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Genetic variation and evolution of holobionts
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Consideration of the holobiont with its hologenome as a level of selection leads to underappreciated modes
of genetic variation and evolution. The hologenome is comprised of two complimentary parts: host and
microbiome genomes. Changes in either part result in variation that can be selected for or against. The host
genome is highly conserved, and genetic changes within it occur slowly, whereas the microbiome genome is
dynamic and changes rapidly in response to the environment by increasing or reducing particular microbes,
acquisition of novel microbes, horizontal gene transfer, and mutation. These genetic variations can be
transferred to offspring by a variety of mechanisms that will be discussed. As Darwin wrote, “It is not the
strongest of the species that survives but the most adaptable”. We argue that rapid changes in the
microbiome genome could allow holobionts to adapt and survive under changing environmental conditions,
thus providing the time necessary for the host genome to evolve if required.

Levels of selection and symbioses, with examples from insects

Author
Nancy A. Moran - Invited

The University of Texas at Austin, Dept Integrative Biology, 2506 Speedway, Austin, United States

Animals and microorganisms often live in close association, and at least for a while their fates can be closely
intertwined. Thus, selection potentially can act on the combined unit of host plus symbiotic organisms. But
fitness interests of these parties are generally not the same over longer time scales: microorganisms may
escape their hosts to colonize others, hosts may discard their symbionts for more beneficial ones, and even
when their fates are permanently fused, as in some obligate symbioses, the fitness interests can involve an
element of antagonism rather than pure mutualism. Observations such as a highly consistent microbiota
within a host species, and differences in microbiota between host species, don’t imply anything about the
nature or the evolutionary history of an association between host and microbiota. These ideas are developed
with examples from insect symbioses including extreme obligate intracellular symbiosis and more labile gut
symbioses.
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Theoretical and practical insight into how symbiotic microorganisms might
increase acclimation and adaptation capacity of complex organisms

Authors
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Symbiotic microorganisms might provide complex organisms with increased capacity to acclimate
(individual level process) and adapt (population or species level process) to environmental variation [1,2].
This hypothesis lies in the facts that (1) the associated microbial metagenome harbours genes that provide
hosts with extended physiological capabilities [3,4], and (2) microbial assemblies and their gene load can
rapidly vary [5,6]. Each organism or group of organisms can harbour an ensemble of microbial taxa or genes
(potential microbial space), which limits the set of functions that microorganisms could potentially provide
to a host. Potential microbial spaces are seldom fulfilled though; instead, each host at a given moment hosts a
fraction of the microbial taxa that could potential harbour (realised microbial space). The breadth of the
potential microbial space of a host, as well as the capacity to change its realised microbial space
(metagenomic plasticity) responding to environmental variation are thus two key properties that might
determine the microorganism-driven acclimation and adaptation capacity of hosts. In theory, organisms with
larger potential microbial spaces and metagenomic pasticity would have larger acclimation and adaptation
capacity compared to hosts with narrow potential microbial spaces and very static realised microbial spaces.
In order to gain insight into microorganism-driven acclimation and adaptation and assess its biological
relevance, it is necessary to (1) study the potential microbial spaces and metagenomic pasticity of wild
organisms by extensive field sampling and environment manipulation experimentation combined with
meta’omics approaches, as well as to (2) unveil the specific factors (environment, microbial interaction, host
genome, host behaviour) that shape potential microbial spaces and metagenomic plasticity of hosts,
combining the aforementioned experimental approaches with genome-wide analyses (e.g. GWAS) and
genome engineering (e.g. CRISPR/Cas9).
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How long does Wolbachia remain on board?
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Wolbachia bacteria infect about half of all arthropods, with diverse and extreme consequences ranging from
sex-ratio distortion and mating incompatibilities to protection against viruses. These phenotypic effects,
combined with efficient vertical transmission from mothers to offspring, satisfactorily explain the invasion
dynamics of Wolbachia within species. However, beyond the species level, the lack of congruence between
the host and symbiont phylogenetic trees indicates that Wolbachia horizontal transfers and extinctions do
happen and underlie its global distribution. But how often do they occur? And has the Wolbachia pandemic
reached its equilibrium? We addressed these questions by inferring recent acquisition / loss events from the
distribution of Wolbachia lineages across the mitochondrial DNA tree of 3,600 arthropod specimens,
spanning 1,100 species from Tahiti and surrounding islands. We show that most events occurred within the
last million years, but are likely attributable to individual level variation (e.g. imperfect maternal
transmission) rather than population level variation (e.g. Wolbachia extinction). At the population level, we
estimate that mitochondria typically accumulate 4.7% substitutions per site during an infected episode, and
7.1% substitutions per site during the uninfected phase. Using a Bayesian time calibration of the
mitochondrial tree, these numbers translate into infected and uninfected phases of approximately 7 and 9
million years. Infected species thus lose Wolbachia slightly more often than uninfected species acquire it,
supporting the view that its present incidence, estimated slightly below 0.5, represents an epidemiological
equilibrium.

Keywords
Wolbachia, Evolution, Dynamics
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Divergent microbial functional isoforms drive niche specialisation and

hologenomic homeostasis in the rumen microbiome
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One of the mechanisms that may govern hologenomic homeostasis is niche specialisation and compe

titive

exclusion of microbes in roles important for the holobiont (Zilber-Rosenberg et al 2008; Bordenstein &

Theis 2015). This seems to be maintained even in the presence of horizontal gene transfer which would

otherwise erode the competitive advantage of the niche specialists and cause instability in the microbi
One explanation may be that the horizontal acquisition of a single isoform of a novel gene is not enou

ome.
gh to

maintain a competitive advantage in fluctuating environmental conditions where a range of isoforms may be

required to, for instance, maintain enzymatic activity (Stewart, 1976; Nevo, 2001). The rumen microbiome

of sheep and cattle is a case in point; temperature and pH fluctuate daily in response to ambient conditions

and the biomass consumed by the host (Mishra et al., 1970). A symbiotic relationship exists between

ruminants and their microbiome which allows access to the host of otherwise inaccessbile nutrients in

plant

material. To address this we investigated the genomic signatures of niche specialisation in the rumen

microbiome. We generated individual metagenomic libraries from 14 cows fed an ad libitum diet of

grass

silage and calculated functional isoform diversity for each microbial gene identified. The animal replicates

were used to calculate confidence intervals to test for differences in diversity of functional isoforms between

microbes that may drive niche specialisation. We identified 153 genes with significant differenc

es in

functional isoform diversity between the two most abundant bacterial genera in the rumen (Prevotella and

Clostridium). We found Prevotella possesses a more diverse range of isoforms capable of degrading

hemicellulose, whereas Clostridium for cellulose. Furthermore, significant differences were observed in key

metabolic processes indicating that isoform diversity plays an important role in maintaining their niche

specialisation (Rubino et al 2016).0ur results support the notion that microbial isoform diversity of the

holobiont maintains hologenomic homeostasis and the methods developed represent a novel approac

h for

untangling complex interactions between microorganisms and for identifying signatures of hologenomic

selection.
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hologenomes." PLoS Biol 13.8 : €1002226. Mishra M, M, Stanley RW, Johnson HD. (1970). Effect of diet and ambient temperature-

humidity on ruminal pH, oxidation reduction potential, ammonia and lactic acid in lactating cows. J Anim Sci 30: 1023— 1028

. Nevo

E. (2001). Evolution of genome-phenome diversity under environmental stress. Proc Natl Acad Sci USA 98: 6233-6240. Rubino F,
Carberry C, Waters SM., Kenny D., McCabe M. & Creevey CJ. In Press. Divergent functional isoforms drive niche specialisation for

nutrient acquisition and use in rumen microbiome. ISMEJ.Stewart SS. (1976). Factors affecting the cellulolytic activity of
contents. Appl Environ Microbiol 33: 497-502. Zilber-Rosenberg,l and E Rosenberg. (2008) "Role of microorganisms
evolution of animals and plants: the hologenome theory of evolution." FEMS microbiology reviews 32.5 : 723-735.
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Homeostasis, Hologenome, Niche Specialisation, Microbiome, Rumen.
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Life history and eco-evolutionary dynamics in light of the gut microbiota
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The recent emergence of powerful genomic tools, such as high-throughput genomics, transcriptomics and
metabolomics, combined with the study of gnotobiotic animals, have revealed overwhelming impacts of gut
microbiota on the host phenotype. In addition to provide their host with metabolic functions that are not
encoded in its own genome, evidence is accumulating that gut symbionts affect host traits previously thought
to be solely under host genetic control, such as development and behavior. Metagenomics and
metatranscriptomics studies further revealed that gut microbial communities can rapidly respond to changes
in host diet or environmental conditions through changes in their structural and functional profiles, thus
representing an important source of metabolic flexibility and phenotypic plasticity for the host. Hence, gut
microbes appear to be an important factor affecting host ecology and evolution which is, however, not
accounted for in life-history theory, or in classic population genetics, ecological and eco-evolutionary
models. In this forum, we shed new light on life history and eco-evolutionary dynamics by viewing these
processes through the lens of host-microbiota interactions. We follow a three-level approach. First, current
knowledge on the role of gut microbiota in host physiology and behavior points out that gut symbionts can
be a crucial medium of life history strategies. Second, the particularity of the microbiota is based on its
multilayered structure, composed of both a core microbiota, under host genetic and immune control, and a
flexible pool of microbes modulated by the environment, which differ in constraints on their maintenance
and in their contribution to host adaptation. Finally, gut symbionts can drive the ecological and evolutionary
dynamics of their host through effects on individual, population, community and ecosystem levels. In
conclusion, we highlight some future perspectives for integrative studies to test hypotheses on life history
and eco-evolutionary dynamics in light of the gut microbiota.

References
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in light of the gut microbiota. Oikos DOI 10.1111/0ik.03900.
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Evolution of the gut microbiome in wild versus captive mammals
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Understanding how the gut microbiome has evolved in mammals is a question currently attracting a lot of
interest in the context of human microbiome research. One current limitation of mammalian microbiome
studies is that they are mostly based on zoo-kept animals in which captivity might have influenced the
evolution of their gut microbes. Indeed, captive animals experience a range of changes that may influence
the microbiome, such as diet changes, medical treatments, and reduced contact with natural sources of
bacterial diversity. Previous studies on the subject have revealed a decrease in bacterial diversity in captive
animals. However, these studies have been relatively limited in the range of species investigated. Here we
assemble a data set built from field trips specifically aimed at the sample of fecal material from an extended
diversity of mammalian species. This new data set allow us to compare using 16S rRNA metabarcoding the
composition of the gut microbiome between wild and captive individuals in 25 species of placental
mammals. We show that the previously reported pattern of decreased bacterial diversity in captivity is not
observed universally, with heterogeneous responses being observed in different orders. We also report that
host traits, such as taxonomic order, diet type, and gut physiology all influence the effect of captivity on the
microbiome. Finally, we discuss the broad functions that are involved with the bacterial groups responding to
captivity. Overall, our work highlights the importance of sampling wild populations for understanding gut

microbiome evolution and function.

Keywords
Evolution, Gut microbiome, 16S RNA metabarcoding, Mammals, Captivity
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Deep-sea mussels and their symbionts: recent findings and open questions
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Bathymodioline mussels rank among the most abundant metazoans at deep-sea reducing habitats such as
hydrothermal vents, cold seeps, wood and whale falls worldwide. They owe their success to efficient
symbiotic associations with one-to-several lineages of bacteria that fulfill most of the mussel's nutritional
requirements by exploiting the oxic-anoxic interface, and have become one of the major example of deep-sea
symbiosis. Recent years have seen advances in our understanding of these symbioses, which are presented
here. Studying the diversity of symbionts in different mussel species, we discovered that symbioses were
much more diverse than previously thought, including bacteria with unusual lifestyles (such as living inside
nuclei) and metabolisms. The composition of symbiont communities can vary over the geographical
distribution area of a single Idas species, a variability most likely made possible by the environmental
acquisition of local bacterial lineages. The advent of in vivo experimentation under pressure allowed to
demonstrate that mussel symbioses are flexible and react quickly to changes in their environment. Over time,
symbiosis in mussels has evolved in a complex way, and may even have disappeared over short evolutionary
timescales at some stages. Compared with other metazoan groups displaying chemosynthetic symbioses,
Bathymodioline mussels are able to associate in a flexible way with a broader phylogenetic and metabolic
diversity of bacteria, and how this is achieved remains to be explained. Altogether, recent findings question
some assumptions about chemosynthetic symbioses, and these original features may be key to the success of
deep-sea mussels in the various habitats they colonize.

