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ATHLETES:EMOTIONAL AND PHYSICAL STRESS IMPACTS THE

HOLOBIONT

T his chapter synthesis the research work on the microbiota-gut-brain axis in athletes. This work was performed as part of the Alice Ruet PhD program, supervised by Dr Lansade and Dr Arnauld, under the title: "Altération de l'état de bien-être du cheval domestique. Effets de pratiques d'hébergement liées au box individual et relations avec l 'équitation"(2017-2020). I hosted Alice in my lab for three months. Because it was a long and rich scientific adventure, I enrolled on board David Bars and Francesca Massacci, two international PhD students, and Allison Clark, an M2 from the Open University of Catalonia.

The mentoring trajectory with the abovementioned students is reflected as follows:

1.

T A B L E O F C O N T E N T S

Pre-text Aknowledgements Overview Horse athletes: emotional and physical stress impacts the holobiont

The horse winning gut The gut is big enough for both of us: helminth-microbiota interactions in horse Outlook of a 8-year path Perspectives Curriculum Vitae Selected articles Bibliography T his is the parable of a scientifichumanistic trip that tries to determine where an organism ends and where the outside world begins.

After five years of studies at the faculty of Veterinary Medicine at the Autonomous University of Barcelona (UAB), in 2005, I obtained a predoctoral fellowship to perform a European joint doctorate on animal welfare and nutrition (2008). This d o c t o r a t e w a s d e fi n e d by t h r e e international institutions, namely the UAB (Spain), the Royal Veterinary and Agricultural University of Copenhagen (Denmark), and the Wageningen UR L i v e s t o c k Re s e a r c h ( W U R , T h e Netherlands). The main thrust of my doctoral research was the characterisation of the relationship between nutrition, management practices, behaviour and performance in beef cattle (Mach et al., 2006, 2008, 2009) [START_REF] Mach | Effects of crude glycerin supplementation on performance and meat quality of Holstein bulls fed high-concentrate diets[END_REF][2][3][4][5] . Under the primary supervision of Dr Maria Devant and Dr Àlex Bach from the Ruminant department of the Institute for Food and Agricultural Research and Technology (IRTA, Spain), I reached the qualification of outstanding cum laude with the special mention of the Extraordinary PhD Award. This joint PhD program research allowed me to feed my curiosity and enhance the adaptability, problem-solving, and open-mindedness necessary to work and live abroad (Figure 1).

Beyond the scientific goals, this research program sensitised me to know the influence intensive livestock upstream and downstream activities have in developing countries. Next to the never-ending demands of thesis research, I collaborated with veterinarians without borders, did a Master's in International Development held by the Polytechnic University of Catalonia (2006) and travelled around South America to understand how local farmers work, pastoralists, and others i n v o l v e d i n l i v e s t o c k r e a r i n g. Concomitantly, I satisfied my intellectual curiosity by studying for a five-years humanities degree at the Open University of Catalonia (2007-2012). Interestingly, this humanities degree bolstered my science career by enhancing my multicultural and global understanding, cultivating an appreciation for history, languages (I speak five languages cur rently), aesthetics, the human experience, and team networking.

In the same period, I also got passionate about Iyengar yoga, the standardised and rigorous type of yoga that emphasises Nutrigenomics puts together a broad range of disciplines such as nutrition, genomics, biochemistry and several different 'omic' technologies. The main objective of my first post-doc was to study the molecular relationships between the transcriptome in the mammary gland tissue of dairy cows and specific nutrients (Mach et al., 2011, 2013) 6,7 or genetic backgrounds (Mach et al., 2012) [START_REF] Mach | Pleiotropic effects of polymorphism of the gene diacylglycerol-O-transferase 1 (DGAT1) in the mammary gland tissue of dairy cows[END_REF] . My analysis showed that the supplementation of unsaturated fatty acids produced extensive transcriptional adaptations in the mammary gland of grazing dairy and enhanced milk quality composition.

The solid bioinformatics and biostatistics formation and training received in the Academic Medical Center University of Amsterdam, together with the close interaction with researchers specialised in biochemistry, nutrition, molecular biology and statistics, helped me to increase my understanding of systems as a whole t h ro u g h o u t d at a i n t e g r at i o n a n d prediction. My research gradually evolved from experimental to computational systems biology.

Step by step, I discovered the incredible creativity and excitement about how code gives new ways to look at the data and come to well-grounded conclusions and drive science.

Next to my research program, I followed teaching and academic leadership. In 2 0 0 9 , I b e c a m e a l e c t u r e r i n Nutrigenomics and Nutrigenetics at the Master of Food and Health Science organised by the Open University of Catalonia. Concomitantly, I started devoting hours of my working week to mentoring some of these Master's students. Since 2009 I have trained over 40 Master's students, providing them with constructive feedback, research project guidance and professional contacts. Moreover, I have been invited to give regular talks at foundations and public statements, telling people about nutrition and the new microbiota therapeutic avenues. Together with my students, we have regularly written reviews for peerreviewed national [9][START_REF] Pueyo | Disbiosis intestinal en enfermos de Crohn pediátricos blanca pueyo[END_REF][START_REF] Durand | El ácido alfa lipoico y su poder antioxidante frente al cáncer y las patologías de sensibilización central[END_REF][START_REF] Pueyo | INTESTINAL DYSBIOSIS IN PEDIATRIC PATIENTS WITH CROHN[END_REF][START_REF] Bonet | Factores nutricionales y no nutricionales pueden afectar la fertilidad masculine mediante mecanismos epigen??[END_REF][14][15] and international journals [START_REF] Mach | Endurance exercise and gut microbiota: A review[END_REF][START_REF] Mach | Micronutrient deficiencies and the human gut microbiota[END_REF][START_REF] Clark | The Crosstalk between the Gut Microbiota and Mitochondria during Exercise[END_REF][START_REF] Clark | Exercise-induced stress behaviour, gutmicrobiota-brain axis and diet: a systematic review for athletes[END_REF][START_REF] Clark | Role of vitamin D in the hygiene hypothesis: The interplay between vitamin D, vitamin D receptors, gut microbiota, and immune response[END_REF] . My humanistic background strengthened the need to address and share scientific results with the general public to arouse interest and educate the reader about new developments.

After concluding my post-doc in nutrigenomics at Wageningen University, I joined INRAE, the world's top institute for research on agriculture, food, and the environment. I enrolled on the Animal Genetics and Integrative Biology (GABI) unit at the Animal Genetics Department (Jouy en Josas, France) to start a second post-doc (July 1 st 2011/September 30 th 2 0 1 2 ) . D r C l a i re Ro g e l -G a i l l a rd scientifically supervised this second post-doc. When I began my second post-doc, I wanted to deepen and consolidate the skills I had already developed in The Netherlands. Still, I also wanted to broaden my knowledge in genetics and immunology. Immunogenomics is a burgeoning research field that addresses the interface between the host, and the immune system, bridging bioinformatics and biostatistics technology, "omics" data, immune parameters, and a large set of clinical phenotypes.

Interestingly, with Claire's team, we showed that the genetic architecture of transcriptome variation of immune cells is v e r y c o m p l e x . W e f o u n d fi v e transcriptional biomarkers which were g o o d p r e d i c t o r s f o r a n i m a l immunocompetence (e.g., CD4 -/CD8 + and phagocytosis activity (Mach et al., 2013) [START_REF] Mach | The peripheral blood transcriptome reflects variations in immunity traits in swine: towards the identification of biomarkers[END_REF] . These results provided a first overview from which new genetic selection strategies can be launched to elucidate the underlying molecular mechanisms of pig immunocompetence.

Additionally, I published the first transcriptome atlas across different small intestine tissues in pigs (Mach et al., 2014) [START_REF] Mach | Extensive expression differences along porcine small intestine evidenced by transcriptome sequencing[END_REF] . Little by little, I learnt how to combine omics readouts into a systems biology approach.

Up to here, all my studies focused on hosts. From October 2012 to August 2013, I enrolled on my last post-doc in the Functionality of the Intestinal Ecosystem (FInE) group, which makes part of the MICALIS unit at the MICA department (INRAE, Jouy en Josas, France). Here started my great fun combining eukaryotic hosts and their microbes, the functional unit termed holobionts [START_REF] Van Der Loos | The Macroalgal Holobiont in a Changing Sea[END_REF] . Under the supervision of Dr Patricia Lepage, Dr Joël Doré, and Dr Hervé Blottière, specialists in human microbiota and metagenomics, I got fascinated and passioned by the subject. I learnt that microbiota is not as important as its relationship with the host: how it interacts with the organism. They taught me to use metagenomics tools to take a "molecular photograph" of intestinal microbiota quickly and with unprecedented detail. Using that, I significantly contributed to a global overview of the correlations between gut microbiota, performance and immune system response in animals (Mach et al., 2015; Ramayo-Caldas et al., 2016; Jaucouton et al., 2015) [START_REF] Mach | Early-life establishment of the swine gut microbiome and impact on host phenotypes[END_REF][START_REF] Ramayo-Caldas | Phylogenetic network analysis applied to pig gut microbiota identifies an ecosystem structure linked with growth traits[END_REF]26 . I learnt s t a t e -o f -t h e -a r t b i o s t a t i s t i c s a n d bioinformatics approaches to dissect holobiont components. From here on, it was increasingly clear to me that animals' development, growth, welfare and health (in one word, all functions) were influenced by the complex microbial communities they host.

Though there is much still to learn about microbiomes, it was clear that health, performance and well-being in species of veterinary interest rely on more than those cells described by host DNA. When I got a permanent researcher position at the Genetics Department in the INRAE (GABI unit, Jouy en Josas, September 2013), I was asked to analyse data from existing projects designed and carried out to understand endurance horses vary in their ability to achieve success in sports (Mach et al., 2016, 2017) [START_REF] Mach | Integrated mRNA and miRNA expression profiling in blood reveal candidate biomarkers associated with endurance exercise in the horse[END_REF][START_REF] Mach | Understanding the response to endurance exercise using a systems biology approach: combining blood metabolomics, transcriptomics and miRNomics in horses[END_REF] . By looking at the data from various perspectives and trying different ways of representing them v i s u a l l y a n d m a t h e m a t i c a l l y, I hypothesised that microorganisms scaffolded around my charismatic eukaryote (the horse) were pivotal in understanding the athlete's performance and the functioning of the holobionts.

Here began my eighth years-journey towards these questions at the INRAE: Does the holobiont add crucial context to athletic perfor mance or irrelevant complexity? Who is doing what, and how do they contribute to the whole? Such questions spanned my knowledge of many of the most critical domains of natural science, bringing together subjects such as animal science, nutrition, functional genomics, immunolog y, m e t a g e n o m i c s , b i o s t a t i s t i c s , bioinformatics, and systems biology. The travel has been an odyssey involving degrees in odd fields, interdisciplinary research projects, success in pursuing research outside the comfort zone, and studying different biological systems. This multi-disciplinary approach has been the catalyst that enhanced the originality of my research, the scientific rigour, and my capacities to communicate, mentor, evaluate and transfer bits of knowledge to my peers and the general public. Nevertheless, none of these skills crucial for my research success could have been possible without my students' patience, perseverance, and help. Concomitantly to the Michel Boisseau PhD mentoring (2019-2022), I have begun to work more toward a collective good. I started to help colleagues to run seminar series, take the lead of other PhD students and postdoc mentoring, connect students with careers outside academia, interface between industry/animal care facilities and researchers, work as an associated editor in several journals and research topics, and manage works that required specialisation (e.g., basic software coding and big data on cloud-based platforms).

To summarise all this professional growth, I met many eager scientists worldwide who helped me in such grand adventures.

These eight years of science at INRAE have brought beautiful results about the holobiont (e.g. Mach et al., 2017, 2020, 2021) [START_REF] Mach | Understanding the Holobiont: Crosstalk Between Gut Microbiota and Mitochondria During Long Exercise in Horse[END_REF][START_REF] Plancade | Unraveling the effects of the gut microbiota composition and function on horse endurance physiology[END_REF][START_REF] Mach | Priming for welfare: gut microbiota is associated with equitation conditions and behavior in horse athletes[END_REF][START_REF] Mach | Gut microbiota resilience in horse athletes following holidays out to pasture[END_REF][START_REF] Mach | The effects of weaning methods on gut microbiota composition and horse physiology[END_REF][START_REF] Clark | Strongyle Infection and Gut Microbiota: Profiling of Resistant and Susceptible Horses Over a Grazing Season[END_REF] that have ultimately resumed into a charming bottom-up type of work (Mach et al., 2022) [START_REF] Mach | Mining the equine gut metagenome: poorlycharacterized taxa associated with cardiovascular fitness in endurance athletes[END_REF] . Some of them have been yet translated into action in the horse industry. I could have continued on such a wonderful and delightful well-rooted trip. Nevertheless, it urged the need to do something to cope with the problems of the modern world, the issues of whether and which, as well as how. Oswald, and Diego Morgavi, who kindly agreed to review this manuscript. I would also like to thank the other committee members, Christine Citti, Rafael Muñoz-Tamayo, and Claire Rogel-Gaillard, for their time and availability. Claire guided my first steps at INRAE and generously provided knowledge, expertise, and continued support in my independent research line at GABI. I am delighted to have her on my habilitation committee.

I also want to express my warm and sincere gratitude to the IHAP unit, mainly to Christine Citti, Eric Baranowski, Xavier Nouvel, and Jean-Luc Guérin. They have hosted me since 2021 and bet on my future as a researcher. I appreciate your faith in my soft and hard skills, and I hope to get my hands dirty and dig into these new scientific issues from now on. I am incredibly grateful to my parents and my two brothers for their love and for supporting me during my scientific path.

From the bottom of my heart, my deepest gratitude goes to Marco, Marina, and Sofia, who fulfil my life.

1

O V E R V I E W 1 | OVERVIEW
"The time has come to replace the purely reductionist 'eyes-down' molecular perspective with a new and genuinely holistic, eyes-up, view of the living world, one whose primary focus is on evolution, emergence, and biology's innate complexity."-Carl Woese [START_REF] Janetos | A new biology for the 21st century[END_REF] T his manuscript traces a selection of outputs and outcomes over the last eight years in the sea of science within the Equine Integrative Biology and Genetics (BIGE) team (INRAE, Jouy en Josas). The helm of this thesis is the horse holobiont, the functional unity encompassing the host and the associated microorganisms [START_REF] Bordenstein | Host biology in light of the microbiome: Ten principles of holobionts and hologenomes[END_REF] . My last eight years of research have been mainly devoted to constructing knowledge around the horse holobiont concept through different data integration approaches and multidisciplinary. Horses contain many microorganisms, including archaea, bacteria, fungi, microalgae, protozoa, and viruses, but differ markedly from the assemblages [START_REF] Mach | Mining the equine gut metagenome: poorlycharacterized taxa associated with cardiovascular fitness in endurance athletes[END_REF] . Host-associated microorganisms influence nutrient exchange, defence mechanisms, physiology, behaviour, reproduction, and host fitness [START_REF] Ezenwa | Animal behavior and the microbiome[END_REF][START_REF] Mohr | The athletic gut microbiota[END_REF][START_REF] Li | Symbiotic gut microbes modulate human metabolic phenotypes[END_REF] . Their collective genomes (including elements for the nuclear genome, organelles and microbiome) forge a hologenome, and models of animals that do not account for these intergenomic associations are regarded as incomplete [START_REF] Bordenstein | Host biology in light of the microbiome: Ten principles of holobionts and hologenomes[END_REF] . This single ecological unit is a complex entity with highly specialised symbiotic interactions that are important in holobiont [START_REF] Bordenstein | Host biology in light of the microbiome: Ten principles of holobionts and hologenomes[END_REF] (Figure 1).

To afford a holistic, eyes-up view through the horse holobiont concept, I will first highlight how environmental stressors, especially human-induced ones, alter the gut microbial communities and disturb the symbiotic relationship, resulting in a holobiont break-up (Chapter II). With the cascading effects of a holobiont break-up, the results of these changing conditions may be more severe and resilient than predicted. Then, using Arabian horses as a model, in Chapter III, we will show how the gut microbiome communicates with the host under extreme physical and phycological stressors. Gut microbiota sends chemical signals to mitochondria, which has the effect of helping to extend their energy output, control oxidative stress and reduce fatigue during longdistance races. In chapter IV, I will show how interactions between microbial species may evolve during increasing amounts of stressors (parasite infection + drug administration). Thus, growing mutualisms, facilitative interactions, and cooperative behaviour between microbial species may provide holobionts with additional resistance to changing conditions and tolerance to infection. All these pioneering studies in the horse domain indicate how biotic and abiotic stressors affect the entire holobiont (both the microbial communities and the host) and pave the way for dietary supplements and management practices that could enhance equine athletic health, welfare and performance. Then, I will resume my last 8-years of science with some concluding remarks in Chapter V. Finally, I will highlight a way forward for my future research in Chapter VI. The annexe includes a curriculum vitae and a list of the critical articles highlighted in the manuscript. Biotic and abiotic stressors or changes in environmental conditions will separately affect (i) the microbes associated with the host and (ii) the host itself, causing changes in host physiology and microbial community traits. This will affect the interactions between the host and the microbial communities (iii) and, thus, the outcome of the symbiotic relationship.
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1 | OVERVIEW 2 H O R S E A T H L E T E S : E M O T I O N A L A N D P H Y S I C A L S T R E S S I M P A C T S T H E H O L O B I O N T
The two central, interrelated systems that affect the stress response during exercise are the sympatho-adrenomedullary (SAM) and hypothalamus-pituitary-adrenal (HPA) axes. The activation of these axes results in the release of catecholamines (norepinephrine and epinephrine) and glucocorticoids into the circulatory system (reviewed by Ulrich-Lai et al. [START_REF] Ulrich-Lai | Neural regulation of endocrine and autonomic stress responses[END_REF] ; Figure 1). During exercise, stress also activates the autonomic nervous system (ANS), which provides the most immediate response to stressor stimuli through its sympathetic and parasympathetic arms. It increases the neuronal release of norepinephrine and other neurotransmitters in peripheral tissues such as the gastrointestinal tract or cardiovascular system [START_REF] Ulrich-Lai | Neural regulation of endocrine and autonomic stress responses[END_REF] . The bidirectional communication between the ANS and the enteric nervous system (ENS) in the gut, the gut-brain axis, mainly occurs by way of the vagus nerve, which runs from the brain stem through the digestive tract and regulates almost every aspect of the passage of digested material through the intestines. Other ways of communication between the gut-brain axis are (i) gut hormones (e.g., gammaaminobutyric acid, neuropeptide Y, dopamine) and (ii) gut microbiota molecules (e.g., short chain fatty acids (SCFA), tryptophan) [START_REF] Rhee | Principles and clinical implications of the brain-gut-enteric microbiota axis[END_REF][START_REF] Flux | Finding intestinal fortitude: Integrating the microbiome into a holistic view of depression mechanisms, treatment, and resilience[END_REF] . To describe these ways of relationships: the "microbiota-gut-brain axis" was coined [START_REF] Rhee | Principles and clinical implications of the brain-gut-enteric microbiota axis[END_REF] .

