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The human microbiome has emerged as the crucial moderator in the interactions between food and our body. It is increasingly recognised that the microbiome can change our mind and health status, or switch on a wide range of diseases including cancer, cardio-metabolic diseases, allergies, and obesity. The causes of diseases are often only partially understood. However, nutrients, metabolites, and microbes are increasingly regarded as key players, even where the complete disease mechanisms remain unclear. The key to progress in the future will be to use and exploit additional, newly emerging disciplines such as metagenomics to complement patient information and to bring our understanding of diseases and the interrelation and effects of nutritional molecules to the next level. The EU has already funded 216 projects under the 7th Framework Programme and Horizon 2020 programmes to promote metagenomics and to advance our knowledge of microbes. This support started with the catalysing MetaHIT project that has produced a catalogue of gut microbes, and has arrived now at the very multi-disciplinary SYSCID action looking at how the microbiome is driving its resilience potential and our health. Together, these projects involve an investment of more than €498 M. However, in Horizon 2020, the new EU Health and Food Work Programmes for 2018–2020 go even further by setting new goals to find applications and to generate more knowledge on the microbiome, nutrition, various hosts of microbes, and their relation to health and disease. The big vision is to modulate health and diseases via the microbiome and nutrition, while at the same time other factors such as omics, molecular signatures, and lifestyle are constant. In this way, microbiome and nutrition research is moving from an isolated and despised offside position to a beacon of hope with a lot of potential and possibilities.
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INTRODUCTION

Personalised medicine aims to develop tailor-made diagnostic, treatment, and prevention approaches using the individual characteristics of patients1. It has been pushed by advances in molecular profiling and omics disciplines that allow a deeper understanding and better targeted strategies differing from person to person. Metagenomics has evolved to learn more about the hidden diversity of microbes living with us. Initially, this discipline had the major challenges of sequencing and understanding over 100 trillion bacteria living in the gut and elsewhere in the human body (American Academy of Microbiology, 2013). At the same time, the other omics fields also exploited their own potential and provided mature analytical technologies. However, it soon became obvious that combination and integrative analysis has much more potential and offers many new opportunities. Now, the ongoing digital transformation further drives personalised medicine forward to use artificial intelligence to analyse and find health trends in sets of big data. Citizens also increasingly like to collect their own lifestyle and nutritional data. Integration of these data into the comprehensive health assessment could help to get even more complete health pictures, thus allowing the best treatment and prevention strategies. Metagenomics could become an indispensable interface discipline, telling us about individual interactions between our genes and what we eat. The EU has been committed to metagenomics and microbiome research, with investments of 498 M in 216 projects (Table 1) under the latest two framework programmes for research and technological development, the 7th Framework Programme (FP7)2 and Horizon 2020 (H2020)3. This article describes the results of these two framework programmes and their projects, many of which are still ongoing. It is interesting to see how this research area has evolved and to analyse its potential. The analysis justifies seamless support in the future under specific funding requirements. As mentioned in the chapter “Working method,” it is important to be aware that even though the funding instrument FP7 finished in 2013, some FP7 projects and many H2020 actions are still ongoing, and some H2020 actions have just started. In many cases, final scientific results and deliverables are pending and expected to be published in scientific journals and on CORDIS4. More detailed descriptions of the projects' tasks, objectives, and goals can be found on CORDIS and on the projects' websites.


Table 1. Number of EU-funded projects with budget for different research areas and periods.
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BASIC MICROBIOME RESEARCH PROJECTS: LAYING THE FOUNDATION

While the specific roles and microbial interactions of the gut microbiome are mostly unknown, it is well understood that the human gastrointestinal tract houses over 100 trillion bacteria (American Academy of Microbiology, 2013), whose interactions may be essential to human health. MetaHIT5 made a breakthrough in this area by assessing and cataloguing comprehensively 3.3 million microbial genes from the human gut-more than 150 times the number of human genes (Qin et al., 2010). As a first step, it was important to know what kind of bacteria are in our gut, to provide a solid foundation for further scientific exploration and knowledge building. MetaHIT researchers proposed that humans have three distinct enterotypes, which are not nation or continent specific (Arumugam et al., 2011). This proposal was controversial; however, MetaHIT researchers thought that the intestinal microbiota variation could be generally stratified with different levels of specific bacteria. Individual host properties such as body mass index, age, or gender could not explain the observed enterotypes. In contrast to the sharply delimited human blood groups, they described the enterotypes as densely populated areas in a multi-dimensional space of community composition. The bioinformatics analysis showed some differences in bacterial species and composition among ulcerative colitis patients, obese patients, and healthy people. Most interesting were the quantitative findings and gene counts for anti- and pro-inflammatory species and links to inflammatory bowel diseases, type 2 diabetes, obesity, and ischaemic cardiovascular disorders (Li et al., 2014). MetaHIT and other large projects across the world generated big metagenomics data sets that were very useful for studying the complexity, variability, and effects of our microbial communities. In this context, it was most important to optimise the comparability of all data at an international level and to launch the coordination support action IHMS (International Human Microbiome Standards)6. This developed standard operating procedures and protocols for human sample processing, quality control procedures, using metadata, etc. Collaborations geared toward synthesising current knowledge and building resources to embark on new discoveries at the global level were initiated by the formation of the IHMS7. Despite the advances in DNA sequencing, agreement is still lacking on standards and protocols for the comparison of results at global level. This hinders knowledge building. Nevertheless, recently, the Earth Microbiome Project Consortium went further and collected hundreds of microbial samples from researchers worldwide to make a catalogue of the Earth's microbiome and its diversity (Thompson et al., 2017).

