularly with regards to tissue samples [102]. When considering the interface of host-microbiome interactions, the spatial distribution of metabolites is likely to be of high importance; particularly with regards to those microorganisms that exist at the mucosal surface of the gastrointestinal tract or in a biofilm community structure [103]. Imaging mass spectrometry is suited to the mapping of the spatial distribution of metabolites as it is able to take a sample, such as a section of tissue taken from the gastrointestinal tract, and record the mass spectra obtained for each spatial unit, or pixel, of the sample. Imaging mass spectrometry has been widely used, for example, in exploring the spatial distribution of metabolites of colonies growing on agar culture plates, but little work has been completed directly on samples at the host-microbiome interface. Nevertheless, the work completed on agar plate cultures shows the power of imaging mass spectrometry and shows it is a tool that will likely be used to unravel the complexities of metabolic interactions between host and microbiome.

4.2. Mass spectrometry techniques suited to imaging mass spectrometry: There are currently three main mass spectrometry platforms which can be used in imaging mass spectrometry: secondary ion mass spectrometry (SIMS), matrix assisted laser desorption ionisation mass spectrometry (MALDI-MS), and desorption electrospray ionisation mass spectrometry (DESI-MS). These platforms differ by their mechanism of ionisation which is the key component of determining the spatial resolution, time taken for analysis, types of samples which can be analysed, and sample preparation methods in imaging mass spectrometry experiments. SIMS is the technique capable of the greatest degree of spatial resolution and is able to achieve resolution fine enough to image individual bacterial cells [104]. SIMS works by producing analyte ions from the surface of a sample by bombardment with high-energy particles, termed primary ions, which produces secondary ions that are analysed using mass spectrometry. SIMS requires minimal sample preparation except that it must be dry and stable within a vacuum, but these later principles typically mean that samples, such as colonies on agar, have to be imprinted onto a substrate suitable for SIMS analysis [105]. In a similar way, imaging mass spectrometry of microbial cultures using DESI-MS have to be transferred to a substrate suitable for analysis by the technique. Although this process has been shown to lead to signal enrichment of certain molecules, it also leads to the loss of certain molecules which may be important components of microbial metabolism [106]. However, unlike SIMS, DESI-MS is not capable of sub-cellular spatial resolution, but capable of < 40 µm and is able to detect metabolites over a wider mass-to-charge range. MALDI-MS appears to be the more frequently used method in imaging mass spectrometry of microorganisms, primarily as a result of its versatility but it does require the application of a ionisation matrix which is ablated using a laser during imaging analysis to aid desorption and ionisation of metabolites [102].  

4.3. Insights into microbial metabolism using imaging mass spectrometry: As previously discussed, imaging mass spectrometry does not appear to have been used in the direct analysis of host-microbe interactions in human gastrointestinal samples; but has been employed in systems with comparable complexity. To date, imaging mass spectrometry using predominately MALDI-MSI has been used to study the metabolic interactions between two competing microorganisms [107-109] and to give insights into the host response of invasive methicillin-resistant Staphylococcus aureus infection; showing that a human copper-chelating protein is important in the response to pathogen invasion [110]. Likely as a result of the ease of sample collection, environmental samples including soil [111, 112] and marine sponges [112] have been widely explored using imaging mass spectrometry. The complexity of these systems is comparable to that of the human gastrointestinal tract, albeit less complicated with regards to sample collection, showing the utility of imaging mass spectrometry in elucidating the underlying biochemistry of host-microbiome functional interactions.