Horses have been domesticated for thousands of years and have foraged in herds as fightor-flight animals. Like humans, elite sports horses expected to perform at the top of their game are subjected to high levels of physical and mental engagement [START_REF] Mcgowan | Overtraining syndrome in horses[END_REF] . They follow high-intensity training with different trainers, riders and devices from the age of two years. They also go to national and international shows and are thus often required to live in other stables and cope with various environments, including extended distances and air travel. Moreover, they predominantly live in individual loose boxes rather than open paddocks, a safe environment that indeed deteriorates their welfare [START_REF] Ruet | animals Housing Horses in Individual Boxes Is a Challenge with Regard to Welfare[END_REF] . Up to 90 % of domesticated horses live at least 12 hours daily in individual boxes with artificial bedding and without ad libitum feeding, moving, and social interactions with conspecifics [START_REF] Houpt | The effect of exercise deprivation on the behaviour and physiology of straight stall confined pregnant mares[END_REF][START_REF] Christensen | Effects of individual versus group stabling on social behaviour in domestic stallions[END_REF][START_REF] Hockenhull | The day-to-day management of UK leisure horses and the prevalence of ownerreported stable-related and handling behaviour problems[END_REF][START_REF] Leme | health, and abnormal behaviors of horses: a survey in small equestrian centers in Brazil[END_REF] . Indeed, this housing system prevents animals from performing natural behaviours, one of the welfare concerns stated by the five freedoms framework [START_REF]FAWC updates the five freedoms[END_REF] . Individual box housing induces aberrant, chronic, and repetitive behaviours (the so-called stereotypies), including cribbing and weaving, hypervigilance, or more aggressive behaviours such as kicking and 2 | HORSE ATHLETES:EMOTIONAL AND PHYSICAL STRESS IMPACTS THE HOLOBIONT biting [START_REF] Cooper | Behavioural adaptation in the domestic horse: Potential role of apparently abnormal responses including stereotypic behaviour[END_REF][START_REF] Henderson | t fence me in: Managing psychological well being for elite performance horses[END_REF][START_REF] Ninomiya | Weaving in stabled horses and its relationship to other behavioural traits[END_REF] . Horses like to be free to move and interact with other horses as part of a complex social group and to have nearly constant access to grass or hay to eat. Additionally, most of these potential athletes are weaned through abrupt physical separation early in age, affecting their overall well-being with likely long-term effects [START_REF] Ruet | animals Housing Horses in Individual Boxes Is a Challenge with Regard to Welfare[END_REF][START_REF] Lansade | Progressive habituation to separation alleviates the negative effects of weaning in the mother and foal[END_REF] .

The horse gut harbours more than 100 trillion microorganisms in the gastrointestinal tract, representing roughly 25 million genes [START_REF] Mach | Mining the equine gut metagenome: poorlycharacterized taxa associated with cardiovascular fitness in endurance athletes[END_REF] . The gut microbiota comprises seven phyla [START_REF] Mach | The effects of weaning methods on gut microbiota composition and horse physiology[END_REF][START_REF] Costa | Comparison of the fecal microbiota of healthy horses and horses with colitis by high throughput sequencing of the V3-V5 region of the 16s rRNA gene[END_REF][START_REF] Shepherd | Characterization of the fecal bacteria communities of forage-fed horses by pyrosequencing of 16S rRNA V4 gene amplicons[END_REF][START_REF] Costa | Characterization and comparison of the bacterial microbiota in different gastrointestinal tract compartments in horses[END_REF][START_REF] Weese | Changes in the faecal microbiota of mares precede the development of post partum colic[END_REF][START_REF] Salem | Variation in faecal microbiota in a group of horses managed at pasture over a 12-month period[END_REF] , approximately 200 species in the large intestine [START_REF] Mach | Priming for welfare: gut microbiota is associated with equitation conditions and behavior in horse athletes[END_REF][START_REF] Mach | Gut microbiota resilience in horse athletes following holidays out to pasture[END_REF][START_REF] Mach | The effects of weaning methods on gut microbiota composition and horse physiology[END_REF][START_REF] Costa | The equine intestinal microbiome[END_REF][START_REF] Kauter | The gut microbiome of horses: current research on equine enteral microbiota and future perspectives[END_REF][START_REF] Steelman | Pyrosequencing of 16S rRNA genes in fecal samples reveals high diversity of hindgut microflora in horses and potential links to chronic laminitis[END_REF][START_REF] Venable | Effects of Feeding Management on the Equine Cecal Microbiota[END_REF] , and a myriad of protozoa, archaea and anaerobic fungi [START_REF] Plancade | Unraveling the effects of the gut microbiota composition and function on horse endurance physiology[END_REF][START_REF] Clark | Strongyle Infection and Gut Microbiota: Profiling of Resistant and Susceptible Horses Over a Grazing Season[END_REF][START_REF] Mach | Mining the equine gut metagenome: poorlycharacterized taxa associated with cardiovascular fitness in endurance athletes[END_REF][START_REF] Dougal | A comparison of the microbiome and the metabolome of different regions of the equine hindgut[END_REF] . As for humans, the horse gut microbiota promotes digestion and food absorption for host energy production [START_REF] Sugahara | Differences in folate production by bifidobacteria of different origins[END_REF] , provides folate [START_REF] Sugahara | Differences in folate production by bifidobacteria of different origins[END_REF] , vitamin K, and metabolites important for host health [START_REF] Frampton | Short-chain fatty acids as potential regulators of skeletal muscle metabolism and function[END_REF] (e.g., SCFA, dimethyl sulfone, trimethylamine oxide, indoles, tryptamine, oligosaccharides, peptidoglycans, and secondary bile acids [START_REF] Chen | A Forward Chemical Genetic Screen Reveals Gut Microbiota Metabolites That Modulate Host Physiology[END_REF][START_REF] Donia | Small molecules from the human microbiota[END_REF] ). The gut microbiota also neutralises drugs and carcinogens, modulates intestinal motility, protects the host from pathogens, and stimulates and matures the immune system and epithelial cells [START_REF] Clark | Strongyle Infection and Gut Microbiota: Profiling of Resistant and Susceptible Horses Over a Grazing Season[END_REF][START_REF] Costa | Understanding the Intestinal Microbiome in Health and Disease[END_REF] . As mentioned above, gut microbiota also modulates excitatory and inhibitory neurotransmitters in response to physical and emotional stress (reviewed by Clark and Mach [START_REF] Clark | Exercise-induced stress behaviour, gutmicrobiota-brain axis and diet: a systematic review for athletes[END_REF] ; Mach and Fuster [START_REF] Mach | Endurance exercise and gut microbiota: A review[END_REF] and others [START_REF] Valles-Colomer | The neuroactive potential of the human gut microbiota in quality of life and depression[END_REF][START_REF] Bercik | The anxiolytic effect of Bifidobacterium longum NCC3001 involves vagal pathways for gutbrain communication[END_REF] ; Figure 1).

In horses, the imbalance in the microbiota-gut-brain axis has been posited by Destrez et al. [START_REF] Destrez | Dietary-induced modulation of the hindgut microbiota is related to behavioral responses during stressful events in horses[END_REF] , who observed that the concentration of amylolytic bacteria and the abundance of Succinivibrionaceae positively correlated to bowing (considered an alert or alarm type of behaviour) following a low-fibre but high-starch diet. In ponies fed high-starch diets, increased behavioural reactivity was related to gut microbiota changes, suggesting that gut microbiota composition and behaviour are strictly intertwined and influence each other [START_REF] Bulmer | High-starch diets alter equine faecal microbiota and increase behavioural reactivity[END_REF] . Perry et al. [START_REF] Perry | Effect of Road Transport on the Equine Cecal Microbiota[END_REF] did not measure gut-brain interactions but reported reductions in Proteobacteria in the equine cecal microbiota following travel stress and disruption in the sequence of the regular daily routine. However, beyond those studies, the relationship between the long-term exposition of physical and mental stress, the gut microbiota composition, the aberrant behaviour, and the possible pathophysiological mechanisms remains scant. To render this hypothesis testable, I contacted Léa Lansade (UMR 85 PRC, IFCE, INRAE, University of Tours, Nouzilly, France), an internationally recognised ethologist in the horse domain. She works on personality, cognition and welfare in horses. At that time, she was already working with Dr Marie-Pierre Moisan (University of Bordeaux, INRAE, INP, NutriNeuro, UMR 1286, 33076 Bordeaux, France), a primarily known expert on the physiological mechanisms of stress and their consequences. Given my fascination, passion, and acquired metagenomic skills (Mach et al., 2015 24 ;Ramayo et al., 2016 25 ), I proposed to them an integrative biology perspective to help understand the complex host-gut microbiota interactions and their association with behaviour and welfare. The fact that I learned how to combine omics readouts into a systems biology approach helped in such a proposition (Mach et al., 2010 78 ;Mach et al., 2011 6 ;Mach et al., 2013ab 7,21 , Mach et al., 201628 and 2017 27 ). Stress responses to intense exercise are mediated by largely overlapping circuits in the limbic forebrain, the hypothalamus and the brainstem so that the stressor and intensity tune the respective contributions on the neuroendocrine and autonomic systems [START_REF] Ulrich-Lai | Neural regulation of endocrine and autonomic stress responses[END_REF] . Exercise-induced stress results in the activation of preganglionic sympathetic neurons in the intermediolateral cell column of the thoracolumbar spinal cord (shown in purple and clear grey). This sympathetic activation represents the classic fight or flight response, generally increasing catecholamines' circulating levels. Parasympathetic tone can also be modulated during stress (shown in dark grey). Within the HPA axis, stress activates hypophysiotropic neurons in the paraventricular nucleus of the hypothalamus (PVN) that secrete releasing hormones, such as corticotrophin-releasing hormone (CRH) and arginine vasopressin (AVP), into the portal circulation of the median eminence. These releasing hormones act on the anterior pituitary to promote the secretion of adrenocorticotropic hormone (ACTH), which in turn acts on the inner adrenal cortex to initiate the synthesis and release of glucocorticoid hormones. Moreover, the sympathetic nervous system directly innervates the adrenal cortex, which can regulate corticosteroid release. Additionally, the gastrointestinal tract responds to stress in an endocrine manner by releasing hormones such as Gamma-aminobutyric acid (GABA), neuropeptide Y and dopamine that have been purported to be involved in gastrointestinal disturbances, anxiety, depression, reduced food intake and less stress coping. Microorganisms that colonise the digestive tract can regulate the HPA axis through the code or production of short-chain fatty acids and neurotransmitters such as GABA, dopamine and serotonin, as well as cytokines. The neuroendocrine stress response to exercise is determined by emotional stress and the volume of physical exposure. As exercise intensity is increased, there are approximately proportional increases in circulating concentrations of ACTH and cortisol. More details are found in Clark and Mach (2017) [START_REF] Clark | Exercise-induced stress behaviour, gutmicrobiota-brain axis and diet: a systematic review for athletes[END_REF] ; https://dx.doi.org/10.1186/s12970-016-0155-6, https://hal.inrae.fr/hal-01606853, OA. This project was funded by the "Institut français du cheval et de l'équitation" (IFCE), a government agency set up to encourage equine breeding and horse-related activities, and Fonds Éperon ("Encouragement aux Projets Equestres Regionaux ou Nationaux"), an incentive fund for regional or national equestrian projects, managed by industry professionals. Alice Ruet was enrolled in the project as a PhD student, and I hosted her in my lab for three months. Alice's PhD program directors were Dr Lansade and Dr Arnauld (both at the UMR 7247, Physiologie de la reproduction et des comportements, Tours, France). I had an unofficial role of co-supervisor which can be detailed as follows: (i) development of the experimental design (20%), verification of the experiment development (20%), data analysis and interpretation (30%), and writing of articles (30%). For this first project, Alice Ruet moved to the Cadre Noir de Saumur for more than 1.5 years. She measured the behaviour and collected blood and faecal samples in a cohort of 185 healthy elite athletes housed in individual boxes for eight months. In "le Cadre noir de Saumur", all animals were reared in similar conditions. In between, Alice Ruet spent three months in my lab to help with faecal DNA extraction, PCR analysis and microbiota results interpretation.
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Strickling enough, behaviour assessment of those horse athletes showed that the expression of both oral and locomotion-related stereotypies was observed in 17% of the individuals, whilst 99% of the individuals were experiencing unresponsiveness to the environment (the so-called withdrawn posture or depression) at least once within the eight months. Hypervigilance, a stress-related response, was observed in 75% of our individuals, and aggressiveness was observed in 43% of our horses. Results confirmed that using individual boxes as housing systems for sport horses induces the expression of behaviours reflecting a welfare alteration. We proved that separate confinement triggered the face of both oral and locomotion-related stereotypies and aggressiveness toward humans in both young horses and adults, while almost all horses individually stabled experienced unresponsiveness to the environment expressed through the "withdrawn posture" with an increase in stress-related behaviours expressed through the alert posture (further details are depicted by Ruet et al., 2019; https://hal.inrae.fr/hal-02623360, OA) [START_REF] Ruet | Housing horses in individual boxes is a challenge with regard to welfare[END_REF] .

Expectedly, the gut microbiota composition was influenced by environmental and host variables (Figure 2 a,b), including equine discipline (eventing, dressage, show-jumping or vaulting). Beyond the variables outlined here, we also observed that the compromised welfare state (e.g., stereotypies, hypervigilance and aggressiveness) was associated with particular gut microbiota profiles, reinforcing the notion of the existence of the microbiota-gut-brain axis (Figure 2c-d; article 1 Mach et al., 2020 31 ; https://dx.doi.org/ 10.1038/s41598-020-65444-9, https://hal.inrae.fr/hal-03197220, OA). The most substantial effect was observed in animals experiencing oral stereotypies. Levels of Roseburia, a butyrate-producing genus, positively correlated to oral stereotypies prevalence. Stereotypies also correlated to amylolytic (e.g., Ruminobacter) and fibrinolytic proteobacteria (e.g., Acinetobacter) or hydrogen sulphide (H 2 S)-producers (e.g., Desulfurispora and Helicobacter). Evidence shows that Roseburia exerts beneficial effects on host behaviour through its anti-inflammatory activity within the gut [START_REF] Hiippala | The potential of gut commensals in reinforcing intestinal barrier function and alleviating inflammation[END_REF] . behaviour at any time of the experiment. By contrast, the logs of fold changes inferior to 0 indicate that the genera abundances were lower in individuals expressing the behaviour indicator. Dots are coloured by phyla; (f) Microbiability estimates. Each microbiability estimate is defined as a percentage of the phenotypic variance followed by its standard error (Mach et al., 2020 31 ; https://hal.inrae.fr/hal-03197220, OA).

Additionally, H 2 S, a gasotransmitter that protects the central nervous system [START_REF] Li | Hydrogen sulfide attenuates chronic restrain stress-induced cognitive impairment by upreglulation of Sirt1 in hippocampus[END_REF] , has been shown to mitigate chronic restraint stress-induced depression in rats. A synergistic effect could exist between butyrate-and H 2 S-producing bacteria, conferring to the host adaptive responses to reverse or counteract the potentially negative impact of oral stereotypies. This could include the bloom of potential pathobionts such as Helicobacter (which is known to be directly affected by norepinephrine secretion [START_REF] Lyte | Stress at the intestinal surface: Catecholamines and mucosa-bacteria interactions[END_REF] ) and modifications in the environmental characteristics of the intestinal milieu through the autonomic nervous system (e.g., gut motility, intestinal transit and secretion, gut permeability and hormone secretion; Figure 2cd). In addition, the oral stereotypies indicator was moderately predictable from gut microbiota composition, with a microbiability (m 2 ) of ~ 25% (Figure 2f). The m 2 , by analogy with genetic heritability, quantifies the overall proportion of host phenotypic variance explained by the microbial community after accounting for breed, discipline and host genetics. Thus, results suggest that intestinal microbiota could be considered an essential metabolic organ with significant relevance to horse behaviour.

Interestingly, two lactate-producing bacteria correlated to aggressiveness, specifically, Streptococcus and Butyrivibrio genera (Figure 2c). Impairment of the lactic acid metabolic pathway has been associated with the overgrowth of lactic acid-tolerant bacteria and aggressive behaviour in rats [START_REF] Hanstock | Anxiety and aggression associated with the fermentation of carbohydrates in the hindgut of rats[END_REF] and acidosis in ruminants [START_REF] Chen | Megasphaera elsdenii Lactate degradation pattern shifts in rumen acidosis models[END_REF] . All these associations were more prevalent in horses trained for dressage and jumping (Gala events and Cadre Noir shows), likely because of the degree of the physical and mental stress during training and show events, as well as the focus of being transported to more international competitions, trained many hours per day, five days per week, without taking time off from intense training.