Keywords
Mussels, chemosynthesis, deep-sea, hydrothermal vents, cold seeps
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“Specialist” vs “Generalist” gut microbiomes are linked to host range in
frugivorous fruit flies

Author
Edouard Jurkevitch

Boaz Yuval, Department of Entomology, Faculty of Agriculture, Food and Environment, The Hebrew University of
Jerusalem, POB12, Rehovot, Israel

Fruit flies (Tephritidae, subfamilies Dacinae and Trypetinae) form a large and diverse group of
phytophagous species, several of which are frugivores that negatively affect fruit production worldwide. In
the highly polyphagous Mediterranean fruit fly (Ceratitis capitata), a complex composed of numerous
Enterobacteriaceae is inoculated into the fruit by ovipositing females. This microbiome fixes atmospheric
nitrogen and degrades pectin, contributing to larval and adult nutrition1,2. While these core functions are
conserved, a high microdiversity in metabolic capabilities is apparent at the strain level3. Furthermore,
individual strains are differentially sensitive to egg antimicrobial compounds and contribute differentially to
larval development.In contrast, the olive fly (Bactrocera oleae) almost exclusively associates with a non-
cultivable, maternally transmitted bacterium (Candidatus Erwinia dacicola). The fly’s symbionts compensate
for the inability of adult flies to synthesize essential nutrients and to metabolize intractable sources of
nitrogen4,5. While the symbionts are not required for larval development in ripe (black) olives, they are
essential for development in unripe (green) olives where they may inactivate oleuropein — a toxic component
of green but not black olives6.We propose that a shift from saprophagy to phytophagy occurred in Tephritid
flies mediated by the ability of females to inoculate environmental, rot-inducing bacteria into living plant
tissues. As this can be brought about by rather generic functions, a generalist population forms the bulk of
the microbiota enabling colonization of a wide range of host fruits with low local selection. By requiring the
overcoming of strong barriers preventing larval development, monophagy imposes strong selection on
specialist functions, thereby restricting the taxonomic and possibly the genetic diversity of the microbiome.
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Symbiotic algae enslave the cnidarian biological clock to their own rhythm
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Circadian clocks are self-sustained endogenous timers that enable organisms to anticipate daily
environmental rhythms and adjust their physiology and behavior accordingly. Whereas the molecular
mechanisms underlying the circadian clock are largely conserved across the Metazoa, the integration of
molecular clocks in symbiotic and holobiont systems has received limited attention. In corals and many other
cnidarians (basal metazoans), rhythmic behaviours are complicated by oscillations in tissue oxygen tension
over light/dark cycles that are driven by photosynthetic and respiratory activities of the endosymbionts.
Moreover, coastal ecosystems such as coral reefs are exposed to tidal changes that occur on cycles of
approximately 12.4h. Whereas the circadian clock mechanisms of metazoans are relatively well established,
circatidal clocks are much less well understood. To better understand the integration of biological clocks in
cnidarian hosts of the photosynthetic dinoflagellate Symbodinium, daily rhythms of biological activity and
gene expression were studied in symbiotic and aposymbiotic morphs the sea anemone Aiptasia diaphana. As
expected, circadian cycles of activity and gene expression dominated in symbiotic morphs whereas, in
aposymbiotic morphs, circatidal patterns were more common. Counter-intuitively, expression of a significant
number of genes (n = 227) shifted from 12h to 24h rhythms in symbiotic morphs. The presence of
photosymbionts extensively modifies behavioural, physical and transcriptional rhythms of the host, thus the

dinoflagellates are essentially the “masters”, and the host the “slave”, in the association.
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Good fences make good neighbors: Immune compartmentalization strategy
in insect symbiosis
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Many insects thriving on nutritionally unbalanced diets have evolved symbiotic associations with
intracellular bacteria (endosymbionts), which provide them with metabolic supplements, thereby increasing
their adaptive abilities. While host-endosymbiont coevolution is known to pair with massive genomic
changes in the bacterial partner, host’s genome evolution remains elusive, especially how the host immune
system is shaped in response to a chronical bacterial presence. Many insects have evolved a
compartmentalization strategy consisting in maintaining endosymbionts in specialized cells, the
bacteriocytes, where the symbiont is preserved and controlled. In the cereal weevil Sitophilus spp., which
houses the Gram-negative bacterium Sodalis pierantonius, bacteriocytes form an organ, the bacteriome. We
previously reported that this organ displays a specific internal immune program, adapted to both symbiosis
maintenance and control. Despite the massive presence of endosymbionts, antimicrobial peptides (AMP)
show a very low basal expression in the bacteriome. Only one AMP, the Coleoptericin A (ColA), is highly
and constantly produced in this symbiotic organ, and was shown to prevent bacterial cytokinesis and
endosymbiotic escape from the bacteriome.To understand the regulation of this bacteriome specific genetic
program, we first addressed the bacteriome immunocompetency, by testing its capacity to induce AMP
encoding genes in response to exogenous bacterial infections. We show that all tested AMP encoding genes,
including colA, are highly up-regulated in the bacteriome upon bacterial challenge, albeit in a weaker
manner as compared to the systemic larval immune response. Intriguingly, combined genomic,
transcriptomic and functional analyses indicate that an IMD-like pathway is responsible for AMP expression
in both standard (i.e. colA expression in the presence of symbionts) and infected conditions (i.e. AMP
cocktail expression upon infection). The molecular regulations allowing the bacteriome to exhibit two
distinct, yet IMD-dependent immune programs, depending on the symbiotic and infectious status, thus
remain to be unraveled. We are currently investigating the hypothesis of a differential recruitment of
transcription factors downstream of IMD.This study highlights how insect immune system is shaped in
response to symbiosis, ensuring endosymbiont seclusion and global symbiotic homeostasis while
maintaining immune responsiveness to exogenous, pathogenic bacteria.
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Unorthodox transmission modes of endosymbionts in hybrids and the
symbiotic origin of speciation
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Although not a new idea, recent studies suggest that differences in the composition of symbiotic microbes
between hosts can lead to reproductive isolation, and as a consequence also to speciation. Despite the fact
that microbes are universally present in eukaryotes, they are rarely considered as a driving force of
speciation, and chances are their contribution to speciation is overlooked. Symbiotic bacteria of the genus
Wolbachia are known to affect their hosts’ reproduction in adaptive manners to improve the propagation of
the maternally transmitted endosymbiont throughout populations. These reproductive alterations that can
result in postmating isolation via cytoplasmic incompatibilities, have recently been shown to foster also
premating isolation in some host-symbiont associations such as the neotropical Drosophila paulistorum
species complex, giving even more reason to assume that symbionts can play a significant role in host
speciation.Here we will present most recent data on the involvement of Wolbachia in host speciation using
two different insect systems, i.e., Neotropical Drosophila and African tsetse flies, both presently under
incipient speciation in nature, carrying closely related but incompatible Wolbachia strains. We will also
show that naturally incompatible and sterile interspecies hybrids of both systems can be rescued by means of
mild paternal Wolbachia-knockdown before forced mating, giving rise to fertile progeny and thereby stable
hybrid lines via sib mating. Even more surprisingly, such rescued hybrid lines show complete sexual
isolation to their parental lines plus unambiguous signatures of paternal inheritance of both their cytoplasmic
endosymbionts, i.e. of mitochondria and Wolbachia.
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Wolbachia, mitochondria, mutualism, hybridization, introgression, reproductive isolation, speciation

FRANCE GENOMIGUE

A gt
:)‘ coa

.':_;:. f
=A@ BTER




13

Towards population-level microbiome monitoring: the Flemish gut flora
project

Author
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Alterations in the gut microbiota have been linked to various pathologies, ranging from inflammatory bowel
disease and diabetes to cancer. Although large numbers of clinical studies aiming at microbiome-based
disease markers are currently being performed, our basic knowledge about the normal variability of the
human intestinal microbiota and the factors that determine this still remain limited. Here, 1 will present a
large-scale study of the gut microbiome variation in a geographically confined region (Flanders, Belgium).
A cohort of >5000 individuals from the normal population is sampled for microbiome analysis and extensive
metadata covering demographic, health- and lifestyle-related parameters is collected. Based on this cohort, a
large-scale cross-sectional study of microbiome variability in relation to health as well as parameters
associated to microbiome composition is being performed. In this presentation, | will discuss our
experiences in large-scale microbiome monitoring, show how the development of dedicated computational
approaches can assist in microbiome analysis and interpretation, and first results coming out of this effort.
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Metagenomic investigation of deep-sea vent tubeworm endosymbionts from
Mid-Cayman Rise reveals new insights into metabolism and diversity
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Two species of vestimentiferan tubeworms (Escarpia sp. and Lamellibrachia sp.2) were reported at an area
of low-temperature hydrothermal diffuse vent flow at the Mid-Cayman Rise (MCR) in the Caribbean Sea.
Here, we used 16S rRNA and ITS gene cloning, together with electron microscopy and a cultivation-
independent metagenomic approach to characterize chemosynthetic symbionts in the trophosome tissue of
Escarpia and Lamellibrachia at the MCR. 16S rRNA and ITS gene phylogenetic analysis indicated all MCR
individuals harbored endosymbionts that were >99% identical, with ITS sequences forming a separate well-
supported clade that diverged from those of symbionts of seep and vent vestimentiferans from the Pacific,
Gulf of Mexico, and Mediterranean Sea. The metagenomes of the symbionts of two specimens of each
tubeworm species were sequenced and two distinct Gammaproteobacteria genomes of more than 4 Mbp
assembled. An Average Nucleotide Identity of 86.5% between these genomes, together with distinct 16S
sequences, suggest the presence of several MCR endosymbiont phylotypes, with one draft genome shared
between one Escarpia and two Lamellibrachia individuals. Genes for sulfur and hydrogen oxidation, nitrate
(assimilatory and dissimilatory) reduction, glycolysis and the Krebs cycle, peptide, sugar, and lipid
transporters, and both rTCA and CBB carbon fixation cycles were detected in the genomes, highlighting key
and shared functions with symbiont metagenomes of Riftia, Tevnia, and Ridgeia from the Pacific. The
potential for a second hydrogen oxidation pathway (via a bidirectional hydrogenase), formate
dehydrogenation, a catalase, and several additional peptide transporters were found exclusively in the MCR
symbionts. Marked gene content and sequence dissimilarity at the rRNA operon and whole genome level
between vent and seep endosymbionts studied herein suggest symbionts from the MCR belong to novel
tubeworm endosymbiont strains, possibly adapted to H,-rich (19 mM) systems. The present study further
adds new evidence that tubeworm endosymbionts can potentially switch from autotrophic to heterotrophic
metabolism and suggest their versatile metabolic potential may enable the host to exploit a wide range of
environmental conditions.
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The evolution of interdependency by neutral evolution in holobionts
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In holobionts the evolution of each partner is partly driven by the other partners (co-evolution). The
evolution of holobionts is often viewed as a progressive evolution, based on the emergence of new adaptive
properties that enhance the fitness, or diversify the niche. In many cases, such evolution enhances the
interdependence between partners, because new functions are only achieved in symbiosis. The present paper
focuses on the emergence of interdependence, and emphasizes that it can arise even without emergence of
any new property, nor any progressive evolution. | propose two examples where such a neutral evolution
may have acted.First, this may explain why microbiotas are acting both in plants and animals as
developmental signals for immunity maturation (and also for maturation of nervous system), as revealed by
observation of germ-free animals and non-mycorrhizal plants. Since no evidence supports that microbial
signals are more relevant than endogenous ones, a neutral evolution can account for such dependencies: any
hypothetic endogenous signal can be lost because microbial colonization, reliably occurring at germination
or birth, can substitute for it. Second, neutral evolution may explain the extreme genetic reduction in some
endosymbiontic mitochondria and plastids, that fully lost their genome in some eukaryotic lineages
(respectively, anaerobic or achlorophyllous lineages). Yet, they persisting as bodies surrounded by two
membranes dividing in host cytoplasm. This extreme evolution of dependence to the host is facilitated by the
genetic redundancy between the host and the endosymbiotic bacterium.Generally, when two initially
independent partners permanently interact, redundant properties become unstable: a mutation in one of the
partner can be complemented by the presence of the other, or even by a complementing mutation in the
other. Independency is then lost without any gain of function, nor any positive selection, in a neutral
evolution. Moreover, the accumulation of such ratchet steps over times progressively forbids reversion to
independency. Neutral evolution is a major driver of reciprocal dependencies within holobionts.