Over 6 years, physicians and researchers of METACARDIS8 have gathered data from the gut microbiomes of 2000 people. They are still examining 1,400 clinical, biological, and lifestyle variables, along with stool, serum, and urine samples, in an attempt to find biomarkers and risk factors for cardiometabolic diseases including obesity9. Metabolic network modeling, metagenomic, transcriptomic, and metabolomic approaches have been used. Based on the impact of changes in gut microbiota and their interaction with the host, it has been proposed that a poor nutritional environment and poor lifestyle choices promote the progression of these diseases. For example, healthier diets can lead to improved cholesterol and inflammatory markers, and weight loss can increase gut-microbial diversity. It also seems that, for some obese people, the surface area of their small intestine can be increased by up to 250%, enabling them to absorb more nutrients; consequently, this can enhance their immune system's inflammatory action in this region (Monteiro-Sepulveda et al., 2015). Although the gut microbiome can be easily influenced by environmental factors, it is an attractive therapeutic target because, theoretically, there is good amenability of the gut microbiome. Therapies could be based on environmental changes, diets, or drugs; however, the challenge will be to ensure effectiveness and to control the dynamic interactions between all factors. Studies have shown that changing a diet dramatically (e.g., the proportion of fibres, proteins, or fats) leads to relatively quick gut microbiome changes, in which around 30–40% of the bacterial strains vary in their abundance (Singh et al., 2017). In this way, a new microbial identity is obtained, until the diet is changed again. Many drugs have also been shown to significantly alter the microbiome (Maier et al., 2018). From this kind of basic research, we should move on toward the translation of clinical discoveries into new diagnostics and preventive approaches. For this translation the lifestyle-microbiota-human health nexus is becoming important to influence societal decision-making (Flandroy et al., 2018).

MyNewGut10 is, in addition to cardiometabolic diseases, investigating the endocrine and nervous systems that regulate energy balance, behaviour, anxiety, mood, and other brain functions. This very large consortium aims to clarify how specific species contribute to obesity and whether they could predict obesity. In this context, the interactions of the underlying species with host, diet, environment, and lifestyle determinants are investigated11. In order to work toward the prevention of behavioural and mental disorders, the effects of pro- and prebiotics, innovative foods, and semi-personalised products will be tested. Each person has a different proportion of bacterial species and strains in her or his gut, and maybe about a quarter of the microbiota is personal and influenced by our DNA12. The latest results suggest that alterations in the early development stage of gut microbiota in infants could influence the immune maturation process and predispose to coeliac disease (Olivares et al., 2018).

The output of this project could in the end also provide consumers with evidence to assess the reliability of claims about foods. Tools for consumers are becoming more important, as the prevalence of nutritional disorders is rising and concerns have been raised about certain food components that could be associated with allergic reactions, dermatitis herpetiformis, autoimmune coeliac disease, or gluten sensitivity. These effects are scientifically not fully understood. However, surprisingly, many more people demand modified food, so that the supply to the market is much higher than the projected number of patients would indicate (Sapone et al., 2012). More people are empirically trying out their own specific diets for a variety of signs and symptoms. However, symptomatic improvements are hard for consumers to evaluate, while clinical variability and the lack of validated biomarkers make evaluation difficult for physicians. Nutrigenomic approaches have brought clarity, e.g., for the coeliac enteropathy characterised by a specific genetic genotype and autoantibodies. Similar nutrition sensitivities could be distinguished from this disease (Leonard et al., 2017).

FunKeyGut13 aims to unravel some unknown and diverse network interactions between cooperating and competing microbes and our gut. Such “functional networks” should be partially based on food webs where certain “keystone species” could play major parts and represent ideal targets for manipulating the gut microbiota to improve health or to protect against infection14. Researchers on this project aim to elucidate food webs and networks directly in situ in the native community. Recently, they speculated that individual bacteria in drinking water cope with specific conditions by simultaneously consuming diverse dissolved molecules of organic matter (Lesaulnier et al., 2017).

INDIGO15 analyses and compares the gut microbiomes of patients with Graves' disease (hyperthyroidism) and Graves' orbitopathy (thyroid eye disease), following the hypothesis that the gut microbiome maintains the balance between inflammatory and non-inflammatory bacteria in the gut-associated lymphoid tissue. Using microbes from patients, researchers are trying to modify the gut microbiomes of mice to better understand the pathophysiology, with the ultimate goal of early disease diagnosis and novel interventions16. The interaction of gut microbes and nutrients is thought to be crucial in the autoimmune response. To study these interactions, a clinical trial with different dietary interventions is in progress. The project is still ongoing during 2018, but the researchers suggest that understanding the mechanisms leading to loss of tolerance and autoimmune response will also be applicable to other autoimmune disorders17.

ALLERGUT18 will try to improve the understanding of allergic disorders, from which more than 30% of all Europeans suffer. The aim is to explain the failure to establish mucosal tolerance and identify “core” microbiome signatures or metabolic pathways that favour allergic predisposition19. Discovering the relevant molecular mechanisms would offer the opportunity to prevent and treat allergic disorders, even before the onset of symptoms, through personalised approaches. Recently, it was shown that even slight environmental changes modulate the composition of the lung microbiome in early life, whereas adults show higher resilience toward environmental variations (Kostric et al., 2018).