At that point, however, we asked ourselves whether the association between microbiota and horse disciplines was a genetic effect. Europe has a long history of breeding horses for various fields, such as dressage, eventing and show jumping. Even if the influence of genetics on gut microbiota composition is likely low (2-8% heritability [START_REF] Rothschild | Environment dominates over host genetics in shaping human gut microbiota[END_REF] ) compared to lifestyle factors such as diet [START_REF] Goodrich | Genetic determinants of the gut microbiome in[END_REF] or stochastic factors, it may participate in building diverse profiles of gut microbiota [START_REF] Deschasaux | Depicting gut microbiota composition in a population with varied ethnic origins but shared geography[END_REF] . Breed-specific abundances of specific taxa have been reported in chickens [START_REF] Kers | Host and environmental factors affecting the intestinal microbiota in chickens[END_REF] , ruminants 89 , and horses [START_REF] Ericsson | A microbiological map of the healthy equine gastrointestinal tract[END_REF][START_REF] Metcalf | Evaluating the impact of domestication and captivity on the horse gut microbiome[END_REF][START_REF] Torre | Utilizing the fecal microbiota to understand foal gut transitions from birth to weaning[END_REF] . Those horse-reported studies suggested the weak influence of breed on the intestinal microbiota, but, in all cases, the effect of the horse breed on the gut microbiota composition was confounded by environmental factors such as nutrition, management, breeding selection proposes, housing and geography. Therefore, the extent to which the host breed modulates the equine microbial composition remained unknown, especially among European horse breeds. We, hence, assessed in our cohort of horses reared in equal environments if breed could affect the faecal microbiota. To do so, I trained Francesca Massacci, a PhD student (2017-2020) supervised by Dr Trevisi (University of Bologna, Italy) and Dr Claire Rogel-Gaillard (GABI, INRAE, Université Paris-Saclay). Despite a notable variation in the diversity and composition of the gut microbiota, breed exerted limited effects on the equine gut microbiota (article 2 Massacci et al., 2020 93 ; https://dx.doi.org/10.1111/ jbg.12441, https://hal.inrae.fr/hal-02624117).

While the breed was not influencing the microbiota composition, so did the type of bedding (Figure 2a). Horses housed in stalls on straw bedding were clustered apart from those housed in stalls on shavings and wood pellets. The interaction between gut microbiota and bedding material could be due to the higher fibre intake of animals housed on straw bedding. In line with this, a recent study in pigs suggested that chopped straw bedding enriches the diet with non-soluble polysaccharides and seemingly positively selects for the members of Bacteroidetes and Fibrobacteres [START_REF] Kubasova | Housing systems influence gut microbiota composition of sows but not of their piglets[END_REF] . Straw bedding has been proposed to reduce aggressiveness in horses as it facilitates lying down, exploration, and increased time during which the horse is occupied with feeding compared to those housed in boxes on shavings or wood pellets [START_REF] Ruet | animals Housing Horses in Individual Boxes Is a Challenge with Regard to Welfare[END_REF] .

Our results suggest that brain function and behaviour are influenced by gut microbiota. However, future studies must determine how gut microbiota interact with the host, that is, through immune, neuroendocrine or neural pathways. We caution against the need to precisely evaluate how the gut microbiota or even their metabolites interact directly with stress hormones in peripheral tissues, such as the mucosal layer of the gastrointestinal tract of equine athletes. Metabolite profile coupled with shotgun metagenomics or metatranscriptomics could be an increasingly practical way to survey microbial community gene function and regulation at scale. A first step should determine whether microbiota SCFAs travel via the bloodstream to the brain and affect behaviour.

This exciting new data urge the application of drastic changes in horse athletes' living and management conditions. Modifications of the gut microbiota using antimicrobials, probiotics and prebiotics, or other dietary interventions, could be a means to improve welfare. However, we urge the need to give space to the horses and social contact with conspecifics to preserve the welfare and health of horse athletes. We recommend keeping horses in straw bedding instead of shavings or wood pellets. Boxes remain the primary housing system for sports horses in the field, and the horse industry is reluctant to change it. We know this is against practicality, safety, and comfort issues for caretakers and animals. However, our data indicate that elite athletes present behaviour troubles with alterations in gut-microbial composition substantially affecting central physiology (Figure 3). We show that behaviours reflecting welfare deterioration, such as stereotypies and aggressiveness, are associated with the gut microbiota composition. On the one hand, oral stereotypies were significantly linked to the overall gut microbiota structure and single taxa. Oral stereotypies might presumably alter the central nervous system, stress hormone release and feed intake behaviour, modifying the gut milieu and the microbiota composition. Butyrate and H2S-producing bacteria might give the host an adaptive response to reverse the potential adverse effects of oral stereotypies. Reinforcing this idea, the microbiability of stereotypies was moderately high, suggesting that gut microbiota might be considered an essential metabolic organ relevant to horse behaviour (Mach et al., 2020 31 ; https://hal.inrae.fr/hal-03197220, OA ).

Based on these gut microbiota-behaviour results (detailed in article 1; Mach et al. 2020 [START_REF] Mach | Priming for welfare: gut microbiota is associated with equitation conditions and behavior in horse athletes[END_REF] ; https://hal.inrae.fr/hal-03197220), with Léa Lansade and Marie-Pierre Moisan, we decided to design a follow-up approach to understand the gut-brain axis further. In 2019, we developed a second project funded by the IFCE and Fond Éperon. Based on the same cohort of individuals in the Cadre Noir, we assessed if a temporary period out to pasture with conspecifics could theoretically satisfy these species' needs and thus restore an optimal welfare state and a "healthier" intestinal microbiota. Alice Ruet, our PhD student, monitored 27 athletes before and after 1.5 months out to pasture. Their faecal microbiota and behaviour profiles were compared to those of 18 horses kept in individual boxes.

Within this project, David Bars, a PhD student co-supervised by Dr Motilva and Dr Piñol from the University of Lleida (Spain), obtained a Spanish national grant to join me for three months and learn about metagenomic data analysis. After his thesis defence, he was contracted in my team as a postdoc for almost one year (2020). The experience in my lab provided the skills needed to obtain another post-doc in metagenomics at the Bellvitge Biomedical Research Institute -IDIBELL (Barcelona, Spain). Unexpectedly, we observed that the overall diversity and microbiota composition were temporally similar (Figure 4a). Holidays in the pasture did not modify them, suggesting resilience to environmental challenges. Pasture exposure only increased the Clostridiales Ruminococcus and Coprococcus, but they only lasted 1-month after returning to individual boxes (Figure 4bf). Unfortunately, these results evoke the dark side of microbiota resilience. Chronic stress induces the establishment of gut microbiota with a high resilience potential and, 2 | HORSE ATHLETES:EMOTIONAL AND PHYSICAL STRESS IMPACTS THE HOLOBIONT therefore, resistance to changes. This can be a significant obstacle to effective dietary and management interventions. Furthermore, pasture not only did not improve the microbiota composition, but individuals expressed a substantial occurrence of stereotypies, periods of withdrawn posture, and spells of hypervigilance during the first five days after the return to the box compared to the control horses (article 3; Mach et al., 2021 32 ; https://hal.inrae.fr/hal-03197215, OA) Furthermore, the pasture horses tended to express more alert postures than the control group up to three months after the return to the individual boxes. Thus, short exposure to pasture in chronically stressed individuals is not associated with a fitness improvement of the gut microbiota and does not contribute to host health and welfare. Therefore, our findings suggested that repeated management practices maintained over an extended period (more than 1.5 months) are required to moderate the gut ecosystem beyond its resilience potential (Figure 4; Results are further detailed in article 3; Mach et al., 2021 32 ; https://dx.doi.org/10.1038/s41598-021-84497-y, https://hal.inrae.fr/hal-03197215, OA). As stated above, to preserve the welfare and health of horses, we strongly recommend that the owners and riders allow for free exercise, interactions with conspecifics, and fibre consumption as often as possible to ensure the satisfaction of the species' behavioural and physiological needs. We insist that repeated exposures to pasture with other horses may be required to provide a welfare improvement and a bloom of butyrate-producing Clostridiales such as Ruminococcus and Coprococcus, which in turn, may drive long-lasting positive immune, metabolic and psychological changes in sport horses. Additionally, the number of events should be limited and introduce a certain number of rest days (Results are detailed in article 3; Mach et al., 2021 32 ; https://dx.doi.org/ 10.1038/s41598-021-84497-y, https://hal.inrae.fr/hal-03197215, OA).

That said, the potential role of the microbiome in mediating the capacity for holobionts to acclimate and adapt to long-term environmental challenges (e.g., stressors) remains to be further elucidated. More studies are warranted to elucidate different specific mechanisms through which these behaviour troubles and gut microbiota composition contribute to the risk for health disorders from early to late in life. Our first study already delineated early life stress and their ties might affect the horse's psychological and behavioural development and gut microbiota (article 4; Mach et al., 2017 33 ; https:// dx.doi.org/10.3389/fphys.2017.00535, https://hal.inrae.fr/hal-01578843, OA). Early life stress can persistently and permanently impact the gut-brain axis. In 2017, together with Léa Lansade and Marie-Pierre Moisan, we demonstrated that weaning is a stressful event in the life of horses, regardless of the weaning method (progressive or abrupt). Maternal separation shaped gut microbiota during the first days in a manner that correlated with alterations in host phenotypes (e.g., salivary cortisol, telomere lengths, parasite egg counts and body weight). We showed that the less stressed individuals after maternal separation (lower cortisol levels in saliva) presented higher telomere length and n-butyrate producers in the gut and more significant average daily gain. Therefore, bacterial communities enriched with n-butyrate producers likely confer better stress response adaptation following weaning. Butyrate might influence several physiological processes, such as cell signalling, neurotransmitter synthesis and release, mitochondrial function and oxidative stress (reviewed by Clark and Mach, 2017 18 ). Although other 2 | HORSE ATHLETES:EMOTIONAL AND PHYSICAL STRESS IMPACTS THE HOLOBIONT factors undoubtedly contribute to telomere length, it might be suggested that butyrateproducing bacteria protect from telomere damage. This later protection may be attributable to the influence of n-butyrate on the cyclooxygenase 2 (COX-2) activity, which detoxifies and reduces H 2 O 2 and reactive oxygen species levels [START_REF] Mottawea | Altered intestinal microbiota-host mitochondria crosstalk in new onset Crohn's disease[END_REF] . Altogether, our translational research on the microbiota-gut-brain axis has produced meaningful and applicable results that directly benefit horse health and welfare. Horse 
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Clostridiales abundance sport is essential to society in terms of spectator enjoyment, human mental and physical health benefits, and economic impact. However, our studies demonstrate that elite sports inevitably expose horses to psychological and physical harm that has consequences for the holobiont. Future studies should aim to identify the mechanisms underlying holobiont dynamics under multiple stressors and their long-term, lasting effects and develop management strategies to preserve the critical functions provided by microbiota in the gastrointestinal tract of horses. Nevertheless, I finish this chapter knowing that these pieces of work help to settle up an ethical framework for using animals across equestrian sports while reducing the welfare detriment and refining their riding, training techniques, management, and relationship with the horse.
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T he work described in this chapter represents the core of my research topic at the Equine Integrative Biology and Genetics team (BIGE) at INRAE. During this exciting episode, I mentored Allison Clark, a brilliant Master's student from the Open University of Catalonia with whom I have published lovely pieces of work 17- 19,28,30,31,34,93,96 . By owing, not doing, she made a great transition from a Master's to a PhD student at the University Hospital Vall d'Hebron (Barcelona, Spain), one of the leading research centres in gut microbiota in human health and disease. I also enrolled Jesus Mª López and Dolors Fuster-Botella, two other Master's students from the Open University of Catalonia. Alizée Nevot came on bord to perform her veterinarian medicine thesis, under the title: "Prédiction des status métabolique et de Santé de chevaux d'endurance via l'intégration de donées "omiques": vers l'identification de biomarqueurs" (2016).

This mentoring adventure with my students is reflected as follows: 
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ndurance exercise can be defined as cardiovascular exercise -such as running, cross-country skiing, cycling, aerobic exercise or swimming-performed for an extended period [START_REF] Mach | Endurance exercise and gut microbiota: A review[END_REF] . The physiological and biochemical demands of endurance exercise elicit muscle-based and systemic responses. Endurance athletes expose their bodies to extreme physiological circumstances that disrupt the inner body's homeostasis, overwhelming organs and the system's normal function [START_REF] Mach | Endurance exercise and gut microbiota: A review[END_REF] . Physical exertion at a very high level for a prolonged time means that the whole body initiates a defence response through synthesising acute phase proteins, hormone release and shifts in fluid and metabolic balance [START_REF] Mach | Endurance exercise and gut microbiota: A review[END_REF] . The central adaptations to endurance exercise include improving mechanical, metabolic, neuromuscular and contractile functions in muscle, a rebalance of electrolytes, a decrease in glycogen storage and an increase in mitochondrial biogenesis in muscle tissue [START_REF] Mach | Endurance exercise and gut microbiota: A review[END_REF] . Furthermore, endurance exercise profoundly impacts oxidative stress, intestinal permeability, muscle damage, systemic inflammation and immune responses (see review by Mach and Fuster-Botella, 2017 16 ).

Through years of selective breeding for athletic performance and tailored training practices, Arabian horses have gained built-in biological mechanisms to compete in endurance races (distances of up to 160 km in a single day), an effort comparable to a human marathon or ultra-marathon [START_REF] Mach | Understanding the Holobiont: Crosstalk Between Gut Microbiota and Mitochondria During Long Exercise in Horse[END_REF] . Endurance racing is a test of stamina, discipline, fitness and patience and has been traditionally known as the ultimate challenge in equestrian sports. The ability to run for such long distances at high speed is an uncommon feat for land mammals. Undoubtedly, endurance exercise performance entails complex multifactorial processes that are still not fully understood, including prolonged cardiovascular capacity, optimised energetic ability and withstanding physiological fatigue and stress that disrupts the body's homeostasis.

The cost of breeding and training endurance horses is very high, requiring a lot of time and effort. In this discipline, competitions start late (at around six years) and often finish early (withdrawal from competition at about 12 years of age, even though some individuals can race until 16). Arising from these concerns, Dr Eric Barrey, the leader of my team (Jouy en Josas, INRAE) and Prof. Céline Robert from the National Veterinary School -Maison-Alfort (ENVA) created the GenEndurance project (2011-2016; endowed with more than 700 K) to predict the capacity of a young endurance horse to win a race, combining phenotypic and genotypic data. The final goal was to find the physical and genetic characteristics early in the age that could give them an edge over other participants in the race. In other words, is the horse athlete's fate in his genome? Could we apply genetic tests early in age to predict athletic potential? To achieve this objective, they collected a vast amount of omic data to estimate the nuclear and mitochondria genetic variability, the metabolomic, transcriptomic and microtranscriptomic profiles, and parameters related to race performance.

At the end of 2013, when I got a permanent researcher position and landed within Eric Barrey's team, he asked me to analyse these different types of omics data and come out with translating results. I started by looking at transcriptomic, microtranscriptomic and metabolomic data from various perspectives and trying different ways of integrating them. I stumbled upon connections that others were unaware of when the project started, and beyond their genetic allotment, I showed how their metabolism work to adapt to intensive exercise. To begin with, I could provide a comprehensive overview of the microRNA-mRNA co-regulation networks that may have a crucial role in controlling post-transcriptomic regulation during endurance exercise in horses. I found miR-21-5p, miR-181b-5p and miR-505-5p to be candidate regulatory molecules for the adaptation to endurance exercise in the horse (Mach et al., 2016; https://dx.doi.org/10.1038/ srep22932, https://hal.inrae.fr/hal-02489989, OA). This work was performed as part of the veterinarian thesis of Alizée Nevot (2016), whom I supervised.

Then, I integrated the blood metabolome profiles on top of the mRNA-miRNA networks. Jesús Mª López, an M2 at the Open University of Catalonia, was enrolled in this topic. Remarkably, the "omic" integration of molecular data in our study predicted some functional links between metabolites and the transcriptome that could not be characterised by analysing separately any of the three individual data sets, namely: (i) a reduction of glucose concentration and inhibition of FoxO signalling, which up-regulate genes involved in gluconeogenesis, lipid metabolism and ketone body production and utilisation, and activation of miR-21-5p expression; (ii) increased oxidative phosphorylation in the mitochondria to compensate for ATP production; and (iii) increased concentration of acetate, which subsequently induced AMPK. Additionally, we found several associations within our regulatory network, which have not been fully described to the best of our knowledge. For example, the results suggested that an elevated respiration rate during endurance exercise may have led to more ROS than the antioxidant systems can scavenge (Mach et al., 2017; https://hal.inrae.fr/hal-01602618, OA).

Athletic performance was too complex to narrow down to genetic determinism. Beyond host genetics and genomics, there were likely some other attributes that make horses better for running than others. So tightly intertwined was the microbiome with the molecular choreography of endurance exercise that I started hypothesising that the symbiosis between the host and gut microbiome could impact horse physiology and athletic performance. More than 100 trillion bacteria inhabit a horse's intestinal tract. The gut microbiota provides the host with nutrients, induces host immune development and metabolism, and protects the host against invading pathogens, including parasites [START_REF] Mach | Priming for welfare: gut microbiota is associated with equitation conditions and behavior in horse athletes[END_REF][START_REF] Clark | Strongyle Infection and Gut Microbiota: Profiling of Resistant and Susceptible Horses Over a Grazing Season[END_REF] . These microorganisms are their life companions, and their arrangements and functions are essential for their health and welfare. With that in mind, at the end of 2014, I got the opportunity to begin my independent research program to entangle the effects of intestinal ecosystems under biotic and abiotic stressors on horse health, welfare and athletic performance. I started with an "EcaOmic" project funded by the Animal Genetic department at INRAE, with an initial endowment of 20,000 €.

Although the gut microbiome has been implicated in numerous aspects of health and disease, links with athletic performance were less evident. However, interest was growing, helped by advances over the past decade that enabled us to identify which microorganisms the gut harbours and what they do. I wanted to establish the enormous diversity of organisms that make up an athlete's gut microbiota -each as unique as a fingerprint -and how they converge on essential functions for the host athletic performance. In other words, I sought to glimpse a relationship between exercise and the gut microbiome and potential mechanisms. Covered by my passion for science, perseverance, hard work and lifelong learning, this project has given high achievements to the horse community.

| THE HORSE WINNING GUT

Notably, the Equine Integrative Biology and Genetics team and the Animal Genetics and Integrative Biology (GABI) unit at INRAE integrated this emerging topic with great interest. However, I then faced one of the most challenging parts of the project: obtaining samples from elite athletes in actual endurance races. Getting this kind of field-based research to work effectively takes time and effort. In the field, the logistics of convincing the riders and owners to participate in scientific studies and the complexity of sampling and metadata compilation are not accessible. Why? First, many potential volunteers decline to participate because they are worried about mechanical phlebitis or chemical phlebitis after blood sampling. Second, some other potential volunteers are afraid about the type of analysis performed on blood. The risk of doping in horse sports has been recognised for almost 15 years. To solve this, in September 2014, I created a team of more than ten technicians and scientists who travelled with me in the field. Managing this kind of collaboration was complex and required cooperation amongst different work cultures and disciplines. It was a success! A total of 52 endurance horses were recruited in a volunteer base that competed in longdistance races (90km, 120km or 160km). Faecal samples were collected with timematched blood and questionnaire data (with emphasis on estimated nutrient consumption and athletic performance). Faecal samples were obtained before the race to profile the gut microbiome, the SCFA concentration and pH. Faecal samples were also used to describe other gut microbial populations (e.g., anaerobic fungi and ciliate protozoa). Blood samples obtained before and after the endurance race were used to profile the metabolome, the nucleus and mitochondrial transcriptome, biochemical parameters, and telomere length. We investigated metabolomics using the untargeted broad-window nuclear magnetic resonance (NMR). Encompassing an equilibrated range of age, sex, genetic background and environmental factors, our cohort was expected to represent the average endurance horse population. Today, this cohort is considered a precious data set to be exploited from different perspectives. For that reason, we made samples and all produced data publicly available. Samples are stocked at the biological facility at INRAE (@BRIDGe, Jouy en Josas: http://abridge.inra.fr/index.php?lang=en), while raw data and codes are available at NCBI and the INRAE data repository.