References
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developmental signals. Trends in Microbiology 22: 607-613.
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Darwinian selection induces lamarckian adaptation in a holobiont model
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Current models of animal evolution focus on selection of individuals, ignoring the much faster selection of
symbiotic bacteria. To investigate the evolutionary implications of this population structure, we introduced a
Population Genetics model of holobionts exposed to toxic stress. The stress can be alleviated by selection of
resistant individuals (host and bacteria) and by secretion of a detoxification agent (“detox”).By defining a
new measure we show that selection of resistant bacteria over one generation of hosts leads to stress-
dependent increase in the tolerance of the hosts’ offspring. This benefit is mediated by co-alleviation of toxic
and physiologic stress and typically persists over multiple generations of host. Prolonged exposure leads to
independent adaptation by ‘group selection’ of bacterial communities with higher detox per bacterium. The
latter is accompanied by stress-induced variability and by a previously unrealized type of assimilation of host
phenotypes, which we term ‘bacterial assimilation’ (a bacterial equivalent of genetic assimilation by host-
intrinsic alleles).Overall, these findings show that Lamarckian adaptation, group selection and stress-induced
variability can arise via interactions between two levels of Darwinian selection within a holobiont system.
The conclusions and modelling framework are applicable to diverse types of holobiont systems.

Keywords

Holobiont, Darwinian selection, Lamarckian adaptation, evolution, stress, host-microbe interactions,
symbiosis, group selection, stress-induced variability, bacterial assimilation, population genetics
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Session 2
"Emerging approaches to holobiont research"

m simple to complex: phytobiomes and the vision for agriculture in 2050
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To meet the demands of a global human population expected to exceed 9.6 billion by 2055, crop productivity
in sustainable agricultural systems must improve considerably in the face of a steadily changing climate and
increased biotic and abiotic stressors. Traditional agricultural sciences have relied mostly on research within
individual disciplines and linear, reductionist approaches for crop improvement as well as for production
methods and practices. While significant advancements have been made in developing and characterizing
genetic and genomic resources for crops, we still have a very limited understanding of genotype by
environment by management (GXExM) interactions that determine productivity, sustainability, quality, and
resistance to biotic and abiotic stressors. Embracing complexity and the non-linear organization and
regulation of biological systems would enable a paradigm shift in breeding and crop production by allowing
us to move towards a holistic, systems level approach that integrates a wide range of disciplines (e.g.,
geophysics, biology, agronomy, physiology, genomics, genetics, breeding, physics, pattern recognition,
feedback loops, modeling, and engineering) and knowledge about phytobiomes (i.e., plants, their associated
macro- and micro-organisms, and the geophysical environment of distinct geographical sites). By focusing
on the phytobiome, by 2050, we will be able to elucidate, quantify, model, predict, and ultimately prescribe
the cropping systems, methods, and management practices most suited for sustainable production on a
particular farm, grassland, or forest. To ensure progress towards this vision, the new International Alliance
for Phytobiomes Research, an industry-academic consortium, has been created.

Keywords
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Multi-scale characterization of symbiont diversity in the pea aphid complex
through metagenomic approaches
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Most metazoans are involved in durable symbiotic relationships with microbes which can take
several forms, from mutualism to parasitism. The advances of NGS technologies and bioinformatics
tools have opened new opportunities to shed light on this hidden but very influential diversity. The
pea aphid is a model insect system for symbiont studies. It harbors both an obligatory symbiont
supplying key nutrients and several facultative symbionts bringing some novel functions to the host,
such as protection against natural enemies and thermal stress. The pea aphid is organized in a
complex of biotypes, each adapted to a specific host plant of the legume family and having its own
symbiont composition. Yet, the metagenomic diversity of the biotype-associated symbiotic
community is still largely unknown. In particular, little is known on how the symbiotic genomic
diversity is structured at different scales: across host biotypes, amongst individuals of the same
biotype, or within individual aphids.We used high throughput whole genome metagenomic
sequencing to characterize with a fine resolution the metagenomic diversity of both individual
resequenced aphids and biotype specific pooled aphids. By a reference genome mapping approach,
we first assessed the taxonomic diversity of the samples and built symbiont specific read sets. We
then performed a genome-wide SNP-calling, to examine the differences in bacterial strains between
samples. Our results revealed different diversity patterns at the three considered scales for the pea
aphid symbionts. At the inter-biotype and intra-biotype scales, the primary symbiont Buchnera and
some secondary symbionts such as Serratia showed a biotype specific diversity. We showed
evidence for horizontal transfer of a Hamiltonella strain between biotypes, and found two distinct
strains of Regiella symbiontswithin some biotypes. At the finest intra-host diversity scale, we also
showed that these two strains of Regiella may coexist inside the same aphid host. This study
highlights the huge potential of bioinformatics analyses of metagenomic dataset in exploring
microbiote diversity in relation with host variation.
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A transcriptomic approach to study marine plankton holobionts
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Symbiosis is a widespread phenomenon in the biosphere. In the water column, planktonic organisms are key
component of pelagic ecosystems and many species form mutualistic association with microalgae forming a
photosymbiosis [1]. Here we intended to investigate the genetic basis of photosymbiosis, through a
transcriptomic approach on marine plankton organisms. We focused on associations occurring between
radiolarian host (protist, zooplankton) and dinoflagellates symbiont (protist, phytoplankton) living inside the
host cell. These holobionts are widespread in oligotrophic open oceans and have fundamental implications in
biogeochemical carbon, silica and strontium cycles [2, 3]. The study of such non-model holobionts RNA-seq
datasets requires de novo assembly, which implies considerable computational resources and the potential
production of chimeric sequences [4]. We therefore developed an original strategy aiming at accelerating
and improving de novo assembly. We used SRC_Linker to compare our holobionts transcriptomes to
publicly available data generating two datasets, one composed of reads from the symbionts and another with
reads from the host. Independent assemblies were performed in parallel, accelerating the study process, and
minimizing the proportion of chimeric sequences. Our strategy produced a comprehensive genomic dataset
for Radiolaria [5], and offers a large-scale comparison strategy to study holobionts [6]. These new sequences
obtained will be used for phylogenomics investigation, as reference for environmental metagenomic studies
and to understand and characterize the molecular basis of symbiotic relationships in the plankton.
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Genomic analysis of the main bacterial symbiont of the polycyclic guanine
alkaloid-producing sponge Crambe crambe
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Marine sponges are known sources of complex molecules, many of which are thought to be
produced by associated symbiotic microorganisms. Due to their cytotoxic or antimicrobial
activities, many hypotheses exist for the role of these compounds to the holobiont, such predator
deterrence, antifouling microbiome control. As in most cases, the concentrations of these
compounds are low in the sponges, these putative roles remain unproven. A notable exception,
polycyclic guanidine alkaloids (PGA) from crambeidae sponges are present at high concentrations
and have established ecological roles such as antifouling agents. Paradoxically, neither their
organismal origin nor their biosynthesis is known. Recently we have discovered that a single
betaproteobacterium species is present and dominates the microbiota of the crambeidae sponge
Crambe crambe (Croue et al. 2013) and novel polycyclic guanidine alkaloids structures that led to
the proposal of a new biosynthetic hypothesis for PGA biosynthesis (Genta-Jouve et al. 2014). We
have assembled a partial genome from the major symbiont of C. crambe from single cell and
shotgun metagenomics sequences and will present results of an ongoing analysis of these sequences
in the context of the symbiosis at large, and the implication on this bacterium in the synthesis or
degradation of PGA:s.
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Understanding and manipulating the plant holobiont
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Plants and their microbiota form and inseparable entity known as a holobiont. The concept of the
hologenome (all the genomes of the holobiont) as an evolutionary unit suggests mechanisms that
could be harnessed to rapidly evolve/adapt holobionts. For this presentation, | will discuss recent
studies that aimed at understanding and manipulating the microbial part of the plant holobiont.
More specifically, I will: 1) compare the capacity of various plants to recruit beneficial
microorganisms under stressful conditions, 2) contrast the effects of the plant genotype and the
environment on the stress response and 3) show that manipulating the microbiota can modify the
phenotype of the host plant. Globally, my research show that it is possible to modify the plant
holobiont through microbiota manipulation, highlighting the central role of microbes in plant
phenotypic plasticity. More research will be however necessary to completely understand the
mechanisms involved and apply them for e.g. increase crop yields.
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Microbiota manipulation, metatranscriptomics, agriculture, phytoremediation
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Session 3
"Microbiota and host health"

Homo sapiens symbioticus : an endangered species ?

Author
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During the first months of life, the newborn develops as an intimate symbiosis between human cells
and complex microbial communities that colonize the skin, intestinal contents and all mucosal
surfaces of the body. As any cell, our microbial symbionts are recognized as ‘self’ by our immune
system and homeostasis of symbiosis is essential for the maintenance of health and wellbeing.
With a rich diversity of species and on average 25 times more genes than the human genome, the
intestinal microbiota contributes major functions that pertain to host nutrition, physiology and
ensure protection from colonization by environmental microbes.

An alteration of the intestinal microbiota - called dysbiosis - has been documented for a broad range
of immune-mediated, chronic disorders. The latter have all increased in incidence over the past 60
years, to a point where one in four persons of the world population is affected today. After 25 years
of exploration of dysbiosis in chronic conditions, we have come to realize that it corresponds to an
alteration of man-microbes symbiosis.

Imposed over 2 to 3 generations, nutritional transition, exposure to environmental xenobiotics
including therapeutics, as well as major changes in perinatal management and environment all
combined drastic effects on man-microbes symbiosis. On top of this, it would only take a few feed-
back loops in host-microbes relationships to challenge the comforting concept of a continuum
between health and disease. We propose and will provide preliminary evidence that alternative
stable states derived from critical transition are a basic feature of altered man-microbes symbiosis
and could characterize major diseases of modern societies.

Specific nutrients (fibers, polyphenols) and live microbes (probiotics, microbiotherapy
preparations) would be bioactives of choice to restore symbiosis or prevent the onset or aggravation
of chronic diseases. The current context hence calls for an urgent change in paradigm; towards
preventive nutrition and clinical management addressed to man as a true man-microbes symbiosis.
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Harnessing insect symbiosis for the population control of agricultural pest
and disease vector species
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Insect species have been masters in establishing sophisticated symbiotic associations with diverse
microorganisms during evolution, particularly with bacterial species. These symbiotic bacteria have
been shown to influence the biology, physiology, ecology and the evolution of their insect hosts and
they play a catalytic role in nutrition, reproduction, mating behaviour, fitness, immunity, as well as
in determining their pest status. Due to their unique biological properties, several insect symbionts
and particularly the ones manipulating the reproductive properties of their insect hosts and
providing protection against pathogens and parasites, such as Wolbachia, have been exploited for
applications. A number of studies have shown that Wolbachia can be used as a tool in integrated
pest / vector management strategies either for population suppression or for population replacement.
In my presentation, | will focus on how we can exploit insect symbiosis for pest and disease control
with an emphasis on the population suppression of major mosquito vector species via the
integration of the sterile insect technique and Wolbachia symbiosis. Data from laboratory, semi-
field and open field pilot trials against Aedes mosquito populations will be presented.
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Wolbachia, sterile insect technique, pest and disease control
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Integrative analysis of the coral holobiont thermotolerance under contrasted
thermal environment
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In the context of global change, corals are being submitted to an increase in sea surface
temperatures that are already reaching values they never experienced in their lifetime. In order to
better understand the mechanisms of thermal stress resistance of the coral, we developed an
integrative approach on a coral holobiont from the Pocillopora genus. We performed an
ecologically realistic thermotolerance experiment on Pocillopora damicornis, and we compared the
response for two populations that naturally experience contrasted thermal regimes. One population
from Oman is submitted to high thermal variations along the year and the other one from New-
Caledonia is submitted to low annual thermal variations. We analyzed three genotypes for each
population. We considered the whole coral holobiont, i.e. the cnidarian itself, its associated
microbial community and the symbiotic dinoflagellate. We followed the transcriptomic response of
the cnidarian using RNAseq, the dynamics of the microbiota (using 16S metabarcoding) as well as
the Symbiodinium assemblages (using ITS2 metabarcoding) during the stress for the different
populations and genotypes. Our results revealed that the holobiont response is strongly influenced
by the host genome and highly dependent on the thermal regime they are experiencing in the field.
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Using nanoscale imaging technologies to understand differential
susceptibility to coral bacterial infection
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Reef-building corals form complex relationships with photosynthesizing dinoflagellates
(Symbiodinium sp.) and a consortia of microbial partners. Collectively known as the coral
holobiont, the complex signaling and metabolic interactions that occur between the different
partners enables corals to thrive in the oligotrophic waters of the tropics. Exposure to above-average
seawater temperatures disrupts these relationships and thus, the metabolic interactions that sustain
the holobiont, resulting in the expulsion of Symbiodinium and/or the manifestation of disease. Over
the past decade, there has been an increase in the prevalence and severity of both episodic bleaching
and disease outbreaks. It is perhaps unsurprising that thermally-stressed corals are more susceptible
to disease, but it is not clear whether this is due to increased virulence of microbial pathogens or a
reduction in the immune response of the coral host. We use the association between Pocillopora
damicornis and Vibrio coralliilyticus as a model to address this knowledge gap. This relationship is
particularly interesting in the context of climate change as V. coralliilyticus only becomes virulent
in conditions 2 to 5 °C above ambient temperatures. A paired experimental design was implemented
whereby infected (INF) P. damicornis fragments inoculated with °*N-labeled, DsRed-tagged V.
coralliilyticus for two hours, were paired with non-infected, control (CON) fragments. Both INF
and CON fragments were exposed to isotopically H*COs-labeled seawater and photosynthesis-
saturating light levels during the experiment. The progression of the infection was monitored in real
time using the “Coral-on-a-Chip” microfluidic system. Once clear symptoms of disease (the
development of lesions, biofilms and/or tissue necrosis) were observed, the experiment was
quenched and the samples fixed. The onset of symptoms differed temporally between fragments,
ranging from 3.5 to 9 hours post-infection (HPI1), while some fragments failed to develop disease
symptoms over the duration of the light period (13.5 HPI). Following fixation, samples were
embedded in resin, sectioned and prepared for immunolocalisation and Nanoscale Secondary lon
Mass Spectrometry (NanoSIMS) imaging. Immunolocalisation, achieved via the application of a
primary anti-RFP antibody detected with Alexafluor647 conjugated secondary 1gG, permitted the
localization of labelled Vibrio pathogens within coral tissues, while NanoSIMS analysis enabled us
to track simultaneously the photosynthetically fixed H**CO5"in the symbiont dinoflagellates and the
presence of ">N-labeled pathogens in the coral tissue. Here, we present high-resolution images of
the infection process, from the initial innoculation of the coral to the colonization of tissue and the
development of disease symptoms, while simultaneously quantifying the reduction in
photosynthetic performance of the symbiont dinoflagellates as infection progresses. Our approach
and results add a unique mechanistic perspective to the complexities of coral disease, which is a
crucial step towards understand how corals will fare under global climate change.
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Multi-kingdom microbial consortia maintain microbial homeostasis in roots