The microbial involvement in the development of Alzheimer's disease is being investigated by AD-gut20. The project is based on mouse experiments that indicated a microbial involvement in the development of Alzheimer's specific brain amyloid plaque, leading to the conclusion that the microbiota may contribute to the development of neurodegenerative diseases (Harach et al., 2017). Based on results from faecal transplantation in mice, researchers are now motivated to search for new indirect diagnostic and therapeutic approaches based on gut microbiome modulation through probiotic cocktails. An encapsulation strategy for the efficient delivery of probiotic strains in the gut would represent a very different alternative strategy compared with approaches that directly target the brain21.

HUMAN MICROBIOTA22 deals with the important impact that the microbiome can have on health through the production of short-chain fatty acids and their interactions with the host immune system. Crucial nutrients for microbes are dietary fibres that are not metabolised by mammalian enzymes in the small intestines. The project aims to develop dietary and nutraceutical strategies to strengthen the dominance of beneficial microbes in the microbiota23. These could involve health promoters such as propionate and butyrate or bacteria with an interactive anti-inflammatory effect. However, we need to know more about the glycan metabolism in the human large bowel before these strategies can be fully developed.

AMYLOMICS24 is driven by companies aiming to find new robust enzymes for the synthesis or modification of carbohydrates with better digestive or health properties. Their goal is to make an efficient metagenomic platform technology for enzyme screening that can enable “genome walking”25. Through this approach, they have identified thousands of novel genes related to starch and carbohydrate processing and selected more than 50 candidate enzymes for further study and biocatalytic optimisation26.

The human microbiome also includes fungi, which can play important parts in immune adaptations, fungal diseases, or infections. FUNMETA27 is working on an integrated systems biology approach in this area to clarify molecular effects and metabotypes. They are expected to advance metabolomics for diagnosis of fungal diseases and optimise current antifungal therapies and diets28. A steady-state dialogue between the host and its microbiota is crucial to maintain local immune homeostasis. Findings so far indicate that targeting microbial dysbiosis through a combination of antibiotics, probiotics, prebiotics, and microbial metabolites is a promising approach for treatment of infections and other human diseases29.

Skin microbiomics, genetics, and transcriptomics have been linked by the project MAARS30 in order to provide a multi-parameter analysis of allergy and autoimmunity. These diseases could be triggered by microbe-host interactions that regulate adaptive immune responses, inflammatory cascades, and dysbiotic microbial imbalance31. Atopic dermatitis and psoriasis create increasing healthcare costs and other burdens for our societies; hence, it is important to understand the role of the skin microbiome in the pathogenesis of these diseases. The Innovative Medicines Initiative (IMI)32, which is a public-private partnership between the EU and the European pharmaceutical industry, has decided to build on MAARS and to further support “Genome-Environment Interactions in Inflammatory Skin Disease”. €18.8 M has been budgeted for this topic under a currently open call for proposals and should be provided as a new grant during 201833.

CURE34 deals with the respiratory microbiome, which is characteristically imbalanced (dysbiotic) in asthma patients. There may be a reduced abundance of bacteriophages that can naturally control bacterial populations. This project aims to reinstate eubiosis through phage therapy, where the challenge will be to deal with the effects of adding phage mixtures to the complex ecology of the airways35. It is expected that wide-scale prevention through immunisation could be achieved for respiratory syncytial virus, with promising prospects for influenza viruses as well, while additional efforts will be needed in the case of rhinoviruses and other respiratory viruses (Papadopoulos et al., 2017).

The training action FABCARB36 is looking at dietary triggers such as fermentable carbohydrates or resistant starch that alter the gut microbiome by different fermentation mechanisms. Researchers are keen to find key fermentative species and to uncover the key differences between the nutrigenomic processes in healthy people and in patients suffering from irritable bowel syndrome. There is also considerable interest from wider society, and there is a high potential and need to exploit this basic research for use in education and nutritional advice. The World Health Organization estimates that about 80% of premature heart disease cases, strokes, and cases of type 2 diabetes, and 40% of cancers, could be avoided if the major risk factors for non-communicable diseases, such as unhealthy diets, were eliminated37. The European Commission is working to deliver innovative solutions for personalised nutrition advice and/or support that will help consumers to achieve their optimal health and well-being. New projects should deepen our understanding of the drivers of food choice, the food environment, incentives, and other relevant aspects influencing consumers' motivation and behaviour38.

RUMINOMICS39 was one of the first projects under FP7 that aimed to exploit-omics technologies and to understand how ruminant gut microbiomes are linked with the host's diet and with methane production. A large-scale genetic association study on 1,000 dairy cows was undertaken to find gut microbiome variations, interconnected factors, desirable traits for breeders, and the effects of feed on methane production. Surprisingly, it was found that cows may emit less methane for genetic reasons, but that these animals are also less efficient in producing milk40. Nutrition was seen as the main driver of emissions, and certain gut microbes were discovered to be associated with low methane emissions. Following this project, breeders should select high-efficiency ruminants, rather than low-methane ruminants41.

The oceans are the largest reservoir of microbiota on the planet. BathyBiome42 collected deep-sea mussels from around the world and performed genome and transcriptome sequencing of their microbiomes. They identified genomic and metabolic adaptations of the microbiome to their hosts and to local environmental conditions43. The target habitats certainly differed from human living conditions, but the symbiotic interactions that were discovered among microbes, their hosts, and their environment are fascinating, and evidence for direct effects of ocean microbiota on human health has emerged (Wheeler et al., 2012).