In the face of this amount of phenomics data and its heterogeneity, I decided to apply a bottom-up approach, piecing together a single type of data to give rise to a more complex holistic view. Thus, we first detailed the gut microbiota composition of our 52 athletes through the 16S rRNA marker-gene sequencing. This technique enables us to characterise microbiome composition at a low cost rapidly. The variation in the gut microbiota composition in equine endurance athletes still needed to be determined. Indeed, it still needed to be determined whether inter-individual variation results from a continuum of different bacterial compositions or whether individual gut microbiota gathers around stable communities that could be associated with athletic performance. These descriptive analyses revealed the existence of two gut microbial communities, mainly driven by diet, as host properties showed little effect (Figure 1 Microbiota community one was observed in horses with lower forage and energy intakes but a higher proportion of faecal acetate, plasmatic choline-containing phospholipids, the most abundant lipids within the cell membrane, and pathways involved in lipid metabolism. The modulation of the host energy metabolism was also reflected by the relationship between the type one community and blood alanine concentration, whose metabolism is involved in the glycolysis pathway. Moreover, community type-1 was lined to a higher abundance of branched-chain amino acids in the blood, which can be converted into a complex mixture of metabolic end products, including ammonia and SCFA. Conversely, community two was related to higher richness and microbial diversity (Figure 1c-e), higher loads of anaerobic fungi, higher proportions of propionate and butyrate and enrichment of predicted carbohydrate metabolism and inflammation pathways. The higher n-butyrate concentration could have ameliorated mucosal inflammation and oxidative status 97 , common occurrences among athletes as body temperature increases and blood pools away from the gastrointestinal tract to periphery muscles and organs such as the heart and lungs during intense physical activity (reviewed by Clark and Mach, 2016 19 ). However, this higher butyrate proportion in community two was not associated with protective effects on telomere lengths (Results are detailed in article 5; Plancade et al., 2019; https://hal.inrae.fr/hal-02489982, OA).

We then sought to explore the metabolomic profile of our athletes better. Prof. Laurence Le Moyec, a metabolomic expert from the "Muséum National Histoire Naturelle" in Paris, assessed the adaptive metabolism response to endurance exercise in detail. Given that energy metabolism is closely related to the intensity and duration of training (and therefore the race distance), the primary objective of the investigation was to determine the plasma metabolic profile shift after three different racing distances (90, 120, and 160 km). The model revealed that in the highest race category (160 km), there appeared to be a metabolic switch from carbohydrate consumption to lipid consumption to maintain glycaemia (Le Moyec et al., 2019; https://hal.inrae.fr/hal-02409471, OA).

Arising from these interesting metabolomic results, I contacted Prof. Vinzenz Gerber from the Swiss Institute of Equine Medicine in Switzerland. He is an expert in contextualising mitochondrial β-oxidation during exercise. Mitochondrial β-oxidation is essential in fat metabolism and can be monitored with acylcarnitine profiling in blood as partly degraded fatty acids accumulate as carnitine esters. Electrospray tandem mass spectrometry was used to determine the serum acylcarnitine profiles of the ten horses in our cohort before and after finishing a 160 km endurance race. Confirming our metabolomic profile results, endurance exercise significantly increased mitochondrial βoxidation by eight times, associated with 17 times increased lipolysis (Van der Kolk et al., 2020; https://hal.inrae.fr/hal-03356899).

Putting these pieces of work together with Allison Clark, my M2 student, we postulated that gut microbial metabolites could enhance performance by regulating mitochondrial biogenesis and function. Gut microbiota and their byproducts (e.g., acetate, valerate, dimethyl sulfone, trimethylamine oxide, formate) could influence energy production in the mitochondria, mitochondrial biogenesis, but also redox balance, inflammation and intestinal barrier function in different types of cells (Figure 2; article 6; Clark & Mach, 2017; https://hal.inrae.fr/hal-01604194, OA). This review showed recent evidence of bidirectional interaction between mitochondria and gut microbiota. The gut microbiota has been shown to regulate critical transcriptional co-activators, transcription factors and enzymes involved in mitochondrial biogenesis, such as PGC-1α, SIRT1, and AMPK genes. Furthermore, the gut microbiota and its metabolites also contribute to host energy production, reactive oxygen species (ROS) modulation and inflammation in the gut by attenuating TNFα-mediated immune responses and inflammasomes such as NLRP3 (Figure 2).

On the other hand, mitochondria ROS production has a crucial role in regulating the gut microbiota via modulating intestinal barrier function and mucosal immune responses. Recently, it has also been shown that genetic variants within the mitochondrial genome could also affect mitochondrial function and intestinal microbiota composition and activity (Figure 2). To understand the crosstalk between mitochondria and gut microbiota in our athlete's cohort, I performed a three-pronged association study, connecting horse gut microbiota with untargeted serum metabolome and transcriptome data in the context of endurance (article 7; Mach et al., 2021; https://hal.inrae.fr/hal-03197210, OA). In doing so, we sought to identify how nuclear and mitochondrial transcriptomes coordinate and how gut microbiota and circulating metabolites can dynamically modulate this process. By characterising the whole blood transcriptome, metabolome, faecal microbiota and SCFAs of 20 elite horses of our cohort, we aimed to provide a functional readout of microbial activity and improve our understanding of the gut microbiota-mitochondria axis during prolonged exercise. Intriguingly, a subset of mitochondria-related differentially expressed genes involved in pathways such as energy metabolism, oxidative stress and inflammation was discovered and then shown to be associated with butyrate-producing bacteria of the Lachnospiraceae family, especially Eubacterium. The mechanisms involved were not fully understood, but the action of their metabolites likely acted on PPARc, the FRX-CREB axis and their downstream targets to delay the onset of hypoglycemia and inflammation and extend the running time. In agreement, the DIABLO framework from mixOmics [START_REF] Singh | An integrative approach for identifying key molecular drivers from multi-omics assays[END_REF] highlighted that the mitochondrial-related genes showed high levels of covariation with the faecal microbiota (r 2 > 0. 91, Fig 3a). A more fine-grained view of this biological system was then obtained by focusing on pairwise correlations between variables. The first component of the DIABLO analysis highlighted a significant link between a subset of 45 mitochondrial-related genes (all encoded by the nuclear genome) and four gut taxa (e.g., the genus Mogibacterium, the species Eubacterium coprostanoligenes and the groups Rikenellaceae RC9 and Ruminococcaceae NK4A214). A link to blood metabolites related to energy supply (e.g., methyl groups of fatty acids and choline-containing compounds) and metabolites related to the TCA cycle, such as glutamine, glutamate, and α-glucose was also unveiled (Fig 3b,c). Moreover, mitochondrial-related genes co-occurred with pronounced variations of microbiota-derived metabolites, including faecal acetate and valerate, and plasmatic concentrations of TMAO, dimethyl sulfone, and formate. Our results also suggested that circulating free fatty acids may act as fuel and drive mitochondrial inflammatory responses triggered by the translocation of gut bacterial polysaccharides following endurance (article 7; Mach et al., 2021; https://hal.inrae.fr/ hal-03197210, OA). Although these recent findings suggest that gut microbial metabolites in endurance horses regulate mitochondrial function by preventing hypoglycemia, which is the limiting factor for fatigue onset and, thus, athletic performance, if and how gut microbiome functions are responsible for better adaptations to resist fatigue and succeed in athletic performances were unresolved, hence, I was fronting up the challenge of sequencing everything in the gut to address this knowledge gap (article 8, Mach et al., 2022; https:// hal.inrae.fr/hal-03794437, OA). Known as shotgun sequencing, this technique provides more detailed insights than 16S rRNA gene sequencing -microorganisms can be distinguished beyond even their species right down to the strain, and we can more easily characterise their potential functions on the bases of known genes. Whole metagenome shotgun sequencing assures non-amplification bias and unbiased estimation of taxonomic profiles [START_REF] Singh | An integrative approach for identifying key molecular drivers from multi-omics assays[END_REF] . Based on this metagenomic data, we built an extensive gene catalogue of the gut microbiome in endurance horses of the EcaOmic cohort. This expands the current representation of the equine gut microbiome with more than 25 million non-redundant genes! This microbial gene catalogue has widened 20-fold the number of genera known to reside in the gastrointestinal tract of horses [START_REF] Mach | Priming for welfare: gut microbiota is associated with equitation conditions and behavior in horse athletes[END_REF][START_REF] Steelman | Pyrosequencing of 16S rRNA genes in fecal samples reveals high diversity of hindgut microflora in horses and potential links to chronic laminitis[END_REF][100][101][102][103] , uncovering a substantial number of bacteria (n = 2,927), archaea (n = 174), and Eukaryota (n = 1,081). This catalogue also captured a wide array of functions related to complex carbohydrate fermentation and functional capacities that enabled more energy extraction from dietary, microbial, and host resources, which likely provided a performance advantage for athletes (Figure 4a). For example, genes encoding enzymes for glycosidic-bond cleavage (GHs and PLs) represented the majority (67%) of the CAZyme genes, highlighting the indispensable role of gut microorganisms in glycan metabolism (Figure 4b). Intriguingly, 6.38% of GHs and PLs were involved selectively in cleaving endogenous host-related glycosylated proteins and glycans 104 . It is yet unclear whether these CAZymes correspond simply to the peptidoglycan-processing machinery required for bacterial cell growth and division or whether peptidoglycan and highly glycosylated proteins represent a significant carbon source for some bacteria or the host after being transformed to acetate 105 . Additionally, we have identified 57 clusters of antimicrobial resistance (AMR) genes representing the major antibiotic classes, including tetracycline (n = 20), aminoglycosides (n = 20) and macrolides, lincosamides, and streptogramins (MLS, n = 9; Figure 4c). The strong representation of Firmicutes and Bacteroidetes-associated tetracyclines resistance genes (tet(W), tet(Q), tet(O), tet (40)) and MLS resistance genes (lnu (C) and mef(A)) mirrored past observations in horses 106 and matched that found in humans 107 , and livestock species such as cattle, pig, and chicken [108][109][110] . Lastly, we reported a set of 372 MAGs (figure 4d-f). The number of microbial genes and MAGs will likely increase as more samples are analysed, as seen in equids 101,103 and other livestock gut metagenomes [111][112][113][114] . Nonetheless, the present metagenomic genes and MAGs repertoire are a step forward in explaining the composition and function of the horse gut microbiome, especially in the context of endurance exercise.

Then, each data type was linked to tie together the gut phylotypes with the horse performances until a complete top-level method was formed. The ordination analysis of the dominant microbial phylotypes (Figure 5a) yielded two distinct clusters of samples that recapitulated variation along the first axis (non-metric multidimensional scaling (NMDS), Bray-Curtis distances; Figure 5b). Cluster1 individuals (n = 3 horses) exhibited higher a-diversity despite the small sample size (Shannon and inverse Simpson indices; p = 0.0134 for both, two-sided Wilcoxon rank-sum test, Figure 5c-d). We then investigated which microbial taxa underpinned each cluster. Cluster 1 mainly included the enrichment of many poorly-characterized taxa (n = 318; IQR: 2.90e -04 -1.16e -04 ; Figure 5e-f) that encompassed Proteobacteria (n = 132), Actinobacteria (n = 49), Verrucomicrobia (n = 17), Planctomycetes (n =17), and Cyanobacteria (n = 7). Methanogens previously described in the bovine rumen 115,116 -including those belonging to the Methanomicrobiales (Methanothrix), Methanobacteriales (Methanosphaera, Methanobacterium, Methanothermobacter), and Thermococcales (Thermococcus) orders -were also more abundant in that cluster. In contrast to the overwhelming diversity observed in cluster 1, a dwarfed biodiversity defined cluster 2 that assembled around highly efficient fibre degraders (members from the Lachnospiraceae taxa: Anaerostipes, Butyrivibrio, Blautia, Coprococcus, Dorea, Eubacterium, Hespellia Lachnospira, Oribacterium, Roseburia, and L-Ruminococcus) and downstream users of degradation products (Prevotella, and Treponema) 116 . Remarkedly, the holo-omics data integration from the host and microbiome domains showed that gut microbiome composition, functions, and mitochondria activity were critical determinants for cardiovascular fitness (Figure 5). Cardiovascular fitness -a composite variable of post-exercise heart rate, cardiac recovery time, and average speed during the race -was the primary driver of the overall structural variation of the gut metagenome (envfit, R 2 = 0.9192, adjusted p = 0.005). This cardiovascular composite parameter aggregated 39.64% of faecal microbiome community variation (Figure 5g-h). Horses from cluster 1 had significantly higher cardiovascular fitness than cluster 2 members (p = 0.048, two-sided Wilcoxon rank-sum test, Figure 5i). That did not increase blood lactate concentration (p = 0.921, two-sided Wilcoxon rank-sum test), a proxy for glycolytic stress and disturbance in cellular homeostasis 117 . tet (32) tet( 44) tet(S) tet( 33) tet( 39) tet( 45 Therefore, fitness was associated with greater microbial diversity! We found a clear separation between fit and non-fit athletes regarding gene function, including differences in carbohydrate metabolism, glycan catabolism and amino-acid synthesis. Highly diverse microbiomes, enriched in relatively poorly-described genera and their pool of genetic resources, likely regulate metabolic pathways to fine-tune mitochondrial function and enhance cardiovascular capacity. On the contrary, microbial communities with reduced diversity but a higher abundance of core taxa from the Lachnospiraceae family were associated with poorer performance (Figure 6). With just 11 runners, the sample size was limited, but we also replicated the finding in an independent cohort of elite runners using 16S rRNA sequencing. Notably, combining all available data from the host, the microbiome and the gut environment, we found an interesting association between the athlete's cardiovascular capacity and the microbiome composition and function-the greater the microbiome diversity in the gut, the greater the ability to win the race.
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This holistic study illustrates the power of shotgun sequencing for assembling the puzzle of microbiome function and paves the way to confirm the role mitochondrial function and cardiovascular capacity have on reducing muscle fatigue and running time. A big issue now is drawing causation from this observational study. We need some longitudinal and, importantly, experimental work. Nevertheless, this work encourages translating the information of the "fittest" athletes into nutritional modalities that could benefit the masses. In light of these findings, dietary interventions to reduce Lachnospiraceae taxa like Dorea and L-Ruminococcus while creating more space for non-core species will likely be required to increase microbiome diversity, functional plasticity, and athletic performance. Dietary changes can promote swift changes in Lachnospiraceae abundance [START_REF] Steelman | Pyrosequencing of 16S rRNA genes in fecal samples reveals high diversity of hindgut microflora in horses and potential links to chronic laminitis[END_REF] This project has traced the path of my travel across disciplines. It has been an integration odyssey in which I have studied different biological systems, including horses, bacteria, fungi, archaea, protozoa and omic host layers. This work illustrates how much working in the field was helpful for prediction and a powerful tool to formalise knowledge and generate and test hypotheses that are difficult to evaluate experimentally-recruiting elite athletes in the area provided high-quality data to facilitate the quantitative and qualitative description of the hologenome dynamics. However, the complexity underlying the exercise response in such athletes would have been impossible to decipher alone. It is here where interdisciplinary science has metamorphosed from words into action, and I have collaborated with brilliant people worldwide and motivated peers. Microbiota-derived byproducts likely mediated the intertwined communication between mitochondria and gut microbiota. Among the SCFA, butyrate appeared as a critical regulator of mitochondrial energy production and oxidative stress. Increased lactate and urea concentrations upon prolonged exercise likely entered the gut lumen and were transformed into SCFA. It is also suggested that circulating free fatty acids participated in the mitochondrial regulation of the inflammatory processes elicited by oxidative stress, microbial dissemination and microbial lipopolysaccharides translocation outside the gastrointestinal tract, as often occurs in endurance athletes. Whether these mechanisms confer an advantage for endurance performance remains still speculative. Still, results suggest that gut-microbiota crosstalk is pivotal for greater energy availability, aerobic metabolism, glycogen preservation, fatigue resistance, and maintaining speed during the race. T his axis is the core of the Michel Boisseau PhD program (2019-2022), which I co- supervised with Guillaume Sallé under the title: "Résilience des communautés de cyathostomes et du microbiote digestif du cheval au traitement anthelminthique". This axis of study has been a long and rich scientific adventure that started with the help of Allison Clark, my master's student at the Open University of Catalonia (Spain). David Bars, a Postdoc, was also enrolled in this topic on 2020 to help with the metagenomic analysis. This research topic continues nowadays through a new line of study on our team agenda and the Joshua Malsa PhD thesis supervised by Guillaume Sallé and Geraldine Fleurance, dedicated to analysing nutraceuticals with anthelmintic properties on the gut ecosystem.

T H E G U T I S B I G E N O U G H F O R B O T H O F U S : H E L M I N T H -M I C R O B I O T A I N T E R A C T I O N S I N H O R S E
The mentoring trajectory with my students is reflected as follows: S trongylosis is one of the most critical internal parasitic diseases of equines caused by gastrointestinal nematodes that constitute one of the main threats to horses' health and welfare 120 . They affect more than 80% of equids worldwide and are responsible for morbidity and up to 50% of mortality 121 . Equid strongyles encompass a diverse fauna of 14 Strongylinae and 50 Cyathostominae described species 122 . Contrary to the large strongyles, cyathostomins cause mild disease symptoms, which make them challenging to diagnose 123,124 .