and

promote plant health
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In nature, healthy plants cohabit with a plethora of microbes, such as bacteria, fungi, and
oomycetes, forming complex microbial consortia that impact plant growth and health. Here we
aimed at investigating the complex microbial communities that are established on plant roots, where
bacteria, fungi and oomycetes are not considered as separated entities but rather as internal drivers
of overall community structure. We profiled the microbial communities associated with
Arabidopsis roots from a large-scale European survey (16 natural populations). Using amplicon
sequencing of the bacterial 16s rRNA gene and fungal/oomycete ITS, we identified structural
convergence for root-associated bacterial communities, whereas root-associated fungal and
oomycetal communities were more similar to soil’s, hosting more site-specific members. Moreover,
we showed that soil characteristics are good predictors of bacterial community structure in soil but
not in roots. Using comprehensive Arabidopsis root-associated bacterial, fungal and oomycete
culture collections with gnotobiotic plant systems, we investigated how multi-kingdom microbial
communities interact with each other and affect plant host fitness without any external cues. We
showed that re-colonization of Arabidopsis by oomycetal and fungal communities have a strong
deleterious impact on plant growth, whereas in combination with bacteria, this phenotype is
recovered. This bacteria growth rescue is associated with a fungal community shift, demonstrating
that inter-kingdom interactions are key for microbial community establishment and plant health.
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NOD2 influences intestinal resilience and fungal signatures after antibiotic
perturbation
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Microbial communities are important for physiological homeostasis in the mammalian gut. In
Crohn’s disease, risk alleles on the NOD2 locus disrupt and destabilize the NOD2 protein, which
senses bacterial cell wall products and is highly expressed in specialized intestinal epithelial cells. A
disturbed resilience is hypothesized to be an environmental factor precipitating disease
manifestation through this genetic variation. Thus, understanding how the microbiota interacts with
the host’s genotype, to respond to antibiotics as a selective pressure, is crucial to determine how
stability of community composition is maintained. Using a mouse model deficient in the Crohn’s
Disease risk gene, NOD2, we aimed to investigate the role of this innate immune receptor for
microbial resilience after a perturbation. Wild-type C57BL6(WT) and knock-out NOD2(KO) mice
were treated for two weeks with broad-spectrum antibiotics and the fecal microbial composition
was followed for 10 weeks. Using 16S and ITS1 sequencing, we determined the bacterial and
fungal community composition, respectively. Additionally, we assessed the occurrence of selected
known resistance genes using gPCR.Antibiotics significantly altered the composition of the
microbial gut community in both genotypes, with Escherichia/Shigella becoming the dominant
bacterial genera during the two-week administration. However, while bacterial diversity decreased
in both genotypes, fungal diversity increased, and numerous significant correlations between the
bacterial and fungal microbiota were identified as co-occurrence or co-exclusion interactions.
Interestingly, our results demonstrated a phenotypic variation, where the NOD2 genotype impairs
resilience of the bacterial gut microbiota leading to a delayed recovery. Furthermore, antibiotic use
caused a significant increase in antibiotic resistance genes, and was independent of
genotype.Despite its relevance in disease, the fungal microbiota have been largely ignored. Here we
demonstrate a complex relationship between gut bacteria and fungi, where antibiotic perturbation
creates niche availability and the expansion of potentially opportunistic genera. Additionally, the
delayed recovery in the bacteriome of the KO creates a ‘window of opportunity’, which may
promote pathogen proliferation and the development of gastrointestinal inflammation.
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Medicine through a hologenomic lens
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Biologists and philosophers of biology are increasingly focusing on the ecological and evolutionary
dynamics of host-microbial organization, interaction, and function. They are pursuing questions about
organismality, individuality, levels of selection, fidelity of microbiome transmission and/or transgenerational
association among hosts, the scope of host-microbiota cooperation and conflict, and the scales at which
ecology and evolution feed into each other in the context of host-microbial symbioses. In addition to
providing a vocabulary and framework for contemporary dialogue on hosts in light of their ubiquitous and
complex microbiomes, foundational theses such as the hologenome concept of evolution have theoretical and
practical ramifications for the study of animal biology, including medicine. In this presentation, | will
explain how viewing a syndromic medical problem through a hologenomic lens can translate to enhanced
research and clinical care in medicine. | will use evolutionary and precision medicine as a theoretical
framework for discussion and perinatal medicine as a developing practical proof-of-concept.
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Helminth burden and ecological factors associated with wild host
gastrointestinal microbiota
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Infection by gastrointestinal helminths of humans, livestock and wild animals is common, but the
impact of such endoparasites on wild hosts and their gut microbiota represents an important
overlooked component of population dynamics. Wild host gut microbiota and endoparasites occupy
the same physical niche spaces with both affecting host nutrition and health. However, associations
between the two are poorly understood. This work utilised a non-destructive sampling method
(Endoscopy) on the commonly parasitized European shag (Phalacrocorax aristotelis) a 2kg seabird,
as a model for wild host-parasite-microbiota interactions. Forty live adults from the same colony
were sampled. Endoscopy was employed to quantify helminth infection in situ. Microbiota from the
proventriculus (site of infection), cloacal and faecal gastrointestinal tract microbiomes were
characterised using 16S rRNA gene-targeted high-throughput sequencing. Increasingly strong
associations between helminth infection and microbiota composition were found, progressing away
from the site of infection. This work within live wild animals, forms a foundation to better
understand the ecological mechanisms that underpin the three-way relationship between helminths,
microbiota and hosts.
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Biodiversity of the human gut microbiome: influence of diet and parasitism
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Humans live in close proximity with multiple microbial communities living in/on them, of which
the gut microbiome. This intimate relationship has been challenged many times during human
evolutionary history. It has notably been shown that there is a loss of biodiversity in urban
industrialized populations when compared to rural populations. However, we know little about the
relative contribution of diet, hygiene or host genetics to these patterns. Here, we focus on fine-scale
comparisons of African rural populations in order to contrast the gut microbiomes of populations
that inhabit similar environments but have different diets (hunter-gatherers, farmers) and to evaluate
the effect of parasitism on microbiome composition. To this end, we profiled the gut microbiota and
intestinal parasites in 64 individuals from Cameroon. We found that the presence of an intestinal
protozoa, Entamoeba, is strongly correlated with microbial composition and diversity. We also
found gut communities to vary significantly with subsistence mode, with some taxa previously
shown to be enriched in other hunter-gatherers groups. Our study thus highlights the substantial
variability in gut microbiome composition among closely related populations and suggests an
important role for eukaryotic gut inhabitants, one that has been largely overlooked in studies of the
microbiome to date.
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Session 4
"Mechanisms for holobiont assembly"

Structure and function(s) of the plant root microbiota

Author
Paul Schulze-Lefert - Invited

Department of Plant Microbe Interactions, Max Planck Institute for Plant Breeding Research, 50829 Cologne,
Germany.
E-mail: schlef@mpipz.mpg.de

We have previously shown that healthy roots of Arabidopsis thaliana, grown in natural soils, are colonized
by a bacterial consortium with well-defined taxonomic structure. Members of this root microbiota belong
mainly to the phyla Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria (Bulgarelli et al., Nature
2012). A comparison of the bacterial root microbiota of A. thaliana with A. thaliana relatives, grown under
controlled environmental conditions or collected from natural habitats, demonstrated a largely conserved
microbiota structure with quantitative, rather than qualitative, species-specific footprints (Schléappi et al.,
PNAS 2014). Unlike this, the root microbiota of monocotyledonous barley and dicotyledonous A. thaliana,
grown in the same soil type, revealed a similar overall structure, but with several bacterial taxa uniquely
enriched in the Brassicaceae (Bulgarelli et al., Cell Host&Microbe, 2015). This suggests bacterial root
microbiota structure is an ancient plant trait that was already present in the last common ancestor of
monocotyledonous and dicotyledonous plants. We have isolated more than 8000 A. thaliana root- and leaf-
associated microbiota members as pure bacterial cultures, representing the majority of A. thaliana microbiota
members that are detectable by culture-independent community profiling methods, and generated whole-
genome sequence drafts for a core collection of 400 isolates (Bai et al., Nature 2015). | will discuss how we
utilize synthetic communities and gnotobiotic plant systems to define principles underlying root microbiota
establishment. 1 will also present our reductionist approaches to examine proposed microbiota functions in
plant health.
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A core microbiota of plant and earthworm interaction? Phylogenetic and
functional aspects
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The core microbiota concept has been proposed to describe the subset of a microbiota (e.g. the
rhizosphere microbial community) associated with a given host (e.g. a plant) going beyond
macroenvironment differences (e.g. soil type), and characterized by taxonomic markers (e.g. 16S
rRNA gene sequences). Its existence has been questioned by geographical studies, showing the
overruling soil type effect in shaping microbial communities. As far as biotic determinants are
concerned, several “hosts” or macroorganisms are impacting a given habitat and its specific
microbial community. In soils, there is an overlap between the so-called rhizosphere and the
drilosphere, defined as the functional domains under the influence of plant roots and earthworms
respectively. Plants and earthworms have been sharing the same soils over geological times, thus
microbial communities living at the congruence of rhizosphere and drilosphere could be specific of
plant-earthworm interaction, as a consequence of their coevolution. Here we tested the hypothesis
of a specific core microbiota at the interface of two interacting macroorganisms, in three different
soils. We grew barley in microcosms in the presence/absence of the endogeic earthworm
Aporrectodea caliginosa. We investigated the structure of microbial communities and quantified
their abundance. Because interactions between earthworms and plants have been proposed tobe
mediated through the mineralization of organic matter and the release of nutrients, we also studied
the abundance of genes involved in nitrogen cycling in different micro environments (bulk soil,
rhizosphere and earthworm casts). 16S rRNA gene amplicon sequencing revealed the presence of
microsites core microbiota over the three soil types. Despite an expected strong influence of soil
type on microbial community composition (59% of explained variance), significant effects of both
microsites (13%) and macro-organisms presence (7%) were observed. Many genes of the nitrogen
cycle were influenced by soil type, whereas earthworms were only responsible for an increase in the
abundance of the ureC gene. The interaction between plant and soil type was modifying the
abundance of nosZ, nifH and narG, in the rhizosphere suggesting a strong control of the nitrogen
cycle by the plant dependent on soil fertility. A refined analysis on each soil separately revealed a
significant interaction between plant and earthworm presence on the structure of the rhizosphere
and drilosphere microbiota. This suggests that assembly of microbial community in plant
rhizospheres and earthworm casts was dependent on the mutual presence of earthworm and plant
respectively. Several bacterial species were significantly enriched at the interface of plant
rhizosphere and earthworm casts, suggesting that direct/indirect relationships between
macroorganisms associated microbiota resulted in recruiting and promoting specific members.
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woodlice holobiont;: an all in one toolbox for animal-microbe