ADVANCED MULTI-DISCIPLINARY MICROBIOME RESEARCH

SYSCID44 uses a systemic medicine approach to predict chronic inflammatory diseases (inflammatory bowel disease, systemic lupus erythematodes, and rheumatoid arthritis). An advanced multi-omics approach is used to analyse the single-nucleotide polymorphism variome, methylome, transcriptome, gut microbiome, and lifestyle and nutrition to identify and validate shared and unique core disease signatures. Predictive models and disease reprogramming approaches should lead to validated therapeutic tools and new causative therapies45. Researchers report a strong relationship between species diversity and ecosystem stability and believe that microbial resilience, the amount of stress that the microbiome can tolerate, crucially comprises resistance, latitude, state of precariousness, and the organisational state or panarchy of the system (Sommer et al., 2017). A full understanding of these components is necessary to be able to achieve therapeutic manipulation of the microbiome. The potential of this multi-disciplinary teamwork approach was highlighted by the discovery that the immune system could react to unhealthy food in a similar way as to a bacterial infection, with short-term inflammation and a long-lasting genetic reprogramming of the immune cells (Christ et al., 2018).

CrUCCial46 also deals with Crohn's disease and ulcerative colitis, by functional and molecular characterisation of patients' cellular pathways using integrated multi-omics, immunologic, barrier integrity, and metagenomic methods. Combined with clinical outcomes, they want to develop an index reflecting the proportional contribution of each of the pathogenic mechanisms in a given patient. This index should be tested in a pilot study to see which factor significantly triggers the diseases47.

Eat2beNICE48 addresses the connectivity among the gut microbiome, the brain, and behavioural disorders, with a specific focus on the links between maladaptive impulsivity and compulsivity and predispositions to antisocial and addictive behaviours. As a characteristic multi-disciplinary project, it goes beyond nutrition compounds and microbes and also assesses epigenetic patterns, socio-economic status, sex, heritability, physical activities, age, and culture. The eventual aim is to characterise the etiologic paths leading to extreme behaviour and promote subsequent policy changes49.

MultipleMS50 focuses on methods for patient stratification in multiple sclerosis. Using several large clinical cohorts, multiple data types are assessed, including genetic make-up, multi-omics maps, and lifestyle information. The complex interactions between genetic and non-genetic factors produce heterogeneities in patients and diversities of pathophysiology and clinical manifestations, as well as in responses to therapies and disease progression51. The full potential of personalised medicine needs in-depth knowledge of distinct pathways and multiple biomarkers from various different angles, delivering a comprehensive picture of the person's current situation. The latest results suggest that multiple sclerosis could be linked to a western lifestyle, nutrition, and the gut microbiome (Berer et al., 2017).

In the aging EU population, there is an increased level of non-alcoholic fatty liver disease, which is also linked to obesity, cardiovascular disease, and type 2 diabetes (Hardy et al., 2016). EPoS52 promises to deliver a substantial and definitive atlas of pathophysiological inter-patient liver variations, which will be relevant for the full spectrum of these diseases. A multi-omics approach should be the best way to gain understanding of the biological and environmental factors driving inter-patient variability (Anstee et al., 2016).

The highly interdisciplinary and inter-sectoral training action MiND53 aims to educate a new generation of researchers in the field of neurodevelopmental disorders, by combining pharmacological treatments, (epi-)genetics, dietary interventions to influence the microbiome, novel cognitive assessments, and mindfulness training. The ultimate goal is to understand the pathomechanisms of attention-deficit hyperactivity and autism spectrum disorders and, at the same time, to educate a new generation of researchers who are optimally prepared for private sector and academic careers54.

Antibiotics have great therapeutic value, but their application has led to gene transfer events in gut bacteria and subsequent antimicrobial resistance. The association between antibiotic consumption and resistance is well documented (Klein et al., 2018). In this context, the increasing consumption in low- and middle-income countries and the rapid increase in the use of last-resort antibiotics are so disturbing that many countries collect and report antibiotic consumption data with the intention to develop control policies. EVOTAR55 includes a multi-disciplinary group to discover evolutionary mechanisms and understand spreading of antibiotic resistance in human pathogens. Metagenomic sequencing and functional metagenomic selections are used to map the human reservoir of antibiotic resistance genes (the resistome), to predict gene flow between different reservoirs and predict future resistance trends. The human gut microbiome has also been shown to be sensitive to non-antibiotic drugs. A study screening more than 1,000 marketed, non-antibiotic drugs found that 24% of these drugs could significantly change the composition of the gut microbiome (Maier et al., 2018). Following these findings, more research is needed on drug-microbiome interactions, side-effect control, drug repurposing, and the influence on antibiotic resistance.

The IMI2-project INNODIA56 aims to achieve a breakthrough by creating a clinical EU infrastructure to recruit type 1 diabetes patients and collect a diversity of biological samples including blood, plasma, serum, urine, and stools for microbiome analysis. In order to prevent and treat type 1 diabetes, mechanistic studies have been requested to identify bacterial components and metabolites interacting with the immune system (Paun et al., 2017). The large INNODIA network is preparing to obtain access to samples from thousands of patients and high-risk individuals. The samples collected should be available for high-throughput omics screening discovery technologies in the laboratories of academic and industrial partners. The ultimate goal is to establish a “living biobank” of deeply phenotyped individuals, who have also provided consent for recall57.