Consequently, they are considered the most important parasite of horses in economic losses and pathology 125 . If up to 26 species have been identified sharing the same host 126 , usually up to 5-10 species can colonise the same host at 124 . The release of modern anthelmintics has drastically reduced the prevalence of Strongylus 127 . However, treatment failure against cyathostomins has been found on many occasions across every continent for all drug classes currently available 127 .

Factors contributing most to the selection of drug-resistant cyathostomin populations in equids remain uncertain. However, significant and heritable between-horse variation in strongylid egg excretion has been reported in domestic horses 124,128 . These observations hence suggest that some horses can limit parasite egg production, the mechanisms of which remain to be uncovered but likely apply to two broad categories, e.g., reduction of overall worm burden, reduction of worm fertility, or changes in the gut environment (e.g., immune system or microbiome composition and function).

New approaches need to be considered and developed to improve strongyles management taking into account the tryptic system involved in the parasite's success, e.g., hosts, parasite and gut environment 120,129 . Identifying gut microbiota perturbations associated with strongyle infection could suggest novel mitigation strategies based on tuning bacterial communities.

Gastrointestinal parasites and their host gut microbiota form a complex ecological system 130 , harbouring direct 131 and indirect interactions mediated by modulation of the host immune system 132 . Observations to date have shown diverse degrees of gut microbiota perturbations to helminth infection in humans 133 , wild animal populations 134135 , species of veterinary interest like pigs 136136,137 , ruminants , cats 142 , horses [118][119][120] , and laboratory animals . Across studies, gastrointestinal parasites are generally responsible for mild effects on bacterial composition and diversity, with little evidence of dysbiosis. Nevertheless, the dynamic interactions between equine strongyle infection, the gut microbiota and host physiology across the parasite life cycle inside the horse's guts remain unknown in horses.

To that end, I collaborated with Guillaume Sallé at INRAE Tours (UMR1282 ISP, Université de Tours). By pooling techniques, skills and resources, we have constructed a rich and long history of collaboration. Moreover, we decided to co-direct Michel Boisseau, our first PhD student, to decipher the genomic and metagenomic approaches for the sustainable management of cyathostomins in horses. Before Michel's thesis, however, I mentored Allison Clark, a master's student from the Open University of Catalonia. With Allison and Guillaume, we selected two groups of 10 Welsh ponies with increased resistance/susceptibility to strongylosis based on their faecal egg counts (FEC) history to guide the development of new microbiota-based control strategies. As such, horse resistance to strongylid disease is defined as the ability to control the strongyle life cycle. This divergence was sustained across a 10-year time window. We first monitored gut microbiota profiles, FEC, blood cell populations and biochemical parameters over a grazing season (article 9, Clark, Sallé et al., 2018; https://dx.doi.org/10.3389/ fphys.2018.00272, https://hal.inrae.fr/hal-02625557, OA ) [START_REF] Clark | Strongyle Infection and Gut Microbiota: Profiling of Resistant and Susceptible Horses Over a Grazing Season[END_REF] .

Our selection procedure effectively selected individuals with divergent susceptibility toward strongylid infection (twice as many eggs susceptible as in resistant ponies by the end of the trial). Analysis of blood parameters revealed limited modifications associated with strongyle infection. Nonetheless, we found that resistant ponies exhibited a reduced lymphocyte-to-monocyte ratio throughout the study period and higher eosinophil counts by the end of the trial. After exposure to natural infection, the resistant ponies showed lower FEC after 92 and 132 grazing days and maintained higher levels of circulating monocytes and eosinophils, while lymphocytosis persisted in susceptible ponies. Although the overall gut microbiota diversity and structure remained similar in all individuals, parasite-susceptible ponies exhibited a reduction in butyrate-producing bacteria such as Ruminococcus, Clostridium XIVa and members of the Lachnospiraceae family, which could have contributed to intestinal inflammation. In line with this hypothesis, an increase in pathobionts such as Pseudomonas and Campylobacter together with changes in several predicted immunological pathways, including pathogen sensing, lipid metabolism, and activation of signal transduction that are critical for the regulation of the immune system and energy homeostasis were observed in susceptible relative to resistant counterparts. Moreover, susceptible individuals displayed increased ciliate protozoan concentrations at day 92, suggesting that strongyles and protozoa may contribute to each other's success in the equine intestines. It could also be that susceptible individuals favour the increase of these carbohydrate-degrading microorganisms to enhance the supply of nutrients needed to fight strongyle infection. On the other hand, butyrate-producing bacteria such as members of Ruminococcus, Clostridium XIVa and Lachnospiraceae family were depleted in susceptible ponies but enriched in resistant animals, suggesting a possible effect of nbutyrate on the protection of inflammation in resistant animals. Because butyrate is a potent inflammation inhibitor, it is suggested that susceptible ponies are prone to gut inflammation because of the altered abundance of butyrate-producing bacteria (Figure 1).

To better understand the mechanisms underpinning the relationship between equines and natural strongyle infection, we combined metabolomic profiles with faecal microbiota in parasitised horses (article 10; Sallé et al., 2021; https://dx.doi.org/ 10.1038/s41598-021-93468-2, https://hal.inrae.fr/hal-03284457, OA; 151 ). Notably, our analyses identified the concomitant rise in plasma phenylalanine level and faecal Prevotella abundance and the reduction in circulating monocyte counts as biomarkers of the need for drug treatment (egg excretion above 200 eggs/g). This biological signal was replicated in other independent populations. We also unravelled an immunometabolic network encompassing plasma beta-hydroxybutyrate level, short-chain fatty acid-producing bacteria and circulating neutrophils that form the discriminant baseline between susceptible and resistant individuals. Altogether our observations opened new perspectives on the susceptibility of equids to strongylid infection and left scope for both new biomarkers of disease and nutritional intervention.

Still, these patterns of microbial shifts under parasite infection did not reflect the dynamics and the qualitative nature of the interactions between species [152][153][154] . The characterisation of the interactions between microbial and parasite species in helminthinfected hosts is largely unknown. Evidence for direct interactions between helminth and gut microbial species mainly bear on the reciprocal feedback between Lactobacillaceae and Heligmosomoides polygyrus 155 Lactobacillaceae or Trichuris muris in mice or the need for gut microbiota attachment to Trichuris muris egg caps for triggering worm hatching 131 . Additionally, the longitudinal monitoring of the nemabiome-gut microbiota ecosystem combined with methodological developments to account for non-linear trajectories and isolate direct species interactions remain scant. (a) A set of 20 female ponies [10 susceptible (S) and ten resistant (R) to strongylosis] were selected based on their faecal egg counts history during previous pasture seasons. Longitudinal monitoring of the parasitism level in each animal was performed through five-time points from June to October. Faecal samples were collected from all ponies 0, 24, 43, 92, and 132 days after the beginning of the grazing season to carry out faecal egg counts, pH measurements, and microbiota profiling. Blood samples were taken at the same time points to analyse biochemical and haematological parameters. Body weight (BW) was also recorded at the same time points; (b) Parasite infection induced alterations in bacterial-anaerobic fungal-protozoal inter-kingdom, increasing the abundance of Paludibacter, Campylobacter, Bacillus, Pseudomonas, Clostridium III, Acetivibrio and the overall concentrations of anaerobic fungi, protozoa and parasite egg counts in the faeces. On the other hand, butyrate-producing bacteria such as members of Ruminococcus, Clostridium XIVa and Lachnospiraceae family were depleted in susceptible ponies but enriched in resistant animals, suggesting a possible effect of n-butyrate on the protection of inflammation in resistant animals. Because butyrate is a potent inflammation inhibitor, it is suggested that susceptible ponies are prone to gut inflammation because of the altered abundance of butyrate-producing bacteria.

In addition to longitudinal observations, system disturbance, e.g. following drug treatment targeting the parasite, offers a complementary strategy to unravel species interactions in the gut ecosystem 145,156 .

Altogether, the nature of the interactions between the gut microbiota and helminth species remains largely unresolved. Understanding the source and consequences of dynamic variation in the host-parasite-microbiota ecosystem and how this complex system's stability is of particular interest to guiding and evolving control strategies in the medical and veterinary settings. This hypothesis was tested during Michel's Boisseau doctoral program. Together, we aimed to bridge this knowledge gap with longitudinal monitoring of the equine gut microbiota and parasite communities after parasite removal and reappearance. To start with, we developed a nemabiome metabarcoding approach, a convenient tool to quantify and identify species in bulk samples that could overcome cyathostomin morphological identification's hurdle. This approach relied on the internal transcribed spacer 2 (ITS-2) rDNA barcode and a newly developed COX1 gene barcode (Courtot, Boisseau et al., 2022; https://dx.doi.org/10.1101/2022.07.22.501098, https:// hal.inrae.fr/hal-03767915, OA). Then, using 40 naturally infected Welsh ponies maintained under controlled facilities during a 42-day trial, we explored the ecological resilience of both communities to parasite removal and re-appearance (Figure 2).

Contrasting records from before and after anthelmintic treatment, we quantified compositional and interaction strength variations in the gut microbiota and nemabiome community while accounting for the host response using whole blood transcriptomic data. Infected ponies harboured 14 species of cyathostomins, overwhelmed by the abundance of Cylicocyclus nassatus. Parasite carriers exhibited gut environment modifications, higher Shannon entropy and orderly rearrangements of prokaryotic assemblages, with protective Clostridia species contributing to the successional nemabiome-microbiota crosstalk. Nevertheless, the gut ecosystem was remarkably stable, and the host systemic response defined enrichment for B-cell activation and IgA production without corresponding changes in parasite burdens. Therefore, Clostridia likely reduced temporal instability between the microbiota-parasite-host triad and favoured parasite tolerance (Article 11; Boisseau et al., 2022; https://dx.doi.org/ 10.21203/rs.3.rs-1955749/v1, https://hal.inrae.fr/hal-03767875, OA).

However, this ecosystem stability was disrupted by the anthelmintic treatment (pyrantel) and parasite removal, with dire early consequences on the gut environment, microbiota diversity, and cytokine networks. Moreover, there was a detrimental effect of cyathostomin burdens on Enterococcus spp (Figure 3). Precisely, parasite removal in the high shedders furthered the sharpest reduction in faecal pH 24h post-treatment (pH difference = -0.28; P = 0.0538, Figure 3a). This was coupled with acute disbalance of the gut microbiota β-diversity in HIGH-TRT individuals and significant changes from the original state from 18 to 24 h post-treatment when the host expelled the worms (Dunn test of mean Bray Curtis distance within time points, adj P = 3.14 e -05 ; Figure 3b). Accordingly, a skewed decrease in nestedness (β NEST = 0.027 ± 0.03; GLM; P = 0.00154) and microbial richness (GLM; P = 0.0012) was observed at 18h post-treatment. Additionally, parasite removal had slight but noticeable effects on the host blood transcriptomic response. The top 5% of most treatment-affected genes in high-shedders defined significant enrichment for interferon-related pathways, IL-27 signalling pathways, 57 and nucleotide-binding oligomerisation domain (NOD) ligand-associated signalling, resulting in highly selective recognition and reactivity pattern in response to invasion. Altogether, these observations suggest that pyrantel treatment per se had little effect on the gut microbiota or the host response. Still, parasite removal significantly disturbed the gut ecosystem, with slight but noticeable changes in the host blood transcriptome.

Figure 2 -Experimental design

The experimental cohort comprised 40 female Welsh ponies divided into four subgroups. The "HIGH-CTL" group corresponds to the high shedders and untreated ponies, while the "HIGH-TRT" group corresponds to the high shedders treated with pyrantel. The "LOW-CTL" group corresponds to the worm-free and untreated ponies, while the "LOW-TRT" group corresponds to the non-high shedders treated group. Sampling started on day 0 (before treatment with pyrantel) and ended on day 42 post-treatment. The validation cohort included faecal microbiota profiles from four independently published studies. The four studies were Clark [START_REF] Clark | Strongyle Infection and Gut Microbiota: Profiling of Resistant and Susceptible Horses Over a Grazing Season[END_REF] Following the antihelmintic treatment, the gut microbiota composition rebounded to baseline level 48h after pyrantel treatment (Figure 3c). As specific examples, Treponema, Cellulosilyticum, and Eubacterium ruminantium genera sharply decreased by day one but recovered by day three, showing a solid resilience along the timeline (MaAsLin, adj P = 0.04584). On the parasite side, the first available nemabiome data were produced for two individuals at 28-and 35-days post-treatment. On both occasions, C. nassatus, C. minutus and C. coronatus represented more than 95% of total abundance, although a more diverse combination (C. nassatus, 68.9%; C. longibursatus, 8.3%; C. minutus, 6.5%; C. coronatus, 3.8%, and C. pateratum, 3.2%) was found in one pony at day 35. After 42 days, pyrantel treatment reduced cyathostomin Simpson's index (Wilcoxon's test = 30, P = 0.048) but not Shannon's index (Wilcoxon's test = 29, P = 0.07), suggestive of an effect bearing on the most dominant taxa. In line with this, differential species count modelling found a significant reduction in C. longibursatus abundance (4 th most abundant species) upon treatment (Wald test = -3.01, adj P = 0.038). This latter observation underscored the cyathostomin community resilience to the therapy (despite short-term pyrantel efficacy), as suggested by its non-significant effects on the β-diversity (F 1,20 = 2.92, adj P = 0.11, R 2 = 0.21 for Jaccard distance; F 1,20 = 1.64, adj P = 0.43 and R 2 = 0.07 for Bray Curtis dissimilarity).

We then sought to identify the bacterial members most affected by parasite re-emergence. The abundance of Enterococcus spp -represented by members of the E. asini (54.37%), E. mediterraneensis (38.23%) and E. casseliflavus (7.36%) -was lower in the high-shedders before treatment (Figure 3d); β HIGH = -0.99 ± 0.3, P = 0.001; MaAsLin, adj P = 0.0458; AUROC = 0. 6230 and recall of 73.84%). Following worm re-emergence, this rare genus was significantly disfavoured in the treated high-shedders (β After treatment x Treated x HIGH = -2.62 ± 0.69, P = 9.80 e -06 ; Fig 3d). Inspection of pairwise relationships with a multispatial convergent cross-mapping approach found evidence of C. pateratum directly forcing this genus in the treated ponies (P = 0.07; Figure 3e).

In sum, both ecological communities were highly resilient to disturbance and recovered their pre-treatment compositions, except for Cylicostephanus longibursatus in the parasite community. However, gut microbiotas failed to restore their original stability. They shifted towards an interacting unstable state, with transient coexistence between Clostridia and core bacterial taxa, e.g. Fibrobacter and Prevotella, evoking their crucial role as stabilising forces for this new equilibrium.

Overall, this study highlighted the detrimental effect of cyathostomin infection on Enterococcus spp. Moreover, it delineated the putative protective role of Clostridia and core taxa (e.g., gatekeepers) to cascade the community stability and host immune tolerance towards cyathostomins. This does raise the controversial question of whether it is necessarily beneficial to eradicate all helminths. While it is true that parasitic infections can have negative impacts on horse health, with subsequent detrimental effects on performance, low-level infections can be relatively benign. Indeed, helminth infections can positively influence host health and microbiota and protect against autoimmune disease (hygiene hypothesis 157 ). It also revealed a microbial community that bent with global rearrangements after pyrantel treatment yet exhibited resilience but shifted towards another interacting and unstable state through which the abundance of coinfecting parasite strains influenced the assemblage. Therefore, to retain the benefits to microbiota associated with low levels of helminth infection, antihelmintic treatment should target just those individuals showing morbidity associated with the disease (although this would require ethical considerations). A more comprehensive field study and more profound functional resolution of the host-gut microbiota-parasite system will be essential to anticipate how this drug-defined equilibrium may affect functional redundancy in the bacterial community and the assembly of the parasite community on To display differences between group series, the ribbon was filled with red colour when the max in HIGH-CTL was higher than the min in HIGH-TRT, and in cyan colour when the maximum in HIGH-TRT was higher than the min in HIGH-CTL; (b) Dendrogram plot based on the within-time and between time dissimilarities in the HIGH-TRT group. The leaf segment is reversed if some time points are more heterogeneous than the combined time class. The horizontal line is drawn at the level of mean between-time dissimilarity, and vertical lines connect within-time dissimilarities to this line; (c) NMDS ordination analysis (Bray-Curtis distance) of the ASV composition in HIGH_CTL (violet), and HIGH_TRT (red) samples across the time points; (d) Enterococcus count distribution in the untreated (CTL) and treated (TRT) low-and highshedders. Boxplots are coloured according to whether counts were measured before (grey or blue) or after (red or yellow) significant parasite reappearance period (28 days after pyrantel treatment); (e) Trajectory of Enterococcus and Cyathostomum pateratum in the infected untreated and treated ponies. ( Boisseau et al., 2022; https://dx.doi.org/ 10.21203/rs.3.rs-1955749/v1, https://hal.inrae.fr/hal-03767875, OA).

Although studies on gut bacteria have shed light on this community's interactions, other gut biome components, such as the virome and macrobiota, should be given more attention to truly understand the gut ecosystem dynamics. Research into parasite-gut microbiota associations in veterinary species is in its early stages, and it remains to be established how the host's microbiome and pathogen interact and communicate, how any of such interaction impacts the host immune response, the pathogen resistance and the host performance. The ability of parasites to influence host response and to dictate disease outcomes of co-infections is also an active area of research in veterinary science, and it is more complex than previously thought.

To complement this research topic, we explored how bioactive plant compounds with antihelmintic properties could affect the gut ecosystem. Some dietary compounds, such as tannins, have anthelmintic properties and can decrease nematode abundances and faecal egg counts 158 . The anthelmintic effect of tannins has been attributed to their proteinbinding properties. Tannins may limit the protein available for helminth nutrition or bind to the helminth larvae cuticle, both of which can lead to helminth death 158 . Among tannin-rich plants, sainfoin (Onobrychis viciifolia) is often used as a model 159 . Very recently, Joshua Malsa, a PhD student that will follow very soon, demonstrated how bioactive forages like sainfoin (Onobrychis viciifolia) could contribute to reducing antihelmintic drug use 160 . Precisely, he established a significantly lower increase in larval development rate was observed for the sainfoin group at the end of trial 160 . Whether the consumption of tannins will have a rapid and reproducible effect on the gut microbiome and, in turn, affect the horse resistance to helminths or affect the microbiota-helminths interactions needs to be yet tested. Going further, together with Joshua Malsa and Guillaume Sallé, we will determine if using a tannin-rich diet to treat helminth infection could avoid some negative impacts associated with treating the disease with anthelmintics (e.g., dynamic instability of the gut ecosystem).