interactions of ecological relevance
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Bacterial symbionts represent essential drivers of arthropod ecology and evolution, influencing host
traits such as nutrition, reproduction, immunity, and speciation. However, the majority of work on
arthropod microbiota has been conducted in insects and more studies in non-model species across
different ecological niches will be needed to complete our understanding of host—microbiota
interactions. In this context, terrestrial isopod crustaceans constitute an emerging model to
investigate symbiotic associations with potential relevance to ecosystem functioning. Terrestrial
isopods comprise a group of crustaceans that have evolved a terrestrial lifestyle and represent
keystone species in terrestrial ecosystems, contributing to the decomposition of organic matter and
regulating the microbial food web.As for many symbioses, the association between isopods and
microorganisms had initially been viewed as highly specific binary interactions between one host
and one symbiont. We present the current knowledge of terrestrial isopods as holobionts
representing a large scope of host-symbiont associations, including reproductive parasites, bacterial
pathogens and several symbionts specifically associated with digestive tissues. The high diversity of
the woodlice holobiont may constitute an all-in-one tool box for the study of host-microbe
interactions. We will discuss several particular associations that offer opportunities for the study of
symbiosis: Wolbachia as a model to study genetic conflicts, Rickettsiella as a model to study
transitions between pathogenicity and mutualism, Rhabdochlamydia porcellionis as a model to
study complex pathogen life cycles, Hepatincola and Hepatoplasma as models to study nutritional
symbiosis and symbiont-symbiont interactions, Bacilloplasma as a model to study ancient host-
symbiont relationships and viruses and Acanthocephalan parasites as models to study host
manipulations.We will identify future directions to (i) fully understand the functional roles of
particular bacteria (both intracellular or intestinal symbionts and environmental gut passengers), and
(it) whether and how the host-associated microbiota could influence the performance of terrestrial
isopods as keystone species in soil ecosystems.
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inner help: bleached Exaiptasia pallida (Anthozoa, Actiniaria) farms and

allocates remaining endosymbionts ensuring the inheritance of
Symbiodinium spp. to offspring
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Loss of the associated microalgae in symbiotic cnidarians, commonly known as bleaching, impairs energy
budget and several physiological processes of the host, eventually leading to its death. However, in some
cases, host animals reestablish the association, using mechanisms that are still poorly understood.
Understanding the recovery time span might accurate predictions about consequences of eventual successive
bleaching events. In this study, we investigated bleaching recovery and pigmentation patterns on different
functional body parts of bleached Exaiptasia pallida, an actiniarianthat lives in symbiosis with the
dinoflagellate Symbiodinium spp.. We measured time of holobiont's pigmentation at each body part in an
oligotrophic environment during 46 days at three ontogenetic stages through a six levels color scale. Also,
we analyzed histochemical composition of the symbioma and its ultrastructure through scanning and
transmission electron microscopy. We found a sequence of pigmentation recovery after bleaching
notwithstanding its ontogeny but delayed on earlier stages. Independently on holobiont's size, tentacles
pigmented first. After 10 and 24 days, all medium and small sized individuals pigmented the pedal disc
respectively, and after 14 and 28 days, the oral disc. A prolific pedal laceration was observed after 16 and 26
days in adult and smaller individuals respectively. Also, we observed E. pallida regurgitating viable
endosymbiont clumps embeded on a proteoglycan matrix before pigmentation process was accomplished.
Based on our observations, we propose a mechanism of assembling of the holobiont system regarding
proliferation of endogenous symbionts after bleaching (tentacles; pedal disc; oral disc; column). Also, we
propose a mechanism of disassembling of the holobiont system, production and expulsion of symbiont clump
(flagella interaction; host membrane cell dissipation; endosymbiont membrane interaction, endosymbiont
detachment, clumpling and clump expulsion). We discuss if these mechanisms are driven by host or
endosymbiont. The pigmentation sequence apparently favors light capture and vertical transmission of the
endosymbiont to the host's offspring while endosymbiont clump expulsion during pigmentation may favor
dinoflagellate dispersion. Nevertheless, time span between bleaching events might have different effects on
the success of the pigmentation recovery. If the time span is shorter than 40 days, young individuals of the
population might not have time to recover their maximal pigmentation levels. If it is shorter than 10 days,
hosts might not transfer endosymbionts offspring. Shorter than a week, the photosynthetic energy supply of
the host may be reduced.
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Seasonal and diet-driven assembly of a core microbiota associated to
macroalgal digestion in the marine herbivore holobiont
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The importance of host digestive microbiota is increasingly coming into the focus of ecological and clinical
research due to their major role in host digestion, host health and host development. There are numerous
studies on the digestive microbiota of mammals and terrestrial herbivores but little is known about marine
herbivores. Among them, generalists consume red, green, and brown algae, each presenting specific
composition in complex polysaccharides. Subsequently, each macroalga presents a specific epiphytic
microbiota and the digestive microbiota of marine herbivore is expected to vary with a monospecific algal
diet. Therefore, we investigated the effect of 4 monospecific diets (Palmaria palmata, Ulva lactuca,
Saccharina latissima, Laminaria digitata) on the digestive microbiota of a generalist marine herbivore in its
natural environment over one year. Our model is a generalist herbivore able to digest the 3 algal types; the
abalone, a gastropod of primary interest due to its economic importance in several countries in Asia, South
Africa, and South America. The microbiota from abalone digestive gland, sampled every 2 months, was
explored using metabarcoding. Despite differences in algal diet composition, we unexpectedly found three
bacterial genera that constantly dominated the community: Psychrilyobacter, Mycoplasma, and Vibrio.
Phylogenetically close genomes indicated their ability to ferment pyruvate and only Vibrio seemed able to
degrade alginate from brown macroalgae. Key aerobic primary degraders of algal polysaccharides were
found in a less abundant core microbiota associated with each algal diet. Despite finding few diet-specific
OTUs, diversity analyses showed diet-specific patterns of the bacterial community and this was further
confirmed by correlations between individual bacterial groups and algal characteristics. Abalone digestive
gland may represent a particular niche where abalone-specific bacteria cohabit with transient bacteria able to
degrade algal polysaccharides.
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Bacteriophages in the freshwater polyp Hydra and their role in holobiont
maintenance
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All multicellular organisms are associated with a host specific bacterial community. This close association
between bacteria and its host is beneficial for both partners and forms a complex unit termed “holobiont”.
Controlling the composition of associated bacteria is essential for the stability and function of the holobiont,
but the factors contributing to this host specific bacterial colonization are poorly understood. While research
has focused on the composition and control of host associated bacteria as key components of holobionts,
viruses have been totally disregarded. Viruses are compared to bacteria the most abundant and diverse entity
in the world and are responsible to cause high mortalities in bacteria. Recently we have demonstrated that the
freshwater polyp Hydra is not only associated with a host specific bacterial community but carries also a
divers viral community, composed of both eukaryotic and prokaryotic viruses (phages). Moreover, we found
first evidence that bacteriophages play an important role in the colonization control of Hydra by simple
bacteria-bacteria interaction experiments. Genome sequencing of Hydra associated bacteria revealed that
more than 50% feature an intact prophage sequence in their genome. The possession of a prophage not only
protects Hydra associated bacteria from superinfection, we could also demonstrate that phages of Hydra
associated bacteria can be reactivated by different environmental factors and are able to cross-infect other
bacteria. Moreover, we could show that the prophage of the most dominant bacterial colonizer of Hydra can
be induced by different bacterial strains. For this reason we expect Hydra associated phages to play an
important role in holobiont maintenance.
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New insights into the Rimicaris exoculata holobiont model
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Deprived of light, the deep-sea hydrothermal vents are extremes ecosystems sustained by micobial
chemosynthesis. These environments are colonized by animal species living in close relationships with these
chemoautotrophic micro-organisms, eating them or establishing long term interactions with them, may they
be trophic or not only. The shrimp Rimicaris exoculata is an endemic hydrothermal species of the Mid-
Atlantic Ridge (MAR) sites. This crustacean represents the predominant macrofauna of some sites of the
MAR. It lives in symbiotic association with two distinct microbial communities qualified as ectosymbiosis.
One is located in its gill chamber and one in its gut. First, our work focused on the study of bacterial
communication (Quorum Sensing or QS) within the ectosymbiontic communities during the molting and life
cycles of R. exoculata. Then, we focused on an antimicrobial peptide (AMP) identification and search for its
function in R. exoculata immunity and in controlling symbionts.Two QS genes (luxS and IuxR) were
identified in the R. exoculata ectosymbiontic community at different shrimp molt stages and life stages at the
Rainbow, TAG, Snake Pit and Logatchev vent sites. RT-PCR experiments highlighted lux gene expression at
TAG, Snake Pit and Rainbow vent sites, suggesting a potential QS activity and its possible roles in epibiont
colonisation processes. Phylogenetic analysis has shown the presence of three haplotypes for luxS
(Epsilonproteobacteria) and four haplotypes for luxR (Gammaproteobacteria) genes distributed separately
along the four sites. As these genes are more divergent than that of 16S rRNA, they could be then used as
biogeographical genetic markers tools to trace back the origin of individuals to a location or between
locations along its life cycle. This work reports also the first description of an AMP in an extremophile
arthropod (namely Re-crustin). The study shows a constitutive expression of Re-crustin in all tissues in
contact with the environment with a higher expression level in the gill chambers area on which the
ectosymbiotic community develops. Looking at the temporal dynamic of the Re-crustin production during
acquisition events, loss and recolonization of symbionts post molting suggests a participation of this AMP in
the control of the ectosymbiosis in Rimicaris exoculata. Altogether these data support the role of the immune
system in the adaptation to extreme environment through the establishment of vital ectosymbiosis.
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Stability and functionality of the microbial communities associated with
temperate gorgonians and the precious red coral Corallium rubrum
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Gorgonians are key habitat-forming species of temperate benthic communities. However, gorgonian
populations have dramatically declined due to local human impacts and mass mortality events caused by
elevated seawater temperatures and microbial disease outbreaks in recent decades. Despite these threats,
relatively little is known about the symbioses between gorgonian hosts and their microbial associates. Using
16S rRNA gene amplicon sequencing, we revealed that 90 - 95% of the bacterial communities associated
with six gorgonian species from the Mediterranean Sea are represented by bacteria that are consistently
present on both spatial and temporal scales (core microbiome). While the core microbiomes of soft
gorgonians, such as Eunicella spp., Leptogorgia sarmentosa and Paramuricea clavata, are comparatively
simple and composed of up to 5 bacterial species belonging to the genus Endozoicomonas (Order
Oceanospirillales) and clade BD1-7 (Order Cellvibrionales), the precious red coral Corallium rubrum
possessed a core microbiome which is unique within the Anthozoans and is dominated by 12 bacteria from
the phylum Spirochaetes (70%) and the Oceanospirilalles family ME2 (25%). Interestingly, we also found
significant overlap in the microbiome composition of gorgonian species belonging to the same taxonomic
family, but not across families. Overall, this shows that the membership of the gorgonian microbiome is very
consistent, likely under tight regulation by the host, and suggests that these few bacteria are important for
holobiont health. We therefore also investigated the localization of these microbial associates within the host
tissues using catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) and generated
the metagenomes of three species (C. rubrum, P. clavata and E. cavolini) representing taxonomic families
with distinct microbiomes to elucidate the function of their core microbiome members. As we did observe
some shifts in the bacterial assemblages of gorgonians at locations affected by local human impacts, we also
investigated the effects eutrophication and metal pollution may have on the functionality of the host-
associated bacteria using a metatranscriptomics approach. We will present results from these studies showing
novel microbial associations within Anthozoans, their potential symbiotic interactions, and how stress may
impact the health of the coral holobiont through the disruptions of host-microbial symbioses.
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The microbiota heritability in a clonal plant: toward the concept of meta-
holobiont
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Plants are colonized by a high diversity of symbiotic microorganisms forming a microbiota and providing
additional functions to their host1,2. The plant microbiota can be considered as a toolbox allowing plants to
buffer local environmental changes2. It represents then a major compartment influencing the plant fitness.
Under the frame of the plant holobiont and hologenome hypothesis3, the transmission of symbiotic partners
to progeny is investigated in our study.Most of the plants in nature are clonal. We thus tested under
controlled conditions the hypothesis of an active transmission of the plant microbiota between ramets (i.e.
from mother to clonal daughters) using Glechoma hederacead. For each plant individual, we analyzed
microbial assemblages using high throughput sequencing of amplicons of Archaea, Bacteria and Fungi using
DNA extracts from root samples of the mother and daughter ramets.We demonstrated the vertical
transmission of a significant proportion of the mother Bacteria and Fungi assemblages to the daughters but
not of Archaea. This reveals the heritability of a specific core microbiota from mother plants to their
descendants. More broadly, these results support the understanding of the plant as a holobiont rather than as
a standalone entity.In addition, our results raised the holobiont concept to another layer of complexity
because clonal plants are organized in networks in which microorganisms appear to be transmitted between
holobionts. From this perspective, this clonal network can be seen as a meta-holobiont andmay bea
qualitative model for studying holobionts assembly and evolution.
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Marine sponges: life in a sea of microbes
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Throughout evolution, marine sponges (phylum Porifera) have evolved in a literal sea of microbes. In spite
of filtering thousands of liters of seawater per day, they harbor specific symbiotic communities within their
mesohyl tissue. A sponge individual can harbor up to thousands of symbiont lineages that are located
extracellularly within the mesohyl matrix. The sponge holobiont is thus a prominent example of a complex
host-microbe association. The natural variability of sponge-microbe associations across species and
environments provides a meaningful ecological framework to investigate animal-microbe-environment
interactions through experimentation in the field and also in aquaria. For instance, by monitoring the
microbiome of sympatric closely-related species over time and space, we observed that the symbiotic
microbiota is species-specific and highly persistent despite changes in the bacterioplankton of the
surrounding seawater. Furthermore, the sponge species (host taxonomy) has an affect on the composition of
the symbiotic microbiome, but the precise mechanisms are still unknown. Next-generation sequencing
technologies have revealed genomic features of their microbiota that may allow for a symbiotic lifestyle. In
the sponge host, recent analysis of genomes and transcriptomes revealed immune receptors that are
potentially involved in microbial recognition. Our overall aim is to provide insights into the mechanistic
underpinnings that mediate host-microbiota-environment interaction in this ancient animal phylum.
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Plant nutrient resource strategies control the rhizosphere microbiota
structure and functions
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The rhizosphere is active and dynamic in which newly generated carbon, derived from root exudates, and
ancient carbon of soil organic matter (SOM), are available for microbial growth. Root exudation impacts
microbial community functions including nitrogen cycling process (Haichar et al, 2012). Root exudation is
related to plant physiology, which can be measured via functional traits. Theses functional traits are used to
classify plant species according to their performances. Indeed, fast-growing plant species with higher
photosynthetic capacity and rapid rates of N acquisition are called competitive species in contrast to slower-
growing conservative species with lower biomass N concentrations but a longer lifespan (Aerts & Chapin,
2000).The aim of this study was to determine the impact of plant strategy (from conservative to competitive),
on denitrifying activity and bacterial diversity through root exudation. To do this, we have grown in the same
soil, six species of Poaceae grassland (2 conservatives, 2 intermediates and 2 conservatives) for 10 weeks,
that we further incubated, under 13CO2 during one week. This labelling allowed to estimate the rate of root
exudation for each plant species and to perform DNA-SIP (stable isotope probing) approach to identify
active microbiota involved in root exudates assimilation in the root compartment, in the root adhering-soil
and those involved in SOM degradation. In addition, we measured denitrifying activity to determine
interactions between plants and denitrifiers influenced by root exudates. We have demonstrated that root
exudation was linked to plant nutritional strategy. In fact, the rate of exudation is more important for
competitive and intermediates plants than for conservatives ones, owing to the root system architecture. In
addition, microbial denitrification activity is correlated with exudation rate. The diversity of microbiota
involved in root exudates assimilation and/or in SOM degradation determined by 16SrDNA metabarcoding,
revealed differences for each plant species microbiota. To our knowledge, this is the first work
demonstrating the impact of plant nutritional strategy on denitrifiers through root exudation.
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Influence of insect microbial symbionts on plant nutritional status, immunity
and morphology: consequences for plant exploitation
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Insect symbionts can directly affect insect—plant interactions by providing insects with key nutrients or by
interfering with the plant to modulate food provisioning to insects and plant defences. Due to their regulatory
role, phytohormones have been a privileged target of arthropods over the course of the evolutionary arms
race between plants and their biotic partners. The ability to perceive, interpret and manipulate plant signals is
likely to provide insect herbivores with novel adaptive capacities enabling them to invade new ecological
niches. Our extensive quantification of phytohromones in Malus domestica infested by the apple-tree leaf-
miner Phyllonorycter blancardella (Lepidoptera: Gracillariidae) show that leaf-mining insects produce and
deliver cytokinins (CKs) to the plant, thereby enabling insects to overtake the plant senescing programme
and to control their nutritional supply under fluctuating environmental conditions. Analyses also reveal that
strategies underlying the plant manipulation may be shared between herbivorous insects with distinct life
histories. Our study further suggests that bacterial symbionts may contribute to the production of CKs
through the synthesis of specific forms of CKs. A strong correlation was also found between the level of an
endosymbiotic bacterium, Wolbachia and the amount of CKs in the mine. Insects treated with antibiotics
created mines that contained significantly lower concentrations of CKs. Using a combination of molecular
phylogenies and ecological data, we also show that the acquisitions of the altered phenotype and Wolbachia
infections have been associated through the evolutionary diversification of Gracillariidae.