The multi-omics approach of FORECEE58 includes genomics, metagenomics, epigenomics, etc., to target four different female cancers. The FORECEE researchers imagine a future where a woman can go for a simple smear test that would tell her about her individual risk of developing any of these cancers in the next 5 or 10 years, so that she could take preventive actions59. It is obvious that the development of many cancers cannot exclusively be associated to one or more genetic mutations and that the tumour environment, the body's interaction with environmental factors, lifestyle, and hormonal and reproductive factors must bear further hidden secrets. They are trying to make a risk prediction tool for personalised prevention and for screening recommendations. They encourage women to participate in one of the six EU research clinics so that they get 6,000 volunteers for their project60.

The important societal problem of alcohol overuse is addressed by GALAXY61. A negative influence of alcohol dependence and associated liver dysfunction on the gut microbiome has been discovered (Leclercq et al., 2014). Researchers expect a significant crosstalk between the gut microbiome and the liver to be involved in the development and progression of alcoholic liver fibrosis. A very multi-disciplinary team of researchers is trying to integrate clinical, multi-omics, and lifestyle information from alcohol over-users and healthy individuals to find disease signatures and new interventional methods to modulate or restore the imbalanced gut microbiome62. Probiotic nutritional interventions are interesting but can further expand specific gut bacteria and, for some patients, can lead to other health risks (Dubinkina et al., 2017).

EnteroBariatric63 aims to further improve the remarkably effective bariatric surgical treatment that is used to control obesity and type 2 diabetes. Since microbial activities are highly associated with inflammation and cancer, this therapy affects host physiology and colon cancer risk by modulating gut hormone levels and shifting the microbiome. Researchers on this project use a multidisciplinary systems biology approach to develop a phenotypic, molecular, and mechanistic characterisation of the interplay between the host and the gut microbiota64. A comparative bariatric surgery approach has shown that changes in the human gut anatomy are reflected in the microbiome and weight-loss-associated microbial metabolites (Ilhan et al., 2017).

FastBio65 aims to uncover the molecular signatures of two dietary regimes: first, the diet perturbation associated with the Eastern Orthodox Christian Church, which is characterised by structured abstaining from specific foods for 180–200 days annually; and, second, the unstructured steady-state diet followed by the general population. A multi-omics approach will be used, with integration of all data in order to clarify the effect of both regimes66. Recently, an interesting microbiota-fat axis has been described, which is expected to link intermittent fasting-induced microbial shifts with “beiging” of white fat tissue and increased calorie burning (Li et al., 2017).

MICROBIOME RESEARCH FOCUSING ON VERY SPECIFIC AREAS

MD-Paedigree67 used biomedical omics, imaging, and other data from multiple sources and integrated them all to make an innovative diagnostic decision support tool allowing paediatricians to do similarity search and comparative outcome analysis. Using this tool, they can select a treatment option and receive on-the-spot support in predicting the likely outcome based on each patient's personal medical data. This allows them to identify hidden patterns; in addition, patients can get in touch with others with similar characteristics. Metagenomic studies involving arthritis patients and obese children have been used to analyse disease susceptibilities and immune responses68. Based on the host-gut microbiota interplay, it has been proposed that ecological dynamics and functional alterations of gut microbiota are triggering factors for inflammatory bowel disease and irritable bowel syndrome. Tracking of these triggers would enable the identification of disease profiles, biomarkers, and risk predictors for these diseases (Putignani et al., 2016).

The training action ELITE69 looks at evolutionary adaptations that drive biodiversity and natural selection processes. Biological material from ancient Siberian Yakuts is being investigated with multi-omics technologies to learn about possible transitions and maladaptations to our modern lifestyle that make us more susceptible to diseases. Common immune-mediated diseases may be partly caused by evolutionary microbial adaptations, for example, decreased gut microbiome diversity in residents of developed countries may alter mucosal immune responses (Karlsson et al., 2014).

MIND THE GUT70 is another training action to analyse the mummified ancient microbiomes of the aboriginal Canary islanders and to clarify the role of the microbiome in overcoming the challenges of diet, environment, and lifestyle changes71. Not many efforts have been made so far to investigate how the human gut-systems have changed over history, and whether the microbiome evolution reflects major events of human history.

The large multi-disciplinary EU partnership of 48 organisations LIVESEED72 is investigating plant health and exploring plant-microbe interactions with the aim of strengthening sustainable food production and improving breeding efficiency. This project does not directly contribute to health research, but better understanding of the optimal conditions for good food, innovative solutions, and sustainable agriculture are important for our future well-being73.