Moreover, we will investigate how these plant extracts interact with the horse's immune system. A breakdown of these vast research questions will identify several vital components forming my nearest future research activities. The comprehensive nature of this approach will range from community to the molecular level, considering the parasite and microbiota species life-cycle continuum and environmental stressors.

O U T L O O K O F A 8 -Y E A R P A T H 5 | OUTLOOK OF A 8-YEAR PATH
T his manuscript has traced my scientific path during the last 8-years. The travel has been a pilgrimage involving degrees in odd fields, interdisciplinary research projects across different topics, success in pursuing research outside the comfort zone, and studying biological systems that largely contribute to science. I have provided an overview of my past research activities at the interface of animal physiology, ethology, nutrition, data integration, bioinformatics, biostatistics, microbiology and parasitology. Building on my multidisciplinarity background, I have explored biotic (parasites) and abiotic factors (related to human management practices) underpinning the composition and function of the gut microbiota in horses. I have proposed novel management strategies to improve their health and welfare and a novel antihelmintic approach less reliant on drug administration. I have demonstrated the importance of the holobiomethe host, the symbiotic microbial communities, and their genomes -in regulating host homeostasis and disease onset. The results have been organised into IV chapters around my scientific representative axes. The evolution of the work described here reflects the increased availability of quantitative data characterising host and microorganism phenotypes at multiple levels of the organisation. As discussed in each chapter, the work has been carried out in the context of several research projects in collaboration with peers in France and abroad. Additional research activities not discussed in this manuscript relate to past and current partnerships with Alessio Checcinato from Padova University and Eric Barrey, my team leader at Jouy en Josas.

I always felt the need to use whatever influence I had to help my peers and trust that my peers would do the same. What is this story about? Next to science, I have devoted hours of my working week to mentoring students. I have trained more than 40 Master's students, providing them with constructive feedback, research project guidance and professional contacts. Next to Master's students, since 2020, I have followed 4 PhD students (Alice Ruet, David Bars, Francesca Massacci and Vittoria Bisutti), and I have supervised Michel Boisseau as a PhD student and David Bars as a postdoc. I have put much energy into instilling a sense of responsibility in all of them. I like them to work out how to manage their time and take ownership of the results. I have taught students how to present scientific results using visuals. Images and graphs can be compelling, it effortlessly communicates. I provide means for them to think more critically about things, improve their computation scale, writing skills, or soft skills, and enjoy it along the way. Armed with academic knowledge and enthusiasm, I have always offered professional advice and helped my students to publish their articles in highly recognised and opensource journals and to divulge science into society. Being a mentor of these Master's and PhD students has been one of the most personally satisfying roles I have ever held. Additionally, I have had the opportunity to develop my scientific knowledge through exposure to different disciplines and the expertise and opinions of my peers. The latter has been enhanced by being a member of Scientific Reports and Veterinary Quarterly editorial board journals, where interactions with authors, reviewers and fellow board members raise interdisciplinarity.

Thanks to those research activities and the complementary scientific outputs not described here, the Equine Integrative Biology and Genetics team (INRAE, Jouy en Josas) is today an internationally leading group in horse metagenome research. For a "successful" story like this, many would have made the rational choice not to shift towards areas outside this core expertise. I spent so much effort trying to find my "own area of expertise" and "international recognition" that it was easy to stick to the past instead of trying new paths and less-fulfilling security of 'productivity'. However, this was not the case. In hindsight, I wanted new challenges on my scientific road and to do more for livestock, society and the planet. I tried to carry out science dedicated more to life, humans and the Earth. Therefore, I decided to change my research topics and enrich my scientific path with new peers and perspectives by applying for the INRAE mobility program, which offers many opportunities to evolve in missions and take up new challenges. Nonetheless, I close my "horse chapter", knowing that the work I have carried out is at the forefront of equine microbiota research and will help improve welfare and health while refining training techniques, dietary management, and housing during competition and rest.

During these last eight years, I experienced wonder, awe and beauty in my work, bringing high satisfaction levels.

I

n April 2021, I joined the host-pathogen interaction (IHAP) unit at the Health Department at INRAE to explore questions that had more significant potential than my original focus and are more relevant to animals, society and the environment. Mainly, IHAP offered me to bring nuance to the hologenomic approach by combining the airway and gut microbiomes, as well as their functions, while expanding the knowledge of the ecological mechanisms underlying the onset of respiratory infections in livestock, a relevant issue for animal health and welfare, as well as public health, and the planet.

The increase in the prevalence of respiratory disorders in farm and companion animals has reached epidemic statistical levels in wealthy countries that generate a greater need to monitor and control their impact on morbidity and mortality. The increasing demands for livestock products coupled with the intensification of marked-oriented systems in many countries, climate change, ecology incursion, and movements of people, animals and products increase the risk of respiratory disease development worldwide 161 . The global burden of respiratory infections in species of veterinary interest includes high treatment costs, premature mortality, loss of productivity, and severe consequences for public health and the environment [161][162][163] . Because domestic animals are regularly and increasingly in close contact with humans, one of the most relevant research questions is to understand the contribution of the pathogen, the host and the environment in promoting infectious diseases in animals and, occasionally, in allowing transmission of zoonotic pathogens to humans 164 .

The importance of the holobiome -the host, the symbiotic microbial communities, and their genomes-in preventing pathogens from establishing an infection on the mucosal surface and spreading to the lungs is still poorly understood. The commensal airway microbiota likely inhibits pathogen colonisation through direct elimination or indirect suppression, thereby acting as a gatekeeper that provides resistance to infection and transmission 165,166 . Disorders in the respiratory tract are compatible with a "ménage à quatre" situation, as they depend on the intricate interactions between the pathogen(s), multiple symbionts of the respiratory tract, the host response and the environmental conditions.

Research into virus-microbiota associations in these veterinary species is in its early stages, and it remains to be established how the host's microbiome and pathogen interact and communicate, how any such interaction impacts the host immune response to both natural infections and vaccines, on the pathogen resistance and the production performance. The ability of respiratory viruses to influence host response and to dictate disease outcomes of co-infections is also an active area of research in veterinary sciences, and it is more complex than previously thought 167 . An ever-expanding field is now positing that the gut microbiota-derived metabolites could be vital molecular mediators of the microbiota-gut-lung axis and affect the onset of respiratory diseases.

The diversity of animal physiologies and the complexity of environmental factors likely influencing respiratory bacterial communities remains challenging to uncover the most critical causal interactions. However, there is evidence supporting the existence of an interplay between respiratory pathogens, commensal microbiota, host and environment in the respiratory apparatus of domestic animals (article 12; Mach et al., 2021; https:// 68 hal.inrae.fr/hal-03228289, OA). The sterility of the airways has been rejected. The mechanisms behind lung colonisation in the different species have started to be explored, as well as the microbial communities occupying the various niches in the airways. Nevertheless, nothing is known about the role eukaryotes, archaea and phages play in the respiratory tract of domestic animals.

Before starting my new research field, I reviewed whether the airway microbiota act as a gatekeeper that provides resistance to pathogen colonisation, thus ensuring resiliency, health, and improved performance in domestic animals. Moreover, I offered an overview of the covariation between airway microbiota 168 and host and environmental factors within and between species 169,170 . We suggested potential applications of this knowledge in veterinary medicine (Figure 1). The exploration of the relationships between respiratory pathogens, hosts and respiratory microbiota in domestic animals is timely and novel! Slowly but steadily, I have started to extend my network in this new area of research. To begin, I will create phylogenomic cartography of Mycoplasmas with my new team members (Christine Citti, Eric Baranowski and Xavier Nouvel). There are more than 100 well-described species, many of which are pathogenic for humans and a wide range of domestic and wild animals 171 . Nevertheless, the spectrum of Mycoplasma species still needs to be understood because they are fastidious in detecting, cultivating and identifying in the laboratory. Several species cause significant health burdens worldwide, including high treatment costs, high morbidity, decreased performance and severe consequences to the medical and veterinary fields. For example, in ruminants, Mycoplasma agalactiae induces contagious agalactia and Mycoplasma mycoides subsp. mycoides led to severe 69 infectious pleuropneumonia. Both syndromes are listed in the World Organization for Animal Health (OIE) 171 . Cattle are also infected by Mycoplasma bovis, one of the more pathogenic strains that manifest in causing mastitis, pneumonia, otitis and arthritis 172 , while Mycoplasma ovipneumoniae is now emerging worldwide as a respiratory pathogen in domestic flocks of sheep and goats in addition to wildlife 173 . In poultry, the OIE has tackled avian mycoplasmosis caused by Mycoplasma gallisepticum and Mycoplasma synoviae and has a worldwide distribution of 174 . Even without overt clinical signs, they impair significant economic losses. Mycoplasma species differ markedly concerning pathogenicity, infectivity, tissue tropism and transmissibility, and the pathophysiology of Mycoplasmaassociated diseases seems more complex than previously assumed. Mycoplasma often acts as secondary invaders when other pathogenic viruses and bacteria are present or when normal host defences are impaired by abiotic and biotic stressors 175 . Many examples in ruminants, swine and poultry illustrate the framework in which co-infection occurs. For instance, low pathogenic avian influenza viruses (LPAIV) are often coupled to coinfections by Mycoplasma gallisepticum and Mycoplasma synoviae 176 . Another case in point is the commensal Mycoplasma dispar and Mycoplasma bovirhinis in the upper respiratory tract in cattle, which proliferate, reaching exceptionally high abundance and invading the lung via inhalation 177.

Despite recent advances based on the implementation of culture-independent diagnostic tests and antigen-based assays for Mycoplasma diagnosis, our knowledge about Mycoplasma species diversity, prevalence, and population dynamics worldwide still needs to be completed 171 . Mycoplasma ecology is considered incredibly diverse, and most species have not yet been cultured and isolated (e.g., mycoplasmal dark matter). Shotgun sequencing of microbial communities could provide the solution to understanding the Mycoplasma association with different environments and hosts by enabling in situ and culture-free genomic characterisation. My main objective is to re-visit Mycoplasma species ecology by creating a comprehensive catalogue of Mycoplasma genomes from public repositories, which interrogates known and unknown genomes without prior knowledge. We will first reveal their ecological patterns across hosts and habitats by mining and organising Mycoplasma data from human and animal hosts, protists, ticks and other eukaryotes.

Next, within the IHAP unit, I am participating in an ANR project to understand the impact of respiratory glycome variations on the susceptibility of cattle to viral infections. We hypothesise that shifting the bovine airway microbiome taxonomic and metabolite profiles through selective antibiotic treatments will alter the glycome patterns in the respiratory tract and facilitate specific pathogen replications. By expanding shotgun metagenomic sequencing of the respiratory tract, I will help them to address this critical issue and optimise the methods to mitigate respiratory diseases.

Moreover, IHAP opened the scientific doors to me and offered a responsibility promotion and a bet on the future. In other words, I have accepted to be one of the deputy directors in the IHAP unit led by Prof. Jean-Luc Guerin. Working toward this new role will enhance my skill set and push me to gain organisational, management and leadership of complex experiences. This is important as, in the nearest future, we will be the ones to have ownership and supervision of the objectives decided today. Given that I am still an up-to-date expert on big-data technology and methodologies, I still get my hands on the bench, dive deeply into the literature, come from a different cultural background (polyglot, n = five languages) and have experienced other European research centres; I believe I will bring fresh perspectives at the unit.

The beauty and wonder of science boost researchers' well-being. Coordinated by myself (Dr Núria Mach) and funded by the Animal Genetics department, with an initial endowment of 20,000 €. Then, the project became big and was compiled as a joint effort by funders (IFCE) and input from over ten researchers. Precisely, I engaged in collaborations with statisticians (Dr Plancade), experts in metabolism (Dr le moyec), horse physiology (Dr Barrey and Dr Robert), gut metagenomics (Dr Estellé, Dr Léclerq, Dr Gérard), and bioinformatics (Dr Rué, Dr Midoux).

Scientific and Administrative Duties

In September 2022, I was proposed as deputy director in the IHAP unit led by Prof. Jean-Luc Guerin (ENVT, Toulouse). This role will help me to gain organisational, management and leadership experiences. This is important as, in the nearest future, we will be the ones to have ownership and supervision of the objectives decided today.

Given that I am still an up-to-date expert on big-data technology and methodologies, I still get my hands on the bench, dive deeply into the literature, come from a different cultural background (polyglot, n=5 languages) and have experienced other European research centres, I believe I will bring fresh perspectives at the unit.

International collaborations

International research collaborations have taught me the benefits of the science of working across borders, cultures, and disciplines. Coauthorship relations are the most formal indicator of international cooperation. Abstract: Endurance exercise dramatically impacts the functionality of mitochondria and the composition of the intestinal microbiome, but the mechanisms regulating the crosstalk between these two components are still largely unknown. Here, we sampled 20 elite horses before and after an endurance race and used blood transcriptome, blood metabolome and faecal microbiome to describe the gut-mitochondria crosstalk. A subset of mitochondria-related differentially expressed genes involved in pathways such as energy metabolism, oxidative stress and inflammation was discovered and then shown to be associated with butyrate-producing bacteria of the Lachnospiraceae family, especially Eubacterium. The mechanisms involved were not fully understood, but the action of their metabolites likely acted on PPARc, the FRX-CREB axis and their downstream targets to delay the onset of hypoglycemia and inflammation and extend the running time. Our results also suggested that circulating free fatty acids may act not merely as fuel but drive mitochondrial inflammatory responses triggered by the translocation of gut bacterial polysaccharides following endurance. Targeting the gut-mitochondria axis, therefore, appears to be a potential strategy to enhance athletic performance. Abstract: Gastrointestinal strongyles are a major threat to horses' health and welfare. Given that strongyles inhabit the same niche as the gut microbiota, they may interact with each other. These beneficial or detrimental interactions are unknown in horses and could partly explain contrasted susceptibility to infection between individuals. To address these questions, an experimental pasture trial with 20 worm-free female Welsh ponies (10 susceptible (S) and 10 resistant (R) to parasite infection) was implemented for five months. Faecal egg counts (FEC), haematological and biochemical data, body weight and gut microbiological composition, were studied in each individual after 0, 24, 43, 92 and 132 grazing days. R and S ponies displayed divergent immunological profiles and slight differences in microbiological composition under worm-free conditions. After exposure to natural infection, the predicted R ponies exhibited lower FEC after 92 and 132 grazing days and maintained higher levels of circulating monocytes and eosinophils, while lymphocytosis persisted in S ponies. Although the overall gut microbiota diversity and structure remained similar during the parasite infection between the two groups, S ponies exhibited a reduction of bacteria such as Ruminococcus, Clostridium XIVa and members of the Lachnospiraceae family, which may have promoted disruption of mucosal homeostasis at day 92. In line with this hypothesis, an increase in pathobionts such as Pseudomonas and Campylobacter together with changes in several predicted immunological pathways, including pathogen sensing, lipid metabolism, and activation of signal transduction that are critical for the regulation of the immune system and energy homeostasis, was observed in S relative to R ponies. Moreover, S ponies displayed an increase in protozoan concentrations at day 92, suggesting that strongyles and protozoa may contribute to each other's success in the equine intestines. It could also be that S individuals favour the increase of these carbohydrate-degrading microorganisms to enhance the supply of nutrients needed to fight strongyle infection. Overall, this study provides a foundation to understand better the mechanisms that underpin the relationship between equines and natural strongyle infection. The profiling of horse immune response and gut microbiota should contribute to developing novel biomarkers for strongyle infection.

Frontiers in Physiology, (9) Here, we selected Welsh ponies with divergent intrinsic susceptibility (measured by their egg excretion levels) to cyathostomin infection and found that their divergence was sustained across a 10-year time window. Using this unique set of individuals, we monitored variations in their blood cell populations, plasma metabolites and faecal microbiota over a grazing season to isolate core differences between their responses under worm-free or natural infection conditions. Our analyses identified the concomitant rise in plasma phenylalanine level and faecal Prevotella abundance and the reduction in circulating monocyte counts as biomarkers of the need for drug treatment (egg excretion above 200 eggs/g). This biological signal was replicated in other independent populations. We also unravelled an immunometabolic network encompassing plasma beta-hydroxybutyrate level, short-chain fatty acidproducing bacteria and circulating neutrophils that form the discriminant baseline between susceptible and resistant individuals. The nature and strength of interactions entertained among helminths and their host gut microbiota remain largely unexplored. Using 40 naturally infected Welsh ponies, we tracked the gut microbiota-cyathostomin temporal dynamics during parasite community removal and reassembly and the associated host immune response.

Infected ponies harboured 14 species of cyathostomins, overwhelmed by the abundance of Cylicocyclus nassatus. Parasite carriers exhibited gut environment modifications, higher Shannon entropy and orderly rearrangements of prokaryotic assemblages, with protective Clostridia species contributing to the successional nemabiome-microbiota crosstalk. Yet, the gut ecosystem was remarkably stable, and the host systemic response defined enrichment for B-cell activation and IgA production without corresponding changes in parasite burdens. Therefore, Clostridia microbial protection likely reduced fluctuating dynamics between the microbiota-parasite-host triad and favoured parasite tolerance. The system stability was disrupted by pyrantel treatment and parasite removal, with dire early consequences on the gut environment, microbiota diversity, and cytokine networks while highlighting the detrimental effect of cyathostomin burdens on Enterococcus spp. Both ecological communities were highly resilient to disturbance and recovered their pre-treatment compositions, but Cylicostephanus longibursatus in the parasite community. However, gut microbiotas failed to restore their original stability and shifted towards an interacting unstable state, with transient coexistence between Clostridia and core bacterial taxa, e.g. Fibrobacter and Prevotella, evoking their crucial role as stabilising forces for this new equilibrium. These observations highlight how anthelmintic treatment alters gut microbiota stability and opens new perspectives for adding nutritional intervention to current parasite management strategies in the field. https://dx.doi.org/10.21203/rs. Abstract: Respiratory infections in domestic animals are a major issue for the veterinary and livestock industry. Pathogens in the respiratory tract share their habitat with a myriad of commensal microorganisms. Increasing evidence points towards a respiratory pathobiome concept, integrating the dysbiotic bacterial communities, the host and the environment in a new understanding of respiratory disease aetiology. During the infection, the airway microbiota likely regulates and is regulated by pathogens through diverse mechanisms, thereby acting either as a gatekeeper that provides resistance to pathogen colonisation or enhancing their prevalence and bacterial coinfectivity, which often results in disease exacerbation. Insight into the complex interplay taking place in the respiratory tract between the pathogens, microbiota, the host and its environment during infection in domestic animals is a research field in its infancy in which most studies are focused on infections from enteric pathogens and gut microbiota. However, its understanding may improve pathogen control and reduce the severity of microbialrelated diseases, including those with zoonotic potential.