Our study provides key findings towards the understanding of molecular mechanisms underlying this
intricate plant-insect-microbe interaction and converging experimental evidences strengthen the idea that
insect-associated microbes are active players in plant manipulation to the benefit of the insect host.
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The newcomers: distantly related bacteria have settled as co-obligate
symbionts in aphids
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Typically, aphids house the obligate nutritional bacterial symbiont Buchnera inside specialised cells called
bacteriocytes. Buchnera supplies the aphid with essential amino acids and vitamins thus insuring the correct
development of its host 1. However, some Buchnera lineages have lost the ability to fulfil this role, either
triggered or rescued by new and younger endosymbionts. One such case are the aphid species from the
Lachninae subfamily, where an ancient loss of the riboflavin biosynthetic genes in the genome of Buchnera
was accompanied by the acquisition of a co-obligate partner, putatively Serratia symbiotica 2. However, co-
obligate symbioses are not restricted to this subfamily, and examples of these have been previously reported
mainly by microscopic studies 3,4,5. Through whole genome sequencing, we have reconstructed the
genomes of the co-obligate endosymbionts from several aphid species belonging to different subfamilies,
mainly the Lachninae. We have corroborated that these co-obligate symbionts indeed supplement essential
metabolic auxotrophies found in Buchnera, mainly that of riboflavin. Not surprisingly, they have evolved
genomes with similar core metabolic capabilities, with some even bringing new ones to the symbiotic
consortium. Also, we have determined that these co-symbionts have evolved from diverse facultative
symbiotic taxa associated to aphids (e.g. S. symbiotica, Candidatus Fukatsuia symbiotica, Sodalis) as well as
free-living bacterial strains (e.g. Erwinia). These findings show that co-obligate symbiosis in aphids is more
widespread than previously thought. This suggests a fragile mono-symbiotic association between the aphid
host and its Buchnera symbiont, whose highly degenerated genome could undergo simple metabolic losses

which could lead to a “lucky” secondary symbiont establishing as a co-obligate one.
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antimicrobial peptides enabling metabolic integration  of

endosymbionts?

Authors
Peter Mergaert™*, Yoshitomo Kikuchi®®, Shuiji Shigenobu®, Eva C. M. Nowack®

! Institute for Integrative Biology of the Cell, UMR9198, CNRS, Université Paris-Sud, CEA, Gif-sur-Yvette, France

? Bioproduction Research Institute, National Institute of Advanced Industrial Science and Technology (AIST),
Hokkaido Center, Sapporo, Japan

® Graduate School of Agriculture, Hokkaido University, Sapporo, Japan

* National Institute for Basic Biology (NIBB), Okazaki, Japan

° Department of Biology, Heinrich-Heine-Universitat Disseldorf, Dusseldorf, Germany

* Correspondence: peter.mergaert@i2bc.paris-saclay.fr

Antimicrobial peptides (AMPs) are effectors of innate immunity that attack potentially harmful microbesl.
However, recent studies found that AMPs are also massively produced by eukaryotic hosts during symbiotic
(i.e. mutualistic) interactions with bacteria. Only in a few systems, specific functions of symbiotic AMPs
have been studied experimentally revealing, among other roles, their capacity to permeabilize symbiont
membranes and to facilitate metabolite-flow across the host-symbiont interface2-4. We propose that an
ancestral role of these peptides is the facilitation of metabolic exchange between the symbiotic partners
through membrane permeabilization. This function may be particularly critical for the integration of the
endosymbiont and host metabolism in interactions involving bacteria with strongly reduced genomes lacking
most small metabolite transporters. We also hypothesize that AMPs have acted in a similar way at the onset
of plastid and mitochondrion evolution, after a host cell took up a bacterium and needed to extract nutrients
from it in the absence of dedicated transporters. Transient symbiotic AMP-induced membrane
permeabilizations as well as regulation of the activity of these peptides can reconcile metabolite flow across
endosymbiont membranes and the maintenance of the proton motive force.
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Understanding the role of Archaea for plant holobionts
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Plants are known to harbour a wide diversity of microorganisms, such as bacteria and fungi, influencing
plant nutrition, resistance to stress and fitness. Thereby they collectively form a holobiont. Furthermore
recent studies showed that actually Archaea also shape the microbiome of plants, but their ecological roles
and interactions with their hosts remained mostly unclear. To get a broader insight into the structure and
function of plant-associated Archaea, we compared 37 different plants of the families Pinaceae, Ericaceae,
Cyperaceae, Poaceae, Hylocomiaceae, Polytrichaceae, Aulacomniaceae, Sphagnaceae, Typhaceae,
Brassicaceae, Oleaceae and Amaranthaceae, in a combined approach using 16S rRNA amplicon sequencing,
whole metagenome shotgun sequencing and fluorescence in situ hybridization confocal laser scanning
microscopy (FISH-CLSM). First insights into the community structure, habitat preferences and functions of
plant-associated Archaea were provided. The highest relative abundances of Archaea were detected in the
endosphere of olive trees (Olea europaea L.), with up to 67.3% of total reads, in dwarf shrubs (Vaccinium
myrthillus and V. oxycoccus, with 33.0% and 31.7% respectively), and in the rhizosphere of sugar beets
(Beta vulgaris L.) with 33.0%. Across all habitats the archaeal community structure was clearly dominated
by Euryarchaeota, followed by the less abundant phylum of Crenarchaeota and Thaumarchaeota, except in
O. europaea, where Thaumarchaeota were predominant. Moreover, we observed signatures for putative
adaptation mechanisms of Archaea on plant holobionts, including those for higher chemotaxis, nutrient
cycling like CO2 fixation, stress response, especially against oxidative stress, and archaeon stability.
Complementary FISH-CLSM analyses showed specific colonization pattern prevail over randomized root