CONCLUSIONS AND WAY FORWARD FOR EU FUNDING

The EU has funded 216 projects as part of FP7 and H2020 to promote metagenomics and to advance our knowledge of microbes (Table 1). The area has become more important over the years, with more and more projects being funded. Even though H2020 has only been in progress for 3 years, it already includes more projects than FP7. Of these, 113 projects are in the area of health research, and 22 also deal with nutritional aspects; 103 projects are not directly related to health and target areas such as the agri-food sector, nutrition, animals, plants, the marine environment, or the evolution of bacteria. Together, these projects involve an investment of more than €498 M. At a time when the microbiome was unexplored, the first research step was of course to develop and exploit the new metagenomics technologies with the compilation of gene catalogues of microbes. Mature technologies were built up, providing us with more detail about the microbes with which we are living in symbiosis. Without such catalogues and overview, we would not sufficiently know what is present, and research could not deliver meaningful outcomes. Later came an integration of metagenomics within multi-disciplinary approaches that can provide us with more information about the patient. There is a clear trend to go beyond metagenomics and to deepen our understanding through a combination of metagenomics with various other disciplines. This trend also developed as the microbiome emerged as very dynamic, changing, and adaptable. Many studies have shown that the composition as well as the functions of the microbiome can change depending on numerous variables, such as host behaviour, hygiene, use of drugs, habits, lifestyle, genetics, and nutrition. Simultaneously, research has delivered more and more evidence for associations between the microbiome and a wide range of different diseases. Therefore, future research needs to fully clarify the role of all variables, the dependencies, and the interplay between microbiome, nutrition, and host.

Concerning nutrition and lifestyle, we live in a time when society and politicians are keen to further investigate, clarify, and exploit the roles of these variables with regard to health. This demand or desire is continuously nourished by interesting scientific facts that attract public attention, e.g., the publication of results from the French NutriNet-Santé cohort showing associations between ultra-processed food intake and overall risk of breast, prostate, and colorectal cancers (Fiolet et al., 2018).

H2020 aims to address societal challenges, and to deliver smart and sustainable solutions that will overcome those challenges. In the area of health, it aims to translate new knowledge into innovative applications, making health services more efficient and integrating effective personalised medicine approaches. The Health Work Programme of the European Commission for 2018–2020 includes topic BHC-0374 to exploit research outcomes and application potential of the human microbiome for personalised prediction and prevention of diseases. This should help to provide more knowledge on the microbiome, its functionalities, healthy conditions, diets, and resilience. Ultimately, novel clinical tools and useful applications should be generated, because the population requires more personalised and effective care. Multi-disciplinarity and digital combinations are the principles to achieve this more diversified care. A budget of €50 M is available to fund several projects under this topic.

The Food, Agriculture and Bioeconomy Work Programme of the European Commission for 2018–2020 contains a cluster of complementary topics on microbiome applications for sustainable food systems, personalised nutrition, coordinating microbiome research, soil biodiversity and interaction with plants, microbiome in aquaculture, and microbiomes influencing terrestrial livestock health75.

The Innovative Medicines Initiative (IMI), which is a public-private partnership between the EU and the European pharmaceutical industry, currently has two topics open for which proposals are expected to be submitted and implemented during 2018: “Genome-Environment Interactions in Inflammatory Skin Disease” and “Human tumour microenvironment immunoprofiling.” Both topics cover microbiome research within a very multi-disciplinary spectrum to deepen and widen understanding of the disease. €18.8 M and €27.8 M are budgeted for these topics and should be available in the form of new grants during 201876.

FUTURE PERSPECTIVES

Research on the microbiome has delivered many interesting basic findings and advanced technologies, enabling this discipline to move from a marginalised position to become a beacon of hope with great potential and many possibilities.

The field has spread out in many directions, with microbes being studied from various perspectives and sub-fields of different specificities being developed. The International Human Microbiome Consortium will certainly remain an important forum to present data, findings, and views. Increased cooperation and coordination at a global level generally leads to more efficient use of resources and avoids multiple funding. It would be very effective to obtain a consensus on the most important societal priority targets for which scientific development could be fruitful, so that the use of financial and human resources could be concentrated. Faster progress and clear added value can be achieved through better comparability of data, which will require more harmonised and widely agreed standards and protocols. In this respect, a laboratory manual describing in detail the metagenomics technologies and methods would be helpful as a definitive technical source; this would also make the field easily accessible to the wide range of life science disciplines.

The fact that microbes are capable of colonising almost every niche of the human body in symbiosis suggests that they must possess particular outbalanced adaptation mechanisms, the breakdown of which may result in fatal consequences or disease. This breakdown could be detected with diagnostic tools for early prediction and prevention of diseases, e.g., the early diagnosis of type 2 diabetes was shown to be possible prior to clinical onset of the disease (Yassour et al., 2016). Such diagnostic tools could also be very valuable for obesity, which is associated with various diseases and seen as one of the most serious public health problems of our century. Changes in the composition of the microbiome and its diversity have been linked to obesity (Turnbaugh et al., 2006), and predictive diagnostic tools can be expected in the near future.

The ultimate vision in health research is to be able to modulate states of health and disease. This may not be so difficult to achieve in cases where the balanced communication of the microbiome between food and the human body is disrupted, leading to imbalances and diseases such as ulcerative colitis or Crohn's disease. New microbial therapeutic approaches could involve drug- or food-incorporating microbes that could cure diseases.

WORKING METHOD

For this article, projects under the funding instruments FP7 and H2020 have been analysed. This covers a time period from 2007 until 2020. However, additional relevant grants may be prepared and implemented during 2018–2020.

Only some of the 216 identified projects have been selected and described in detail to explain diversity, developments, trends, and approaches.

All projects can be found using the CORDIS search engine, at least with abstracts and partners, and often also with annual reports or news4. Acronyms together with project IDs should be used to find the projects in CORDIS.

In addition, project websites, internal European Commission data, and project monitoring work have been exploited for this analysis.

Crucial keywords (e.g., microbiome, metagenomics, or microbe) have been clearly identified in the goals, abstract, or objectives of the projects.