Frontiers in Cellular and Infection Microbiology, 11, 583600, https://dx.doi.org/10.3389/fcimb.2021.583600, https:// hal.inrae.fr/hal-03228289, OA
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 114 Figure 1 -Inflexion points in my road to science

Figure 1 -

 1 Figure 1 -Overview of the interactions between the host, the microbial community and stressors.Biotic and abiotic stressors or changes in environmental conditions will separately affect (i) the microbes associated with the host and (ii) the host itself, causing changes in host physiology and microbial community traits. This will affect the interactions between the host and the microbial communities (iii) and, thus, the outcome of the symbiotic relationship.

Figure 1 -

 1 Figure 1 -Stress hormones are released during highly intense exercise.Stress responses to intense exercise are mediated by largely overlapping circuits in the limbic forebrain, the hypothalamus and the brainstem so that the stressor and intensity tune the respective contributions on the neuroendocrine and autonomic systems[START_REF] Ulrich-Lai | Neural regulation of endocrine and autonomic stress responses[END_REF] . Exercise-induced stress results in the activation of preganglionic sympathetic neurons in the intermediolateral cell column of the thoracolumbar spinal cord (shown in purple and clear grey). This sympathetic activation represents the classic fight or flight response, generally increasing catecholamines' circulating levels. Parasympathetic tone can also be modulated during stress (shown in dark grey). Within the HPA axis, stress activates hypophysiotropic neurons in the paraventricular nucleus of the hypothalamus (PVN) that secrete releasing hormones, such as corticotrophin-releasing hormone (CRH) and arginine vasopressin (AVP), into the portal circulation of the median eminence. These releasing hormones act on the anterior pituitary to promote the secretion of adrenocorticotropic hormone (ACTH), which in turn acts on the inner adrenal cortex to initiate the synthesis and release of glucocorticoid hormones. Moreover, the sympathetic nervous system directly innervates the adrenal cortex, which can regulate corticosteroid release. Additionally, the gastrointestinal tract responds to stress in an endocrine manner by releasing hormones such as Gamma-aminobutyric acid (GABA), neuropeptide Y and dopamine that have been purported to be involved in gastrointestinal disturbances, anxiety, depression, reduced food intake and less stress coping. Microorganisms that colonise the digestive tract can regulate the HPA axis through the code or production of short-chain fatty acids and neurotransmitters such as GABA, dopamine and serotonin, as well as cytokines. The neuroendocrine stress response to exercise is determined by emotional stress and the volume of physical exposure. As exercise intensity is increased, there are approximately proportional increases in circulating concentrations of ACTH and cortisol. More details are found inClark and Mach (2017) [START_REF] Clark | Exercise-induced stress behaviour, gutmicrobiota-brain axis and diet: a systematic review for athletes[END_REF] ; https://dx.doi.org/10.1186/s12970-016-0155-6, https://hal.inrae.fr/hal-01606853, OA.
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 2 Figure 2 -Associations between gut microbiota, host and environmental covariables (a) Effect size of covariates of faecal microbiota composition. Each bar shows the fraction of microbial variation explained in the model; (b) Dissimilarities in faecal microbiota composition represented by the non-metric multidimensional scaling (NMDS) ordination plot, with Bray-Curtis dissimilarity index calculated on un-scaled OTU abundances. Samples centroids are coloured by speciality; (c) Cross-correlation matrix between behaviour indicators and genera. Each entry in the heatmap is the correlation coefficient of a particular genus and a behaviour indicator. In the heatmap, red = positive correlation values, and blue = negative correlation values. Colour intensity is proportional to the correlation coefficients. On the right side of the correlogram, the legend colour shows the correlation coefficients and the corresponding colours. Correlations with adjusted p < 0.05 are considered significant. In these cases, white crosses are added in the corresponding cell. The correlations with p > 0.10 are left blank in the matrix; (d) Canonical Correspondence Analysis (CCA) ordination plot of genus table, and results of the analysis of host factors affecting bacterial divergence. Significant host variables are indicted as rectangles, and genera associated with the corresponding significant variable are depicted in diamonds with text labels. Points, triangles, squares and crosses represent the speciality, whereas the features' colour represents the discipline; (e) Dot plot representations of the log-transformed fold change of genera that were significantly different between horses expressing oral stereotypies or aggressiveness. In both graphs, the logs of fold changes superior to 0 indicate that genera were more abundant in individuals expressing the behaviour indicator than individuals not showing the
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 3 Figure 3 -Behaviour indicators are related to gut microbiota compositionWe show that behaviours reflecting welfare deterioration, such as stereotypies and aggressiveness, are associated with the gut microbiota composition. On the one hand, oral stereotypies were significantly linked to the overall gut microbiota structure and single taxa. Oral stereotypies might presumably alter the central nervous system, stress hormone release and feed intake behaviour, modifying the gut milieu and the microbiota composition. Butyrate and H2S-producing bacteria might give the host an adaptive response to reverse the potential adverse effects of oral stereotypies. Reinforcing this idea, the microbiability of stereotypies was moderately high, suggesting that gut microbiota might be considered an essential metabolic organ relevant to horse behaviour(Mach et al., 2020 31 ; https://hal.inrae.fr/hal-03197220, OA ).
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 4 Figure 4 -Longitudinal faecal microbiota composition differences between groups (a) The longitudinal variation of the ten most abundant genera in the horse faecal microbiota between groups. The graph shows the relative abundance (y-axis) of the most common bacterial genera over time (x-axis), averaged across control and pasture groups; (b) Box plot representation of the relative abundance of Clostridiales between groups and across time. The box plots feature the median (centre line) and interquartile range, and whiskers indicate the 5 th to 95 th percentile; (c) Permuted spline tests for statistical significance using the entire 21-month time series. Group distance plot for the Clostridiales comparison. The graph shows that permuted splines support a trend toward a more significant actual statistical difference after T3. The observed difference between the groups exceeded the random permuted distribution, which supports the statistically significant finding (p < 0.05); (d) Clostridiales abundance was different between pasture group (group spline in red) and control horses (group spline in blue; 9999 permutations, < 0.05); (e) The plot output of the sliding spline function shows a window of significance between the T3 and T4 time points. The p-value at each specified interval is derived from the distribution of points from individuals' smoothed splines. The dotted line indicates p = 0.05; (f) Box plot represents the relative abundance of the single taxa included within Clostridiales between groups and across time. The box plots feature the median (centre line) and interquartile range, and whiskers indicate the 5 th to 95 th percentile. Asterisk indicates p < 0.05; (g) Dot plot representation of log-transformed fold change of genera that significantly differed between pasture and control across time using DESeq2. The log of fold changes superior to 0 indicates that genera were more abundant in pasture individuals than control individuals at any time of the experiment. By contrast, the log of fold changes inferior to 0 indicates that the genera abundances were lower in pasture relative to control individuals.
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  a,b; article 5; Plancade et al., 2019; https://hal.inrae.fr/hal-02489982, OA).

Figure 1 -

 1 Figure 1 -Estimating the α-and β-diversity within the study cohort. (a) Principal coordinate analysis (PCoA) with weighted UniFrac distance based on the OTUs table. Colour corresponds to the gut microbiota community types based on the medoids (PAM) algorithm. The first community contained 15 individuals, whereas the second included 36 individuals. (b) The number and quality of clusters were validated by maximising the silhouette index; (c) Box plot graph representation of the α-diversity indexes (Chao1) using the rarefied OTU table for each community type; (d) Box plot graph representation of Pielou's evenness index using the rarefied OTU table for each community type; (e) Dot plot representation of log-transformed fold change of genera that were significantly different between the community type 1 and type 2. Dot colours represent the different phyla.
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 2 Figure 2 -The bidirectional crosstalk between the gut microbiota and mitochondria. In the mitochondria of colonocytes, butyrate undergoes fatty acid β-oxidation, producing acetyl-CoA that enters the TCA cycle, resulting in ATP and CO2. Among the SCFA, butyrate is a crucial regulator of energy production and mitochondrial function by inducing PGC-1α gene expression in skeletal muscles and brown adipose tissue and improving respiratory capacity and fatty acid β-oxidation via AMPK-ACC pathway activation. On the other hand, SIRT1 supports intestinal barrier function through various mechanisms such as enhancing crypt proliferation and suppressing villous apoptosis, stimulating intestinal stem cell expansion in the gut and regulating tight junction expression of zonulin occludin-1, occludin and claudin-1 during hypoxia (article 6; Clark & Mach, 2017; https:// hal.inrae.fr/hal-01604194, OA).
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 3 Figure 3 -Data integration using mitochondrial-related genes, 1 H NMR metabolites, biochemical assay metabolites, faecal SCFAs and gut bacteria (a) Matrix scatterplot showing the correlation between the first components related to each dataset in DIABLO according to the input design; (b) CIRCOS plot of the final multi-omics final signature. Each dataset is given a different colour: green mitochondrial-related genes, 1 H NMR metabolites in orange, biochemical assay metabolites in red, faecal SCFAs in violet and gut bacteria in dark blue. Red and blue lines indicate positive and negative correlations between the two variables, respectively (r ≥ |0.70|); (c) Visualization of the network obtained with
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 4 Figure 4 -Functional diversity of the equine microbial genes catalogue, antimicrobial genes, and MAGs landscape (a) Frequency of KEGGs pathways in the gut microbial gene catalogue estimated from the orthologous groups (KOs). The horizontal bars represent the absolute number of genes found in each KEGG pathway; (b) the Frequency of total carbohydrate-active enzyme (CAZymes) families estimated in the gut microbial gene catalogue. CAZymes are coloured according to their class; (c) Heatmap shows each individual's (n = 11) normalised counts of antimicrobial resistance (AMR) genes based on the ResFinder database. The left column depicts the AMR class; (d) the Phylogenetic tree of the n = 372 MAGs detected. The outer cycle boxplots represent the abundance of each MAG. Boxplots are coloured according to phyla; (e) Sankey diagram showing the numbers of MAGS with completeness between 50-90% or > 90%. Only a relatively small fraction of the MAGs (73 out of 372) was annotated at the genus level; (f) Circular stacked bar plot of the MAGs phyla abundance detected for each individual in the cohort (n = 11).46
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 5 Figure 5 -Basal dominant gut phylotypes composition is associated with cardiovascular fitness (a) Dominant phylome and its prevalence at different detection thresholds (relative abundance); (b) NMDS ordination analysis (Bray-Curtis distance) of dominant phylotype composition. Points denote individual samples (n = 11); (c-d) Violin plot representing the Shannon Diversity Index and inverse Simpson index of dominant phylotypes according to the clustering groups, respectively; (e) Biplot values of the discriminant phylotypes driving the NMDS ordination. The phylotypes contributing to the distinction between groups on at least one axis are depicted. Points are coloured by phylum; (f) Taxonomic distribution of the dominant phylotypes grouped by phyla in each individual (n = 11). Individuals are split by cluster: cluster 1 (n = 3) and cluster 2 (n = 8).; (g) NMDS ordination plot shows the covariates contributing significantly to the variation of dominant phylotypes determined by the "envfit" function. The arrows for each variable indicate the direction of the effect and are scaled by the unconditioned r 2 value. Dots represent samples (n = 11), which are coloured according to the type of community: cluster 1 (red colour, n = 3) and 47
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  Welch (8.61) = 6.50, p = 1.36e-04, g Hedges = 3.29, CI 95%[1.45, 5.09], n obs = 11 loge(BF01) = -2.97, δ difference posterior = -10.16, CI 95% HDI[-16.33, -3.16], Welch (8.88) = 7.22, p = 5.33e-05, g Hedges = 3.62, CI 95%[1.67, 5.51], n obs = 11 loge(BF01) = -3.38, δ difference posterior = -0.37, CI 95% HDI [-0.58, -0.12], Welch (5.92) = 7.68, p = 2.73e-04, g Hedges = 4.05, CI 95%[1.56, 6.51], n obs = 11 loge(BF01) = -4.69, δ difference posterior = -1.06, colour, n = 8).; (h) Effect sizes of the main variables affecting the NMDS ordination. The length of the horizontal bars shows the amount of variance (r 2 ) explained by each covariate in the model. Covariates are coloured according to the type of dataset: athletic performance are in green and mitochondrial-related genes in blue; (i) Violin plot representing the cardiovascular fitness of each cluster, which was calculated as a composite of post-exercise heart rate, cardiac recovery time, and average speed during the race. Colours indicate community classification, cluster 1 (red colour, n = 3) and cluster 2 (blue colour, n = 8). The boxplots show the median, 25 th , and 75 th percentile, and the whiskers indicate the minima and maxima. The points lying outside the whiskers of boxplots represent the outliers. Adjusted p values from the two-sided Wilcoxon rank-sum test.
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 6 Figure 6 -The bidirectional crosstalk between the gut microbiota and mitochondria in endurance horses.

  and functional diversity: 20 X genera •Poorly described bacteria (mainly Proteobacteria), methanogens and protozoa •Capacity to cleave plant and host glycans and produce energy: broader use of resources
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 4 THE GUT IS BIG ENOUGH FOR BOTH OF US: HELMINTH-MICROBIOTA INTERACTIONS

Figure 1 -

 1 Figure 1 -A model for gut microbiota modifications and their effects on host physiology after natural strongyle infection. (a) A set of 20 female ponies[10 susceptible (S) and ten resistant (R) to strongylosis] were selected based on their faecal egg counts history during previous pasture seasons. Longitudinal monitoring of the parasitism level in each animal was performed through five-time points from June to October. Faecal samples were collected from all ponies 0, 24, 43, 92, and 132 days after the beginning of the grazing season to carry out faecal egg counts, pH measurements, and microbiota profiling. Blood samples were taken at the same time points to analyse biochemical and haematological parameters. Body weight (BW) was also recorded at the same time points; (b) Parasite infection induced alterations in bacterial-anaerobic fungal-protozoal inter-kingdom, increasing the abundance of Paludibacter, Campylobacter, Bacillus, Pseudomonas, Clostridium III, Acetivibrio and the overall concentrations of anaerobic fungi, protozoa and parasite egg counts in the faeces. On the other hand, butyrate-producing bacteria such as members of Ruminococcus, Clostridium XIVa and Lachnospiraceae family were depleted in susceptible ponies but enriched in resistant animals, suggesting a possible effect of n-butyrate on the protection of inflammation in resistant animals. Because butyrate is a potent inflammation inhibitor, it is suggested that susceptible ponies are prone to gut inflammation because of the altered abundance of butyrate-producing bacteria.

  Figure 2 -Experimental designThe experimental cohort comprised 40 female Welsh ponies divided into four subgroups. The "HIGH-CTL" group corresponds to the high shedders and untreated ponies, while the "HIGH-TRT" group corresponds to the high shedders treated with pyrantel. The "LOW-CTL" group corresponds to the worm-free and untreated ponies, while the "LOW-TRT" group corresponds to the non-high shedders treated group. Sampling started on day 0 (before treatment with pyrantel) and ended on day 42 post-treatment. The validation cohort included faecal microbiota profiles from four independently published studies. The four studies wereClark 34 , Peachey 143 , Kunz 145 , and Daniels 156 ( Boisseau et al., 2022; https://dx.doi.org/10.21203/rs.3.rs-1955749/v1, https://hal.inrae.fr/ hal-03767875, OA).
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Figure 3 -

 3 Figure 3 -Parasite removal has a drastic effect on the gut environment and microbiota composition, but limited response in the host blood (a) Evolution of faecal pH across time in high shedders.To display differences between group series, the ribbon was filled with red colour when the max in HIGH-CTL was higher than the min in HIGH-TRT, and in cyan colour when the maximum in HIGH-TRT was higher than the min in HIGH-CTL; (b) Dendrogram plot based on the within-time and between time dissimilarities in the HIGH-TRT group. The leaf segment is reversed if some time points are more heterogeneous than the combined time class. The horizontal line is drawn at the level of mean between-time dissimilarity, and vertical lines connect within-time dissimilarities to this line; (c) NMDS ordination analysis (Bray-Curtis distance) of the ASV composition in HIGH_CTL (violet), and HIGH_TRT (red) samples across the time points; (d) Enterococcus count distribution in the untreated (CTL) and treated (TRT) low-and highshedders. Boxplots are coloured according to whether counts were measured before (grey or blue) or after (red or yellow) significant parasite reappearance period (28 days after pyrantel treatment); (e) Trajectory of Enterococcus and Cyathostomum pateratum in the infected untreated and treated ponies.( Boisseau et al., 2022; https://dx.doi.org/ 10.21203/rs.3.rs-1955749/v1, https://hal.inrae.fr/hal-03767875, OA).

Figure 1 -

 1 Figure 1 -Intrinsic and extrinsic factors affect domestic animals' airway microbiota composition and development. The respiratory tract microbiota composition and development are dynamic and are shaped by various intrinsic host factors (A), as well as intrinsic airway milieu conditions (B) and environmental variables (C); Mach et al., 2021; https://hal.inrae.fr/hal-03228289, OA)

Figure 1 .

 1 Figure1. VOSviewer network visualisation map of country co-authorship (international collaboration) for my publications recorded at Scopus: https://www.scopus.com/authid/detail.uri?authorId=23035606300#. This map is not exhaustive, as it only includes countries with whom I co-authored publications. I have partnerships that still need to be translated into publications.
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  Consumption of nutritional pectins could strongly reduce the faecal abundance of Ruminococcus, Blautia, and Roseburia (all in the Lachnospiraceae family)118 . Conceptually, the partial replacement of diet-derived polysaccharides needed to expand Lachnospiraceae taxa (e.g., starch, inulin, xylans, and arabinoxylan) by other structurally diverse dietary fibres (e.g., soluble pectins such galactan, arabinan, and arabinogalactan) could be the front-line for nutritional interventions. Due to the minor involvement of the Lachnospiraceae phylotypes in proteolytic metabolism 119 , increasing protein consumption could be another way to optimise the microbiome function in horse athletes99 (see article 8;[START_REF] Mach | Mining the equine gut metagenome: poorlycharacterized taxa associated with cardiovascular fitness in endurance athletes[END_REF] https://hal.inrae.fr/hal-03794437, OA).
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Gut Bacteria's Pep Talk" Enhances Horse's Athletic Performance (2014-2018).