5. Data analysis methods in metabolic profiling of microbial communities

5.1. Data analysis methods for metabolic profiling data: Mass spectrometry based metabolic profiling generates considerable volumes of data with high numbers of variables. This presents challenges regarding data analysis as many currently used statistical techniques were developed for lower dimensionality data sets. As such, data analysis is arguably the greatest bottleneck in terms of metabolic profiling experiments, particularly when AIMS methods can generate mass spectral data in a matter of seconds. Currently, data analysis approaches to metabolic profiling data are multivariate in nature, whereby all variables are considered at once in modelling approaches, such as principal component analysis, and machine learning algorithms, including neural networks and Random Forest [113]. However, due to the nature of mass spectrometry analysis, differences across variables may not all be because of biochemical changes in the observed system but rather due to instrument differences, such as deterioration of chromatography column, or sample handling, such as differences in the number of freeze/thaw cycles. Therefore, one of the key challenges is identifying which variables are of biological interest, and which are not. Univariate analysis, whereby one variable is considered in data analysis at a time, is gaining popularity within metabolic profiling; although this means that complementary changes between multiple variables which are not significant individually, but are jointly, may be overlooked [114]. These data analysis approaches do not consider the issues in combining datasets on the functionality and the taxonomic composition of microbial communities. However, they are likely to identify mass-to-charge ratios of interest which are indicative of biological differences of interest, such as disease state, the identification of which may reveal perturbed pathways which can be further analysed to explore functional host-microbiome interactions.

5.2. Metabolite identification is essential for biochemical interpretation: The majority of mass spectrometry approaches result in total ion counts as a function of mass-to-charge ratios. This is termed a metabolite fingerprint and may hold enough information to be able to discriminate between biological classes of interest. However, the data at this point is uninformative if the underlying question is to explain functional host-microbiome relationships. Therefore, assigning metabolite identification to mass-to-charge ratios is essential in identifying biochemical pathways which may differ between biological classes, and is fundamental with regards to intervention for disease prevention and/or treatment [115]. The ease of metabolite identification depends on the mass spectrometry approach adopted. For example, chromatographic separation prior to mass spectrometry analysis gives a third dimension of retention time which can be used for metabolite identification as it is indicative of chemical and/or physical properties. For mass spectrometry methods, tandem mass spectrometry (MS/MS) can be employed to provide further information towards identification of a mass spectral peak. In tandem mass spectrometry, either two (or more) mass analysers are combined, such as a quadrupole with a time-of-flight (Q-ToF) or two time-of-flights (ToF-ToF), or an ion trap with a mass analyser, such as with FT-ICR, are used. Typically, the first component is used to select an ion of interest, which can then be subjected to collision induced disassociation (CID). This fragments ions via introduction to a collision chamber, which is usually filled with collision gas, with the resulting mass fragments analysed using the second mass analyser component of the system. The distribution of these resulting fragments can then be used for structural elucidation [116]. However, it is arguable that these three approaches are only capable of tentative identifications and the only method truly capable of conclusive metabolite identification is the introduction of a metabolite standard into the sample matrix to show that its fragmentation mirrors that of the tentatively identified ion. Although not the subject of this review, nuclear magnetic resonance (NMR) spectroscopy has widely been used in metabolite identification, but as a metabolic profiling technique its analytical power is limited when compared to mass spectrometry. However, due to its strength in metabolite identification and reproducibility of data acquisition, it has been coupled to LC-MS workflows whereby a splitter is used to collect and concentrate fractions following LC separation to allow NMR structural elucidation to be completed offline, following mass spectrometry analysis [117]. 

5.3. Integration of multi-‘omic data sets: Metabolic profiling is, in addition to genomics, transcriptomics, and proteomics, one of the four pillars of systems biology. Discussion on data analysis strategies for metabolic profiling have examined these data sets in isolation. However, for the truly functional profiling of microbial communities, it will be necessary to integrate metabolic profiling data with data from these other areas in multi-‘omic analysis [118]. It is likely that currently available statistical analysis tools and methods used in metabolic profiling and microbiome sequence analysis, such as multivariate analysis and univariate statistics, will prove to be useful, but not wholly sufficient to meet this complex challenge. To date, interesting work has been completed on integrating multi-‘omic data sets including using pairwise comparisons [119] and correlation analysis [120]. However, these methods are incapable of establishing causal relationships over correlating abundances of microorganisms and metabolites; although this is largely due to the observational nature of the experimental design and methods for data collection. Moving beyond this limitation will necessitate changes in experimental approach in addition to the development of new statistical analysis methods.