Only projects with significant work on metagenomics, microbiome, and microbes have been taken into account. However, it is possible that there are further projects that make contributions to the area analysed.

Projects may have been modified or could be modified in future following the legal amendment procedure.

FP7 ended in 2013, but some FP7 projects and many H2020 actions are still ongoing.

The eventual success of projects and their results also depend on the validation work performed toward the end of the project duration or even afterwards. Final scientific results and deliverables are often pending and expected to be published in the future in scientific journals and on CORDIS.

Lists of FP7 and/or H2020 project acronyms can be provided upon request for specific research areas.
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FOOTNOTES

1European Council. Council Conclusions on Personalised Medicine for Patients. Available online at: http://data.consilium.europa.eu/doc/document/ST-15054-2015-INIT/en/pdf (December 7, 2015).

2European Commission website, 7th Framework Programme (FP7). Available online at: https://ec.europa.eu/research/fp7/index_en.cfm.

3European Commission website, Horizon 2020 (H2020). Available online at: https://ec.europa.eu/programmes/horizon2020/.

4European Commission, Community Research and Development Information Service CORDIS, Public Repository and Portal to Disseminate Information. Available online at: https://cordis.europa.eu/home_en.html.

5FP7 project MetaHIT, Metagenomics of the Human Intestinal Tract, ID: 201052.

6FP7 project IHMS, International Human Microbiome Standards, ID: 261376.

7Website project IHMS. Available online at: http://www.human-microbiome.org/.

8FP7 project METACARDIS, Metagenomics in Cardiometabolic Diseases, ID: 305312.

9Website project METACARDIS. Available online at: http://www.metacardis.net/.

10FP7 project MyNewGut, Microbiome Influence on Energy balance and Brain Development-Function Put into Action to Tackle Diet-related Diseases and Behavior, ID: 613979.

11Website project MyNewGut. Available online at: http://www.mynewgut.eu/.

12European Commission, CORDIS Information. Available online at: https://cordis.europa.eu/news/rcn/136017_en.html.

13H2020 project FunKeyGut, Illuminating Functional Networks and Keystone Species in the Gut, ID: 714623.

14European Commission, CORDIS information: Available online at: https://cordis.europa.eu/project/rcn/209703_de.html.

15FP7 project INDIGO, Investigation of Novel biomarkers and Definition of the role of the microbiome In Graves' Orbitopathy, ID: 612116.

16European Commission, CORDIS information. Available online at:https://cordis.europa.eu/project/rcn/188639_en.html.

17European Commission, CORDIS information. Available online at:https://cordis.europa.eu/result/rcn/193091_en.html.

18H2020 project ALLERGUT, Mucosal Tolerance and Allergic Predisposition: Does it all start in the gut?, ID: 716718.

19Helmholtz Zentrum München, German Research Center for Environmental Health. Available online at: https://www.helmholtz-muenchen.de/comi/research-unit/news/news/article/40503/index.html.

20H2020 project AD-gut, Alzheimer Disease - gut connection, ID: 686271.

21Website project AD-gut. Available online at: http://adgut.eu/.

22FP7 project HUMAN MICROBIOTA, Understanding and exploiting complex glycan metabolism in the human microbiota, ID: 322820.

23European Commission, CORDIS information. Available online at: https://cordis.europa.eu/result/rcn/178297_en.html.

24FP7 project AMYLOMICS, Amylol Enzymes Captured by Targeted Metagenomics, ID: 265992.

25European Commission, CORDIS information. Available online at: https://cordis.europa.eu/result/rcn/157198_en.html.

26European Commission, CORDIS information. Available online at: https://cordis.europa.eu/result/rcn/91746_en.html.

27FP7 project FUNMETA, Metabolomics of fungal diseases: a systems biology approach for biomarkers discovery and therapy, ID: 293714.

28European Commission, CORDIS information. Available online at: https://cordis.europa.eu/result/rcn/179578_en.html.

29European Commission, CORDIS information. Available online at: https://cordis.europa.eu/result/rcn/203851_en.html.

30FP7 project MAARS, Microbes in Allergy and Autoimmunity Related to the Skin, ID: 261366.

31European Commission, CORDIS information. Available online at: https://cordis.europa.eu/result/rcn/91613_en.html.

32Innovative Medicines Initiative (IMI), EU public-private partnership funding health research and innovation. Available online at: https://www.imi.europa.eu/.

33Innovative Medicines Initiative (IMI), Topic 2 of IMI2 - Call 13, Call ID: H2020-JTI-IMI2-2017-13-two-stage. Available online at: https://www.imi.europa.eu/apply-funding/open-calls/imi2-call-13.

34H2020 project CURE, Constructing a “Eubiosis Reinstatement Therapy” for Asthma, ID: 767015.

35European Commission, CORDIS information. Available online at: https://cordis.europa.eu/project/rcn/211920_en.html.

36H2020 project FABCARB, Fermentation and behaviour of carbohydrates in the colon, ID: 747438.

37World Health Organisation Fact File. Available online at: http://www.who.int/features/factfiles/noncommunicable_diseases/facts/en/index9.html.

38European Commission Horizon 2020 Work Programme 2018-2020 9. Food Security, Sustainable Agriculture and Forestry, Marine, Maritime and Inland Water Research and the Bioeconomy, Call DT-SFS-14-2018, page 28. Available online at: http://ec.europa.eu/research/participants/data/ref/h2020/wp/2018-2020/main/h2020-wp1820-food_en.pdf.