  

Clark and Mach, 2017] The Crosstalk between the Gut Microbiota and Mitochondria during Exercise

  [START_REF] Mach | Effects of crude glycerin supplementation on performance and meat quality of Holstein bulls fed high-concentrate diets[END_REF] 2 Allison Clark3 Catherine Philippe4 Jean-Christophe Helbling5 Marie-Pierre Moisan5 Diane Esquerré6 Laurence Le Moyec 7 Celine Robert[START_REF] Mach | Pleiotropic effects of polymorphism of the gene diacylglycerol-O-transferase 1 (DGAT1) in the mammary gland tissue of dairy cows[END_REF] 9 Eric Barrey 9 Núria Mach 9,* Details * Corresponding author An integrated analysis of gut microbiota, blood biochemical and metabolome in 52 endurance horses was performed. Clustering by gut microbiota revealed the existence of two communities mainly driven by diet, as host properties showed little effect. Community 1 presented lower richness and diversity but higher dominance and rarity of species, including some pathobionts. Moreover, its microbiota composition was tightly linked to host blood metabolites related to lipid metabolism and glycolysis at basal time. Despite the lower fibre intake, community type 1 appeared more specialised in producing acetate to maintain the energy supply as glucose concentrations fell during the race. On the other hand, community type 2 showed enrichment of fibrinolytic and cellulolytic bacteria and anaerobic fungi, coupled with a higher production of propionate and butyrate. The higher butyrate proportion in community two was not associated with protective effects on telomere lengths but could have ameliorated mucosal inflammation and oxidative status. The gut microbiota was neither associated with the blood biochemical markers nor metabolome during the endurance race. It did not provide a biomarker for race ranking or risk of failure to finish the race. Many physiological changes occur in response to endurance exercise to adapt to the increasing energy needs, mitochondria biogenesis, increased reactive oxygen species (ROS) production and acute inflammatory responses. Mitochondria are organelles within each cell that are crucial for ATP production and are also significant producers of ROS and reactive nitrogen species during intense exercise. Recent evidence shows there is a bidirectional interaction between mitochondria and microbiota. The gut microbiota has been shown to regulate critical transcriptional co-activators, transcription factors and enzymes involved in mitochondrial biogenesis, such as PGC-1 alpha, SIRT1, and AMPK genes. Furthermore, the gut microbiota and its metabolites, such as short-chain fatty acids and secondary bile acids, contribute to host energy production, ROS modulation and inflammation in the gut by attenuating TNF alpha-mediated immune responses and inflammasomes such as NLRP3. On the other hand, mitochondria, particularly mitochondrial ROS production, have a crucial role in regulating the gut microbiota via modulating intestinal barrier function and mucosal immune responses. Recently, it has also been shown that genetic variants within the mitochondrial genome could affect mitochondrial function and, therefore, the intestinal microbiota composition and activity. Diet is also known to modulate the composition of the gut microbiota dramatically. Therefore, studies targeting the gut microbiota can help manage mitochondrial-related ROS production, pro-inflammatory signals and metabolic limits in endurance athletes.
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Mach et al., 2022] Mining the equine gut metagenome: poorly-characterized taxa associated with cardiovascular fitness in endurance athletes

  Frontiers in Molecular Biosciences, 8, https://dx.doi.org/10.3389/fmolb.2021.656204, https://hal.inrae.fr/ hal-03197210, OA Núria Mach 1, 2,* Cédric Midoux3, 4, 5 Sébastien Leclercq 6 Samuel Pennarun7 Laurence Le Moyec 8 Olivier Rué 4, 5 Céline Robert 9 Guillaume Sallé 6 Eric Barrey 1 Details * Corresponding author 1 GABI -Génétique Animale et Biologie Intégrative 2 ENVT -Ecole Nationale Vétérinaire de Toulouse 3 UR PROSE -Procédés biotechnologiques au service de l'environnement 4 MaIAGE -Mathématiques et Informatique Appliquées du Génome à l'Environnement [Jouy-En-Josas] 5 MIGALE -Université Paris-Saclay, INRAE, BioinfOmics, MIGALE bioinformatics facility 6 UMR ISP -Infectiologie et Santé Publique 7 CNRGV -Centre National de Ressources Génomiques Végétales 8 UBIAE -Unité de biologie intégrative des adaptations à l'exercice 9 ENVA -École nationale vétérinaire -Alfort Abstract:Emerging evidence indicates that the gut microbiome contributes to endurance exercise performance. Still, its functional and metabolic potential remains unknown. Using elite endurance horses as a model system for exercise responsiveness, we built an integrated horse gut gene catalogue comprising ~25 million unique genes and 372 metagenome-assembled genomes. This catalogue represents 4179 genera spanning 95 phyla and functional capacities primed to exploit energy from dietary, microbial, and host resources. The holo-omics approach shows that gut microbiomes enriched in Lachnospiraceae taxa are negatively associated with cardiovascular capacity. Conversely, more complex and functionally diverse microbiomes are associated with higher glucose concentrations and reduced accumulation of long-chain acylcarnitines and non-esterified fatty acids in plasma, suggesting increased ß-oxidation capacity in the mitochondria. In line with this hypothesis, more fit athletes show upregulation of mitochondrialrelated genes involved in energy metabolism, biogenesis, and Ca 2+ cytosolic transport, all of which are necessary to improve aerobic work power, spare glycogen usage, and enhance cardiovascular capacity. The results identify an associative link between endurance performance and gut microbiome composition and gene function, laying the basis for nutritional interventions that could benefit horse athletes. Communications Biology, 5, https://dx.doi.org/10.1038/s42003-022-03977-7, https://hal.inrae.fr/hal-03794437, OA
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[Article 9; Clark, Sallé et al., 2018] Strongyle infection and gut microbiota: profiling of resistant and susceptible horses over a grazing season

  Allison Clark 1 Guillaume Salle 2 Valentine Ballan 3 Fabrice Reigner 4 Annabelle Meynadier 5 Jacques Cortet 2 Christine Koch 2 Mickaël Riou 6 Alexandra Blanchard 2 Núria Mach 3, * Details * Corresponding author 1 Open University of Catalonia 2 UMR ISP -Infectiologie et Santé Publique 3 GABI -Génétique Animale et Biologie Intégrative 4 UE PAO -Unité Expérimentale de Physiologie Animale de l'Orfrasiére 5 GenPhySE -Génétique Physiologie et Systèmes d'Elevage 6 PFIE -Plateforme d'Infectiologie Expérimentale

Article 10; Sallé et al., 2021] Integrative biology defines novel biomarkers of resistance to strongylid infection in horses

  , 1-18, https://dx.doi.org/10.3389/fphys.2018.00272, https://hal.inrae.fr/hal-02625557, OA Guillaume Salle 1, * Cécile Canlet 2, 3 Jacques Cortet 1 Christine Koch 1 Joshua Malsa 1 Fabrice Reigner 4 Mickaël Riou 5 Noémie Perrot 5 Alexandra Blanchard 6 Núria Mach 7 Details * Corresponding author 1 UMR ISP -Infectiologie et Santé Publique 2 ToxAlim -ToxAlim 3 E20 Metatoul-AXIOM -Analyse de Xénobiotiques, Identification, Métabolisme MetaToul-MetaboHUB, ToxAlim -ToxAlim 4 UE PAO -Unité Expérimentale de Physiologie Animale de l'Orfrasiére 5 PFIE -Plateforme d'Infectiologie Expérimentale 6 Pancosma 7 GABI -Génétique Animale et Biologie Intégrative Abstract: The widespread failure of anthelmintic drugs against nematodes of veterinary interest requires novel control strategies. Selective treatment of the most susceptible individuals could reduce drug selection pressure but requires appropriate biomarkers of the intrinsic susceptibility potential. To date, this has been missing in livestock species.
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Article 11; Boisseau et al., 2022] Species interactions, stability, and resilience of the gut microbiota -helminth assemblage in horses

  Altogether our observations open new perspectives on the susceptibility of equids to strongylid infection and leave scope for both new biomarkers of infection and nutritional intervention. Scientific Reports, 11 (1), 15 p., https://dx.doi.org/10.1038/s41598-021-93468-2, https://hal.inrae.fr/hal-03284457, OA Michel Boisseau 1, 2 Sophie Dhorne-Pollet 3 David Bars-Cortina 4 Elise Courtot 1 Delphine Serreau 1 Gwenolah Annonay 5 Jérôme Lluch 5 Amandine Gesbert 6 Fabrice Reigner 6 Guillaume Sallé 1 Núria Mach 2, 3 ,* Details * Corresponding author 1 UMR ISP -Infectiologie et Santé Publique 2 IHAP -Interactions hôtes-agents pathogènes [Toulouse] 3 GABI -Génétique Animale et Biologie Intégrative 4 Universitat de Lleida 5 GeT-PlaGe -Génome et Transcriptome -Plateforme Génomique GET -Plateforme Génome & Transcriptome, INRAE -Institut National de Recherche pour l'Agriculture, l'Alimentation et l'Environnement : US 1426 6 UE PAO -Unité Expérimentale de Physiologie Animale de l'Orfrasiére Abstract:
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[Article 12; Mach et al., 2021] The Airway Pathobiome in Complex Respiratory Diseases: A Perspective in Domestic Animals Núria
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Teaching

Bachelor Level (2010): Thirty-six hours supervising the study of automatic sequencing of transposable elements in the genome. Field of study (UNESCO codes): 24 Institution: Open University of Catalonia Department: Informatics, Multimedia, and Telecommunications visitors' address: Rambla Poblenou, 156, 08018 Barcelona, Spain e-mail: nmach@uoc.edu Internet: http://www.uoc.edu/portal/castellano/estudis_arees/informatica_multimedia_telecomunicacio/presentacio/missio/index.html Master Degree (2009-2017): 600 h of lecturer in Nutrigenomics and Nutrigenetics for the Master of Nutrition and Health Field of study (UNESCO codes): 32 Institution: Open University of Catalonia Department: Food and Health Science visitors ' address: Rambla Poblenou, 156, Barcelona, 08018 Barcelona, Spain e-mail: nmach@uoc.edu Internet: http://www.uoc.edu/portal/castellano/institut_internacional_postgrau/index.html, I launched this master's course in 2009 at the Open University of Catalonia (UOC; https://www.uoc.edu/portal/ en/metodologia-online-qualitat/index.html). The UOC was created in 1995 as the world's first university with a virtual campus, which allowed its students to study at any time from any location. The University continually uses cutting-edge e-learning research and innovation to refine the UOC methodology. My teaching in the UOC's online master's degree in Nutrition and Health incorporated nutrigenomics, nutrigenetics, metagenomics, and epigenetics to offer a broad education to future professionals willing to work in personalised human nutrition. Most of the lessons strengthened the potential of these disciplines to provide strategies for developing safe and effective dietary interventions against the obesity epidemic and metabolic diseases. In 2009, I designed, prepared, and created teaching materials. Since then, I have been responsible for updating the materials, assessing the student's coursework, and setting and marking examinations for each edition. Because it is an online master's, there is some degree of flexibility, allowing me to plan the timings of tutorials during weekends and evenings. It has to be highlighted that from 2009 to 2017, the number of students who attended my course increased by 400%, going from an initial number of 40 to the final one of 160. Furthermore, international students accounted for over onethird of the growth in first-time enrolment.

I have taught over 600 students with diverse backgrounds and trained more than 40 Master's students, providing them with constructive feedback, research project guidance, and professional contacts. The supervision of Master's students undertaking research projects helped expand my organisation skills, my capacity to mentor people, create new connections at the national level and learn how to get the most out of students through delegating responsibilities. Additionally, working on length, selectivity, writing style, interpretation of data, and quality of the contents, I have been able to publish these Master theses into 11 peer-reviewed international articles (see list of publications) and 16 extension articles. Being a mentor of these Master's students has been one of the most personally satisfying roles I have ever held. I have experienced the joy of launching students in their professional careers and helping them publish their master's theses either in peer-reviewed international reviews or in Spanish peer-reviewed journals for general public diffusion. 

PhD students supervision

Marato

Caracena, Marta

M2 Nutrition and Health, Universitat Oberta de Catalunya (Barcelona, Spain). Project title: "Microbiota en la gestación: importancia de la nutrición"

Ramos, Lester M2 Nutrition and Health, Universitat Oberta de Catalunya (Barcelona, Spain).). Project title: "Influencia de la lactancia materna en la composición de la microbiota intestinal del lactante"

Roza

Amengual, Laura

M2 Nutrition and Health, Universitat Oberta de Catalunya (Barcelona, Spain). Project title: Untangling the tangle: the underlying epigenetic mechanisms in the microbiota-gut-brain axis and the vulnerability to disease The articles I highlighted in the manuscript and their abstracts are listed in this section.

Reviewing and editorial committees

[Article 1; Mach et al., 2020] Priming for welfare: gut microbiota is associated with equitation conditions and behaviour in horse athletes

Núria Mach 6 UdeM -Université de Montréal Abstract: Understanding gut microbiota similarities and differences across breeds in horses has the potential to advance approaches aimed at personalised microbial modifications, particularly those involved in improving sport athletic performance. Here, we explore whether faecal microbiota composition based on faecal 16S ribosomal RNA gene sequencing varies across six sports breeds at two-time points eight months apart within a cohort of 189 healthy horses cared for under similar conditions. Lusitano horses presented the slightest, and Hanoverians the most extraordinary bacterial diversity. We found subtle but significant differences in beta diversity between Lusitano, Anglo-Arabian and the central European breeds, and we reproduced these results across the two-time points. Repeat sampling of subjects showed the community to be temporally more stable in Lusitano and Anglo-Arabian breeds. Additionally, we found that 27 genera significantly varied in abundance across breeds. Overall, 33% of these taxa overlapped with previously identified ones associated with genetic variation in humans or other species. However, a non-significant correlation was observed between microbial composition and the host pedigree-based kinship. Despite a notable variation in the diversity and composition of the faecal microbiota, breed exerted limited effects on the equine faecal microbiota. Elite horse athletes that live in individual boxes and train and compete for hours experience long-term physical and mental stress that compromises animal welfare and alters the gut microbiota. We, therefore, assessed if a temporary period out to pasture with conspecifics could improve animal welfare and, in turn, favourably affect intestinal microbiota composition. A total of 27 athletes were monitored before and after 1.5 months out to pasture, and their faecal microbiota and behaviour profiles were compared to those of Abstract: Weaning has been described as one of the most stressful events in the life of horses. Given the importance of the interaction between the gut-brain axis and gut microbiota under stress, we evaluated (i) the effect of two different weaning methods on the composition of gut microbiota across time and (ii) how the shifts of gut microbiota composition after weaning affect the host. Thirty-four foals were randomly subjected to a progressive (P) or an abrupt (A) weaning method. In the P method, mares were separated from foals at progressively increasing intervals every day, starting from five min during the fourth week before weaning and ending with six h during the last week before weaning. In the A method, mares and foals were never separated before weaning (0 d). Different host phenotypes and gut microbiota composition across six age strata (days -30, 0, 3, 5, 7, and 30 after weaning) by 16S rRNA gene sequencing. Results revealed that the beneficial species belonging to Prevotella, Paraprevotella, and Ruminococcus were more abundant in the A group prior to weaning than the P group, suggesting that the gut microbiota in the A cohort was better adapted to weaning. Streptococcus, on the other hand, showed the opposite pattern after weaning. Fungal loads, which are thought to increase the capacity for fermenting the complex polysaccharides from the diet, were higher in P relative to A. Beyond the effects of weaning methods, maternal separation at weaning markedly shifted the composition of the gut microbiota in all foals, which fell into three distinct community types at three days post-weaning. Most genera in community type 2 (e.g., Eubacterium, Coprococcus, Clostridium XI, and Blautia spp.) were negatively correlated with salivary cortisol levels but positively correlated with telomere length and n-butyrate production. The average daily gain was also more significant in the foals harbouring a community type 2 microbiota. Therefore, community type 2 is likely to confer better stress response adaptation following weaning. This study identified potential microbial biomarkers that could predict the likelihood of physiological adaptations to weaning in horses, although causality remains to be addressed. (2004-2008). Afterwards, I enrolled in the emerging field of nutrigenomics (2009-2011, W a g e n i n g e n , T h e N e t h e r l a n d s ) . Concomitantly, I was recruited as a lecturer in the Master of Nutrition and Health at the Open University of Catalonia (2009-2017, Barcelona, Spain), where I transferred my passion for research to younger people, and I invested time and effort in mentoring Master students. Alongside scientific goals, I started my studies in humanities science, which acted as a critical bridge between disciplines (2007-2012) and my regular practice of Iyengar yoga. Together, they taught me to concentrate, reflect on myself, develop a broad scientific vision, build communication skills (polyglot, five languages), and learn about the crucial attributes of multidisciplinarity. Then, in 2011, I joined INRAE as a postdoc (Jouy en Josas, France), where I trained in livestock systems biology approaches and metagenomics.

In June 2013, I got a permanent research position within the animal genetics and integrative biology unit at the INRAE Animals Genetics Department (Jouy en Josas, France). By mining omics data and interdisciplinary projects in horses, I have characterised the holobiont response to abiotic and biotic stressors, including psychosocial and physical demands during exercise and disease. Recognised as an international leader in horse metagenomics, my results have led to rethinking horse management.

As of 2022, Google Scholar reports 85 peer-reviewed papers and over 3,900 citations to my work. My publications record reflects interdisciplinary, student mentoring, international collaboration and intellectual creation (in 71% of the cases, I am the first or last author). Stepping forward, I joined the IHAP unit (ENVT, Toulouse, April 2021) at the INRAE Animal Health Department. Alongside my tasks as associate editor in Veterinary Quarterly and Scientific Reports, I bring nuance to the hologenomic approach by delving into the respiratory microbiome and its consequences on health, welfare, and the onset of livestock diseases.