6. Concluding remarks

Microbial community profiling has been considerably advanced through the introduction of next generation sequencing technologies; giving novel insights into the relationship between the human gastrointestinal tract microbiome and health and disease. However, these techniques are limited in their ability to only catalogue the presence of microbial taxons which are present and their genetic capability in terms of function. Metabolic profiling is a powerful technique to supplement microbial community profiling using DNA sequencing as it offers the opportunity to explore the functional interaction at the metabolic levels between host and microbiome. To date, the majority of experimentation into this area has focused on traditional mass spectrometry approaches coupled to a separation technique, such as liquid or gas chromatography. In addition to these powerful techniques, we believe the emerging technologies of ambient ionisation mass spectrometry and imaging mass spectrometry will prove to be ‘game changers’ in the field. This is due to their ability to generate mass spectral data from a sample in its native environment, avoiding the introduction of sampling bias which may obscure the biochemical interactions between host and microbiome.

Although metabolic profiling presents a useful tool for exploring the functional aspect of host-microbiome interactions, it is similar to DNA sequencing approaches in that it is observational in nature. In our opinion, to establish causal relationships between metabolic interactions regarding disease aetiology, diagnosis, and potential treatment, an alteration to experimental approach will be required. As we summarise in Figure 5, it is likely that observational studies will continue to be the starting point for hypothesis development based upon identification of differential metabolites and thus the biochemical pathways which have been perturbed. These hypotheses can then be examined using metabolic flux analysis and/or cell culture studies and validated in model organism studies. To show that a metabolite of interest is essential in driving biochemical changes, such as disease aetiology, intervention studies and/or gene knockout studies are required to show that in the absence of these metabolites, the originally observed effect is absent. Following this, the establishment of safety, efficacy, and long-term effects must be completed through clinical trials.
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Table 1. Benefits and drawbacks of traditional mass spectrometry techniques for metabolic profiling
Summary of benefits and drawbacks of four frequently coupled separation techniques with mass spectrometry: direct infusion/injection mass spectrometry (DI-MS), liquid chromatography mass spectrometry (LC-MS), gas chromatography mass spectrometry (GC-MS), and capillary electrophoresis mass spectrometry (CE-MS) as discussed in section 2.
	Method 
	Benefits
	Drawbacks

	DI-MS
	· High-throughput
· No chromatography bias
· Reduced batch effect
· Simplified analytical set-up
	· Produces metabolite ‘fingerprint’
· Metabolite identification difficult
· Potential for ion suppress
· Semi-quantitative at best

	[bookmark: _Hlk501727518]LC-MS
	· Reduced ion suppression
· Potential resolution of isomers
· Separation gives higher detection limits
· Allows targeted analysis
	· [bookmark: OLE_LINK13][bookmark: OLE_LINK14]Long analytical run times
· Introduction of batch effects
· Range of chromatography needed
· Increased analytical equipment 

	GC-MS
	· Chromatography improves resolution
· Ease of metabolite identification
· Reduced ion suppression
· Potential resolution of isomers
	· Chemical derivatization required
· Relatively narrow chemical range
· Long analytical run times
· Introduction of batch effects

	CE-MS
	· Ideal for charged metabolites
· Highly targeted analysis
· Reduced ion suppression
· Potential resolution of isomers
	· Range of CE separations required
· Narrow range of target compounds
· Less frequently used in field
· Typically lower sensitivity than other methods

	MALDI-MS
	· Wide range of analytical targets
· Can be coupled to chromatography techniques
· High-throughput
· Highly suited to mass spectrometry imaging applications
	· Requires addition of matrix for ionisation
· Matrix suppression of molecules
· Sample extraction required
· Variation in user application of matrix




Table 2. Mass spectrometry based metabolic profiling studies of the human gastrointestinal tract to explore host-microbiome interactions
[bookmark: OLE_LINK18][bookmark: OLE_LINK20]Summary of studies associated with the human gastrointestinal tract microbiome showing examples employing direction infusion MS (DI-MS), liquid chromatography MS (LC-MS), and gas chromatography MS (GC-MS). T1D = type 1 diabetes; SCFAs = short chain fatty acids; RYGB = Roux-en-Y gastric bypass.
	[bookmark: OLE_LINK8][bookmark: OLE_LINK9]Method 
	Disease/Condition
	Sample Type
	Finding
	Reference