colonization.
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Transtegumental absorption of ectosymbiotic bacterial by-products in the
hydrothermal shrimp Rimicaris exoculata: An unusual way of eating
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R. exoculata, the most extensively studied hydrothermal shrimp species to date, occurs on the active chimney
walls, in amazingly dense swarms of 1500 to 3000 individuals per square meter (Segonzac 1992), where it
lives within steep chemical and thermal gradients, resulting from the mixing of hot, reduced hydrothermal
fluid and oxygenated seawater. This species harbours a luxuriant bacterial community in its enlarged gill
chamber. The highly specialized morphological features of Rimicaris (hypertrophied branchial chamber and
mouthparts, bacteriophore setae) suggest a real bacterial culture in the shrimp pre-branchial chamber and
argue for a trophic symbiosis (Gebruk et al. 1993). Strong evidences, based on stable isotope signatures and
essential fatty acid composition, showed that the shrimp gets organic matter mainly from its epibionts
(Rieley et al. 1999). Yet this evidence of symbiont-host nutritional relationships was indirect, and how
carbon is transferred from bacteria to shrimp long remained an open question. It has long been thought that
shrimp fed on the epibiotic bacteria living within its carapace, by scraping and grazing on them (Gebruk et
al. 1993). Recently, we carried out in vivo experiments in a pressurised aquarium with isotope-labelled
inorganic carbon (Ponsard et al. 2013) to test an alternative hypothesis of direct transfer of dissolved
molecules across the shrimp integument (Casanova et al. 1993; Zbinden et al. 2004). In doing so, we
provided the first in-vivo experimental evidence of nutritional transfer of bacteria-fixed carbon to shrimps:
Bacterial epibionts assimilate inorganic carbon by chemoautotrophy, and a direct nutritional transfer of
soluble bacterial by-products to the host occurs by transtegumental absorption across the gill chamber
integument, rather than via the digestive tract. Usually rejected for crustaceans and especially decapods,
uptake of nutrients across the integument can be regarded here as a peculiar adaptation for this symbiotic
shrimp and constitute an unusual way of eating.
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From genetics to hologenetics
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Precision medicine, as currently advocated, remains essentially a highly genome-centric initiative. While the
germline genome is an essential component, we contend that there will be no effective delivery of precision
medicine without diligent consideration of the complex multicomponent holobiome, i.e. inclusion also of the
virome and microbiome. The latter are a sensor for the extrinsic and intrinsic ecosystem in which we dwell
and evolve, ensuring the robustness needed for survival in rapidly changing, and potentially adverse,
environments. It endows the host with the capacity to rapidly adapt and adjust to changing environments, or
to face adverse or stressful conditions. It was also causally implicated in numerous diseases as well as in our
well-being. Thus, consideration of the hologenome might result in improved understanding and treatment of
genetic diseases. Examples will be proposed.
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Denitrifying process in the rhizosphere under plant species control
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Denitrification is a major process affecting soil greenhouse gases emissions and soil nitrogen availability. It
is well known that the major factors favouring denitrification are proceeding at a higher rate in the
rhizosphere: nitrate concentration (via the N assimilation by plants) and oxygen partial pressure (via root
respiration) are decreased, whereas C availability (via rhizodeposition) is generally increased (Mounier et al.,
2004), and where the impact on denitrifying activity has been previously reported (Henry et al., 2008,
Haichar et al., 2012). However, little is know about how denitrification is regulated in the rhizosphere.
Hence, understanding the regulation of denitrification and the role of organic carbon, released through plant
root exudation, in the production of N20O and in shaping denitrifying bacterial diversity is of global
importance and offers the opportunity for managing soils to lower net N20 emission.In the present study, we
question whether there is a relationship between the rate of denitrification and i) the source of root exudates
by using four plant species (Triticum aestivum, Brassica napus, Medicago truncatula, and Arabidopsis
thaliana)cultivated in the same soil; and ii) the structure of microbiota selected by each plant species in the
rhizosphere. For that purpose, denitrification activity was measured in the root tissue and in the root
adhering-soil (RAS), and the structure of microbiota was determined by metabarcoding of rrs gene. In
addition, to understand how each plant species modulates denitrification activity mainly in the root
compartment, we determined the rate of nitrogen uptake from nitrate and from ammonia by each plant
species.We provide evidence that each plant species shaped specifically bacterial community, and favoured
certain bacterial functions in the root compartment, as revealed by PICRUSt tool (Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States, Langille et al. 2013) based on sequenced genomes
of most closely related bacteria. The N20O production rates measured by adding nitrate as sole nitrogen
source, revealed a higher denitrifying activity on plant roots where root exudation is more important than in
the RAS for all studied plants. Denitrifying activity was higher on T. aestivum and A. thaliana roots, which

showed a lesser preferential uptake of NO3-.
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Rice varieties loss within a centennial Chinese agro-system: Impact on rice
microbiota and disease emergence
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Recent studies have discovered that there are likely many plant virus species that have mutualistic
relationships with their hosts. Whereas some viruses are essential for the survival of their hosts, others
simply give their hosts a fighting edge in the highly competitive natural world. It is noteworthy that several
studies have shown that either cryptic harmless plant viruses or acute plant viruses can reduce the impact of
abiotic stress on their host plant. In addition, viruses, such as bacteriophage can play a key-role in the control
of plant bacterial outbreaks. Hence, it is now widely accepted that the composition, the population structure
and the activity of the host microbiome is a crucial parameter of the host health. We plan to test during my
PhD study the hypothesis that modification of the plant microbiome (bacteriome and virome) may
significantly have an impact on the plant pathogen dynamics, and further on the pathogen emergence or non-
emergence. Therefore, we here aim at characterizing the endophyte microbiome of pilot rice agrosystems
from the Yunnan Province of China. Areas with different rice cultural practices (traditional agriculture vs
conventional agriculture) will be surveyed for 2-3 years. In addition, the effect of the very recent increasing
use of modern rice varieties in the Yuanyang terraces where mix of traditional rice varieties have been used
for centuries will also be studied. Metagenomics-based analyses of both the microbial and the virus
communities inhabiting the plant endosphere of three compartments (roots, stems and leafs) will be carried
out. Culturomics, 16S rRNA barcoding and virion-associated nucleic acid meatgenomics-based approaches
will be used in this study.
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Collateral damages of the corallivorous gastropod Drupella cornus on coral
microbial associates
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The grazing activity by specific marine organisms represents a growing threat to the survival of many
scleractinian species. For example, the recent proliferation of the corallivorous gastropod Drupella cornus
now constitutes a critical case in all South East Asian waters. If the damaging effects caused by this marine
snail on coral polyps are relatively well known, the incidence of grazing on coral microbial associates might
also potentially impair the defense mechanisms and nutritive properties of their bacterial and viral epibionts.
In this study, we compared the main ecological traits of coral-associated bacterial and viral communities
living in the mucus layer of Acropora formosa and Acropora palmata, between healthy and predated
individuals (i.e., colonized by D. cornus), in the Bay of Nha Trang (Vietnam). Preliminary results show a
substantial impact of the presence of the gastropod on a variety of ecological markers (abundance, diversity,
respiration, metabolic capacity, life strategy, etc.) for both viral and bacterial communities, whatever the
species considered. Particularly, predated corals presented a profound bacterial dysbiosis mainly related to
the development of bacteria belonging to known coral pathogen orders (i.e, Vibrionales, Alteromonadales,
Campylobacterales and Oceanospirillales). Our results suggest that predation, beyond its direct deleterious
mechanical effects to corals, might be also able to cause significant alterations in their symbiotic microbiota,
which may subsequently promote the emergence of opportunistic pathogenic infections.
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Oxylipins at the core of a phytopathogen-endophyte interaction
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Most plants are harbouring a wide diversity of microorganisms, called endophytes. The study of the
cultivable microbial community of the Asian conifer Cephalotaxus harringtonia, led our team to the
discovery of the Ascomycete Paraconiothyrium variabile (Dothideomycetes, Pleosporales). Endophytic
fungi, involved in mutualistic associations with plants, can have profound impact on plant ecology as they
provide fitness benefits to their host, such as protection against phytopathogens (Rodriguez et al, 2009).
Indeed, they produce many metabolites displaying fungicidal or antibacterial activity (Kusari et al, 2012).
The endophyte P.variabile, inhabiting the conifer needles, exhibited a strong antagonistic activity towards the
ubiquitous soil-borne phytopathogenFusarium oxysporum. Interestingly, this pathogen is responsible for
seedling-blight in some conifers.During the metabolic interaction between both microorganisms, two
oxylipins identified as 13-keto-9,11-octadecadienoic acid (13-KODE) and 13-hydroperoxy-9,11-
octadecadienoic acid (13-HpODE) are overproduced. Such oxidized fatty acids are widely studied as
signalling molecules in the context of host-pathogen interactions (Tsitsigiannis, 2007). However, few is
known about their role in the chemical communication within the microbiote itself. Besides, this oxylipin
production is accompanied by a decrease in beauvericin secretion, one of the most potent mycotoxins of
Fusarium species and a virulence factor on infected plants (Lépez-Berges, 2013).Previous results showed
that exogenous application of 13-KODE lowers beauvericin production, synthesized by a nonribosomal
peptide synthetase encoded by the beas gene.This points out a probable role of endophytic oxylipins in
beauvericin downregulation(Combés, A. et al. 2012).The goal of our work is to elucidate the origin,
endophytic or pathogenic, of the two oxylipins 13-KODE and 13-HpODE during the antagonistic
interaction.In this perspective, we started to construct P. variabile endophyte mutants lacking these oxylipins.
We identified and cloned two lipoxygenase genes (Pvloxl and Pvlox2) of P. variabile and started
establishing a genetic transformation system to obtain Pvlox1 and Pvlox2 mutants. A g-PCR approach will
give insight about the expression patterns of the two endophyte Pvlox genes as well as the two lox genes and
the beas gene of F. oxysporum during the antagonistic interaction. Furthermore, we currently express the two
Pvlox genes in Escherichia coli, to elucidate their biochemical activity and to test their implication in 13-
KODE and 13-HpODE biosynthesis.
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Prokaryote-nematode interactions in marine extreme environments
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Nematodes are the most abundant and diversified metazoans in terrestrial and marine ecosystems. The
discovery of abundant and well-adapted nematode species in extreme environments has opened new frontiers
in the ecology and biology of meiofauna from marine extreme environment. In their natural environment,
nematodes are exposed to bacteria, archaea, viruses and fungal pathogens but little is known about
nematode/prokaryote interactions in marine environments, and even less in marine extreme environments. In
the framework of the research-project PIONEER (Prokaryote-nematode Interaction in marine extreme
envirOnments: a uNiquE source for ExploRation of innovative biomedical applications), we aim to identify
the relationships between bacteria and nematodes in several extreme environments. We sampled deep-sea
and shallow hydrothermal vents and anoxic sediments. We amplified the 16S rDNA gene by Sanger-
sequences clone libraries to determine the prokaryote diversity and additionally to characterize epibiotic or
endobiotic microbial community, we used Scanning Electron Microscopy (SEM) and Fluorescence In Situ
Hybridization (FISH). First results from the Lucky Strike vent field (Mid-Atlantic Ridge) showed that an
epibiotic microbial community, highly represented by Gammaproteobacteria lineages, associated with a new
species of nematode (Oncholaimus dyvae sp. nov.). This study opens to unexplored prokaryote—eukaryote
interactions in deep-sea hydrothermal vents. The overall impact of the PIONEER project is the discovery of
the microbial diversity associated to marine nematode and a greater understanding of evolutionary
mechanisms from this holobiont.
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The viral imprint in coral holobiont
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There is increasing suspicion that viral communities play a pivotal role in maintaining coral health, yet their
main ecological traits still remain poorly characterized. In this study, we examined the seasonal distribution
and reproduction pathways of viruses inhabiting the mucus of the scleractinians Fungia repanda and
Acropora formosa collected in the Nha Trang Bay (Viet Nam), during a 11-month survey. The strong
coupling between epibiotic viral and bacterial abundance suggested that phages are dominant among coral-
associated viral communities. Mucosal viruses also exhibited significant differences in their main features
between the two coral species and were also remarkably contrasted with their planktonic counterparts. For
example, their abundance (inferred from epifluorescence counts), lytic production rates (KCN incubations),
and the proportion of lysogenic cells (Mitomycin-C inductions) were respectively 2.6, 9.5, and 2.2 fold
higher in mucus than in the surrounding water. Both lytic and lysogenic indicators were tightly coupled with
temperature and salinity, suggesting that the life strategy of viral epibionts is strongly dependent upon
environmental circumstances. Finally, our results suggest that coral mucus may represent a highly favorable
habitat for viral proliferation, promoting the development of both temperate and virulent phages. Herein, we
discuss on how such an optimized viral arsenal could be crucial for coral viability by presumably forging
complex links with both symbiotic and adjacent non-symbiotic microorganisms.
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Bacterial metabarcoding and MS metabolomics on insect cuticle: the case of
parabiosis in French Guiana “Ant gardens”
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Symbiotic interactions with microorganisms have played a major role in the evolutionary history of host
species (1). In tropical forests, ants (Formicinae) have high species diversity, ecological success, social
behavior, versatility in nesting modes, and they represent a relevant model in host-microbe interactions to
understand what host factors shape the bacterial community composition and what functions do bacteria
provide to hosts. In this context, it has been demonstrated that gutbacteria (Rhizobiales) increase nitrogen
assimilation in the diet of herbivorous ants enabling them to colonize and persist in arboreal habitats
(2).Whereas cuticular actinobacteria associated with fungus-growing ants are known to protect the fungus
cultivar from various pathogens by biosynthesizing antimicrobial metabolites (3), in general the diversity,
host-specificity, transmission and functional role of cuticular bacteria in ants remain unknown. To reveal
which bacterial communities produce a specific molecules’ cocktail and how this mixture might improve
host fitness, it is necessary to correlate cuticular microbiota and cuticular metabolome analysis. We have
recently optimized a DNA extraction protocol for the bacterial metabarcoding of ant cuticle (4) and we have
combined this approach with a Mass Spectrometry (MS) metabolomics analysis. Herein by studying
parabiosis in ant gardens in French Guiana, we accessed in our preliminary results the cuticular bacterial
composition of Camponotus femoratus and Crematogaster levior to reveal high environmental acquisition
whereas on the contrary MS metabolomics show a greater metabolome specificity with ant species. Future
directions on statistical analysis strategies for combining metabarcoding and metabolomics data are
discussed.
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Natural products from symbiotic bacteria are essential for nematode
development and growth
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Bacteria of the genera Xenorhabdus and Photorhabdus live in symbiosis with nematodes of the genera
Steinernema and Heterorhabditis, respectively.1,2 The bacteria/nematode pair infects and kills insect larvae
living in the soil, an efficient principle used in organic farming. Work during the last 10 years has shown that
the bacteria are prolific producers of several natural products (often called secondary or special metabolites),
several of them being toxic to insects or food competitors like soil living protozoa, fungi or bacteria.3-5 We
have recently revealed that some of these natural products are also essential for nematode development
and/or maintaining bacteria-nematode specificity. Moreover, we have developed molecular tools that
allowed the specific production of single natural product classes in the bacteria that usually produce several
natural product classes in parallel. Thus we can now address the role of these natural products during
symbiosis.
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Insights into the lignocellulose degradation from the woodlice holobiont