39FP7 project RUMINOMICS, Connecting the animal genome, gastrointestinal microbiomes and nutrition to improve digestion efficiency and the environmental impacts of ruminant livestock production, ID: 289319.

40European Commission, CORDIS information. Available online at: https://cordis.europa.eu/result/rcn/92194_en.html.

41European Commission, CORDIS information. Available online at: https://cordis.europa.eu/result/rcn/191776_en.html.

42FP7 project BathyBiome, The Symbiome of Bathymodiolus Mussels from Hydrothermal Vents: From the Genome to the Environment, ID: 340535.

43European Commission, CORDIS information. Available online at: https://cordis.europa.eu/result/rcn/191618_en.html.

44H2020 project SYSCID, A Systems medicine approach to chronic inflammatory disease, ID: 733100.

45European Commission, CORDIS information. Available online at: https://cordis.europa.eu/news/rcn/137735_en.html.

46H2020 project CrUCCial, Novel diagnostic and therapeutic approach to inflammatory bowel disease based on functional characterization of patients: the CrUCCial index, ID: 694679.

47European Commission, CORDIS information. Available online at: https://cordis.europa.eu/project/rcn/204842_en.html.

48H2020 project Eat2beNICE, Effects of Nutrition and Lifestyle on Impulsive, Compulsive, and Externalizing behaviours, ID: 728018.

49Radboud University Medical Center. Available online at: https://www.radboudumc.nl/en/news/2017/een-kookboek-voor-gezond-gedrag.

50H2020 project MultipleMS, Multiple manifestations of genetic and non-genetic factors in Multiple Sclerosis disentangled with a multi-omics approach to accelerate personalised medicine, ID: 733161.

51Website project MultipleMS. Available online at: https://www.multiplems.eu/.

52H2020 project EPoS, Elucidating Pathways of Steatohepatitis, ID: 634413.

53H2020 project MiND, Mastering skills in the training Network for attention deficit hyperactivity and autism spectrum Disorders, ID: 643051.

54Website project MiND. Available online at: http://mind-project.eu/.

55FP7 project EVOTAR, Evolution and Transfer of Antibiotic Resistance, ID: 282004.

56H2020 project INNODIA, Translational approaches to disease modifying therapy of type 1 diabetes: an innovative approach towards understanding and arresting type 1 diabetes, ID: 115797.

57Innovative Medicines Initiative website information. Available online at: https://www.imi.europa.eu/projects-results/project-factsheets/innodia.

58H2020 project FORECEE, Female cancer prediction using cervical omics to individualise screening and prevention, ID: 634570.

59European Commission, CORDIS information. Available online at: https://cordis.europa.eu/result/rcn/201993_en.html.

60Website project FORECEE. Available online at: https://forecee.eu/.

61H2020 project GALAXY, Gut-and-liver axis in alcoholic liver fibrosis, ID: 668031.

62Website project GALAXY. Available online at: http://www.livergalaxy.eu/.

63H2020 project EnteroBariatric, Investigating Host-Microbial Interactions after Bariatric Surgery, ID: 715662.

64European Commission, CORDIS information. Available online at: https://cordis.europa.eu/project/rcn/206321_en.html.

65H2020 project FastBio, A genomics and systems biology approach to explore the molecular signature and functional consequences of long-term, structured fasting in humans, ID: 716998.

66European Commission, CORDIS information. Available online at: https://cordis.europa.eu/project/rcn/210912_en.html.

67FP7 project MD-Paedigree, Model-Driven European Paediatric Digital Repository, ID: 600932.

68Website project MD-Paedigree. Available online at: http://www.md-paedigree.eu/.

69H2020 project ELITE, Exploring LIfestyle Transitions: a molecular and physical anthropology approach of ancient Yakut people, ID: 748122.

70H2020 project MIND THE GUT, Molecular Markers of Microbiome Evolution, ID: 750860.

71European Commission, CORDIS information. Available online at: https://cordis.europa.eu/project/rcn/209021_en.html.

72H2020 project LIVESEED, Improve performance of organic agriculture by boosting organic seed and plant breeding efforts across Europe, ID: 727230.

73Website project LIVESEED. Available online at: https://www.liveseed.eu/.

74European Commission Horizon 2020 Work Programme 2018-2020 8. Health, Demographic Change and Wellbeing, Call SC1-BHC-03-2018, page 12. Available online at: http://ec.europa.eu/research/participants/data/ref/h2020/wp/2018-2020/main/h2020-wp1820-food_en.pdf.

75European Commission Horizon 2020 Work Programme 2018-2020 9. Food Security, Sustainable Agriculture and Forestry, Marine, Maritime and Inland Water Research and the Bioeconomy, Calls LC-SFS-03-2018, DT-SFS-14-2018, SFS-32-2018, SFS-01-2018-2019-2020, DT-BG-04-2018-2019, SFS-02-2020. Available online at: http://ec.europa.eu/research/participants/data/ref/h2020/wp/2018-2020/main/h2020-wp1820-food_en.pdf.

76Innovative Medicines Initiative (IMI), Topics 2 and 8 of IMI2 - Call 13, Call ID: H2020-JTI-IMI2-2017-13-two-stage. Available online at: https://www.imi.europa.eu/apply-funding/open-calls/imi2-call-13.
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