	DI-MS
	Culture analysis
	Culture extract
	Method development for screening of Saccharomyces cerevisiae strains
	[45]

	
	Culture analysis
	Culture plate
	Method development for real-time metabolic profiling of microbial cultures
	[46]

	[bookmark: _Hlk501792754]
	Type 1 diabetes
	Faeces/serum
	Microbiome alterations lead to protective metabolomic changes for T1D
	[121]

	[bookmark: _Hlk501791257]LC-MS
	Method development
	Faeces
	Creation of method for metabolome-microbiome-wide association studies
	[55]

	
	Clostridium difficile
	Faeces
	Secondary bile acids associated with increased resistance to C. difficile infection
	[54]

	
	Clostridium difficile
	Faeces
	C. difficile adapts to altered metabolic activity of microbiome to aid infection
	[122]

	
	Graft Vs host disease
	Urine
	Microbiome changes post stem cell transplant associated with host inflammation
	[123]

	
	Crohn’s disease
	Serum/urine/faeces
	Changes in host and microbiome metabolomes associated with inflammation
	[124]

	
	Arsenic poisoning
	Faeces
	Arsenic exposure induces diverse microbiome metabolome changes
	[125]

	
	Type 1 diabetes
	Faeces/serum
	Microbiome alterations lead to protective metabolomic changes for T1D
	[121]

	
	RYGB surgery
	Serum
	Potential alteration of microbiome-associated metabolites after weight loss
	[126]

	GC-MS
	Dietary differences
	Faeces
	Microbiome of children from Burkina Faso adapt to polysaccharide rich diet
	[127]

	
	Physical activity
	Faeces
	Microbial SCFAs associated with enhanced muscle turnover
	[128]

	
	Infant development
	Faeces
	Microbial SCFAs associated with introduction of solid foods and bacterial load
	[129]

	
	Metabolic syndrome
	Faeces
	Microbial acetate production activates parasympathetic nervous system
	[130]

	
	Dietary differences
	Faeces
	Microbial SCFAs associated with source of dietary fibre 
	[56]

	
	Colorectal cancer
	Faeces
	Correlation of faecal metabolites and microbiome constituents in cancer patients
	[131]



Figure 1. Overview of metabolite analysis upon entry to mass spectrometer.
Instrumentation workflow for mass spectrometry analysis can be divided into five steps: (a) inlet to the mass spectrometer, typically after a separation technique has been used; (b) formation of ions at the source which are then analysed by the (c) analyser which separates ions based on their mass-to-charge ratios which is determined by their differential migration towards the (d) ion detector of the instrument which calculates the total number of ions at each mass-to-charge ratio producing (e) a two-dimensional mass spectra with total number of ions detected as a function of mass-to-charge ratios.
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Figure 2. Experimental approach to metabolic profiling using mass spectrometry
A typical approach to metabolic profiling using mass spectrometry is shown. The process can be divided into approximately six stages from sample collection to data analysis and the identification of important metabolites. Each stage is shown alongside the main choice of steps and an approximation of the time each step can take.
[image: ]


Figure 3. Workflow of ambient ionisation mass spectrometry compared to traditional approaches
Overview of ambient ionisation mass spectrometry workflows in comparison to traditional approaches coupled to chromatographic separation. As a result of minimal to no sample pre-treatment nor extraction, mass spectral data can be obtained from a sample in a matter of seconds using AIMS, compared with minutes to hours for conventional techniques.
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Figure 4. Annotated REIMS mass spectra of human faecal sample
[bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7]REIMS was used to analyse human faecal samples from healthy individuals and analysed using a monopolar electrode and a Xevo G2-XS QToF instrument operated in negative ion detection mode. Annotated spectra using tandem mass spectrometry fragmentation shows detection of (a) bile acids and (b) the presence of bacterial phospholipids – identified by the presence of odd chain fatty acid tails. [Unpublished data provided courtesy of Simon JS Cameron and Zoltán Takáts].
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Figure 5. Suggested experimental workflow for establishment of causal relationships
Here we propose an approximate workflow that we believe is necessary for the establishment of causal relationship with regards to functional host-microbiome interactions starting from observational studies and ultimately ending in clinical trials. 
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