Authors
Marius Bredon®, Cyril Noé&l?, Jessica Dittmer®, Benjamin Herran', Joanne Bertaux', Pierre
Gréve'!, Maryline Raimond®, Bouziane Moumen®, Didier Bouchon*

' UMR CNRS 7267, Ecologie et Biologie des Interactions, Université de Poitiers, Poitiers, France

> UMR CNRS 5654, Institut des Sciences Analytiques et de Physico-chimie pour I'Environnement et les Matériaux,
Université de Pau et des Pays de ’Adour, France

® The Rowland Institute at Harvard, Cambridge, USA

Lignocellulose is the main component of plants and is composed of cellulose, lignin and hemicellulose. Its
digestion requires the collective action of multiple Carbohydrate-Active enZymes (called CAZymes),
typically acting together as a cocktail with complementary, synergistic activities and modes of action. Many
invertebrates express some lignocellulose-degrading enzymes, but in most of them efficient degradation of
lignocellulose is only possible thanks to mutualistic associations with endosymbionts. Due to their important
role in the decomposition of organic matter, terrestrial isopods are recognised as keystone species in
terrestrial ecosystems. Past studies have shown that they can digest cellulose, and thus are able to produce
some cellulases themselves (Kostanjsek et al. 2010). Although marine isopods like Limnoria quadripunctata
secrete all the enzymes necessary for cellulose digestion in the absence of gut microbes (King et al. 2010),
terrestrial isopods would not be able to digest cellulose without the help of their microbiota (Bouchon et al.
2016). Similar to termites, it has been suspected that several hepatopancreatic symbionts may be involved in
the lignocellulose degradation in terrestrial isopods completing the CAZyme repertoire of their hosts
(Zimmer et al. 2002). To test this hypothesis, transcriptomic and metagenomic approaches in several
woodlice holobionts have been used. We compared CAZymes identified from the microbiome with
CAZymes present in their isopod hosts. Based on metagenomic analyses of several digestive tissues from the
pill bug Armadillidium vulgare, we identified many genes coding for CAZymes. Some of them may be
involved in the degradation of cellulose, hemicellulose and lignin. In parallel, we identified other different
CAZymes in the terrestrial isopod transcriptomes. Indepth analysis of interactions from both the microbiome
and the host enabled us to identify complete metabolic pathways for the lignocellulose digestion. Our
primary results provide an insight into the role of the microbiome in the evolution of terrestrial isopods and
their adaptive radiation in terrestrial habitat.
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Regulation of the epibiotic bacterial community of the Mediterranean
Phaeophyceae Taonia atomaria by its surface metabolome
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Macroalgae harbor a rich diversity of surface associated microorganisms with functions related to host health
and defense. This work aims to better understand the ecological mediation between the Mediterranean
ochrophyta Taonia atomaria and bacterial communities colonizing its surface. A specific extraction protocol
dedicated to surface metabolites using a dipping technique in organic solvents was developed without
causing cell lysis of the outer layer. MeOH (extraction time < 15s) was demonstrated by fluorescent
microscopy to be a suitable solvent for the surface metabolome extraction. These results were validated by a
metabolomic approach. The hypothesis of a chemical selection of epibiotic bacteria, which belong to a more
global chemical defense strategy, is proposed following several complementary information: (i) the surface
of T. atomaria is free of macrofouling in its natural environment, (ii) some surface-associated metabolites
were able to prevent the adhesion of bacteria in a selective or non-selective manner, (iii) some surface
compounds inhibited the attachment of bacteria at concentrations close to those naturally found at the surface
of the algae, (iv) active surface compounds could be released into the surrounding seawater, (v) taking into
account the overall chemical defense strategy, the settlement of barnacle larvae was prevented by some of
the surface compounds.In addition, a seasonal monitoring of both surface metabolomes (LC-MS profiling)
and bacterial communities (16S rDNA / MiSeq) was performed during the occurrence of T. atomaria from
February to July on a collection site near Toulon (north-western French Mediterranean coast). Bacterial
communities remained relatively comparable at a high taxonomic level with a clear biofilm profile related to
the co-dominance of Bacteroidetes (mainly Sphingobacteria), a- and g-proteobacteria. However, a clear
seasonal shift associated to seawater temperature increase was observed at the family level. No link appeared
at the global scale between bacterial communities and surface metabolome but one may be found for specific
molecules.In conclusion complementary approaches such as metabolomics and metagenomics on one hand,
and in situ vs in vitro experiments on the other hand, would allow us to better characterize the relationships
between T. atomaria and its epibiotic bacterial communities.
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of bacteria and barnacles by molecules isolated from the Mediterranean brown seaweed Taonia atomaria. J. Appl.
Phycol. 28:1975-1986.
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Context-dependency of host-microbiota interactions in Daphnia magna
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Multiple studies have indicated that host-microbiota interactions can show a high degree of context-
dependency, where both the strength and direction of this interaction can depend on biotic and abiotic
variables. We investigated this context-dependency using Daphnia magna as an experimental model system.
The associated microbiota of D. magna is known to have an overall mutualistic relationship with its host,
which is shown by the reduced growth, fecundity and longevity of D. magna individuals kept under germ-
free conditions. We performed several experiments to quantify the strength of this interaction in different
contexts. First, we experimentally assessed host-microbiota interactions under different levels of food
availability. Results of these experiments showed that the relative importance of the microbiota for the host’s
fitness varied according to dietary conditions, with weaker interactions under low levels of food. Second, we
experimentally manipulated the composition of the D. magna microbiota by exposure to low levels of
antibiotics and subsequent transplants of these microbiota communities. Here, it was shown that
transplantation of a disturbed microbiota enhanced theperformance of D. magna, indicating the presence
antagonistic interactions under normal conditions. Both results show that the host is affected on multiple
levels by its associated microbiota and that the strength of host-microbiota interactions in D. magna can vary
according to dietary and microbial conditions. These factors have to be accounted for when trying to
accurately quantify the functional importance of the microbiota for D. magna.
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Renewing the gut microbiota of insect larvea with a bacterial community
from the soil: a protocol on Tenebrio molitor

Authors
Marine _Cambon®, Jean-Claude Ogier, Marie Frayssinet, Jean-Baptiste Ferdy, Sophie
Gaudriault

TINRA, 2 place Pierre Viala, 34095 Montpellier, France

The set of microorganisms associated with a given host, its microbiota, has been proposed to profoundly
impact their host physiology, ecology and evolution. Demonstrating this, however, can be challenging,
especially because experiments rely on individual hosts reared in controlled condition which microbiota
potentially strongly differs from those of natural populations. Sampling individuals hosts in nature could sort
out this issue, but poses others problems because the stage of development of sampled individuals may be
difficult to assess, and because their genetic background and the environmental conditions they experienced
cannot be controlled.In this study, we aimed at designing a model system, where an insect raised in
controlled conditions has its microbiota renewed so that it mimics that of insects sampled in nature. For this
purpose, we used two month old mealworms (Tenebrio molitor) reared in lab conditions, with a poorly
diversified gut microbiota. We placed those insects several days in contact with soil samples, so that they
ingest the bacteria naturally present in these samples. DNA was then extracted from these insects' gut, and
we analyzed the V3-V4 region of the 16S ribosomal gene using metabarcoding techniques. We found that
insects kept in soil for five days had a much higher gut microbial diversity. We also found insects' kept on
soil samples from distinct localities have different bacterial communities. Finally, the most frequent bacterial
families we found in these communities were also identified in former work where insects from natural
populations have been studied. Overall, we demonstrate that it is possible to associate insects reared in
controlled conditions to bacterial communities sampled from nature. These experimental associations are a
promising tool to study insects gut microbiota impact on different host phenotypes, including the interaction
between these insects and some entomopathogenic agents.
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How far does a holobiont extend? The effect of constructed environments
on the host’s microbiota
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Newborn animals host highly simplified microbiotas. In birds, hatching marks the onset of rapidmicrobial
colonization from two immediate sources: parents and the nest. Two bird families (Trogons andParrots) have
diversified nesting behaviors, ranging from the use of preexisting cavities on rotten logs todigging their own
cavities on termite mounds, a shift attributed to lower predation rates. We tested iftermite mounds also
provide better nesting climates and more stable microbial communities. We dug artificialcavities on both
logs and termite mounds and measured their internal temperature and humidity. Our resultsshowed more
stable, warmer and lower humidity conditions inside termitaria. These conditions are consideredto increase
hatching success and nestling development. The impact of such different microclimates on theinternal
microbial abundances and community composition of the cavities will be determined withculture
independent molecular technigques. We propose that cavity type could affect nestling survival byselecting and
determining its early and potentially long term microbiota. This opens the possibility that nestingbehavior
can shape a host’s microbial associations and those of its offspring, and this in turn suggests thatnests should

be considered a part of the bird-microbe-nest holobiont.
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Assembly and dissassembly mechanisms of a holobiont system
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The cnidarians-zooxanthellae symbiosis may be impaired by bleaching. Bleaching is the loss or degradation
of the pigments of endosymbiotic algae or zooxanthellae (Symbiodinium spp.) produced by a stressing agent.
However, when this stress is transient, the holobiont system may be reestablished. In this study, we used the
anemone Exaiptasia pallida-Symbiodinium sp. as a model for studying the bleaching recovery strategy. The
association was morphologically assessed by histology, transmission electron microscopy and scanning
electron microscopy at the tentacles, gastrovascular cavity and the excretion pellet. We propose an assembly
mechanism of the holobiont related to the pattern of functional bleaching recovery found in both adult and
juvenile stages. Also, we propose a dessassembly mechanism of the holobiont system related to the
regurgitation of free living zooxantela knitted by its own flagella based on the host and hosted membrane
interaction that may suggest a proactive dispersal strategy driven by the zooxanthellae.
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Bottlenose dolphins and killer whales harbor a unique skin microbiome that
varies among individuals
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Marine animals host diverse and species-specific microbial communities on their skin that could play a major
role for their host fitness. However, most inventories of marine animals skin microbiomes have focused on
corals and fishes, while the microbiome of other phylogenetic lineages, notably vertebrates, remains
overlooked. Among these, one of special interest is the Cetacea, whose species descended from terrestrial
mammals that went back to sea during Eocene period.Few studies have focused on wild or semi-captive
cetaceans, making difficult to distinct intrinsic inter- and/or intraspecific variability in skin microbiomes
from environmental effects. Assessing inter- and intraspecific variability of cetaceans skin microbiome in
controlled conditions is also needed to understand the differences with skin microbiome of other marine
vertebrates and terrestrial mammals.Here, using high-throughput sequencing, we assessed the skin
microbiome of 8 individuals of two emblematic species, the bottlenose dolphin (Tursiops truncatus) and the
killer whale (Orcinus orca), housed in captivity in controlled conditions (Marineland park, Antibes,
France). Using a set of complementary alpha- and beta-diversity indices, we show that (i) cetacean skin
microbiome is distinct from the surrounding planktonic communities, (ii) the 2 cetacean species host
different skin microbiomes, and that (iii) inter-individual variability of the skin microbiome was higher than
intra-individual variability (i.e. between body parts), within each species. The predominant microbial clades
on both species were Gamma- and Alpha-proteobacteria, Actinobacteria and Firmicutes. However,
Firmicutes, and especially Staphylococci, were six times more abundant on dolphin skin than on killer whale
skin.Overall, the skin microbiome of those two Odontoceti cetaceans was more similar to that of the
Mysticeti humpback whale than to microbiomes of fishes or terrestrial mammals.
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Specificity and stability of microbial communities associated to healthy and
diseased Crassostrea gigas oysters
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Since the last decade, recurrent summer mortalities affect the exploited oyster, Crassostrea gigas. The
pathology is multifactorial since it is induced by the combination of environmental factors (water
temperature, development of viral and bacterial pathogens), physiological status and genetic backgrounds of
oysters (Petton et al. 2013; Dégremont et al. 2015; Petton et al. 2015). Although microbiota play a crucial
role for host fitness (according to the hologenome theory; Rosenberg et al. 2007), little is known concerning
the structure of microbial communities associated to oysters, and whether they are affected by stressful
conditions. To tackle these issues, we analyzed the microbiota (16S rDNA-metabarcoding) of five oyster
families that showed contrasted phenotypes in terms of susceptibility to summer mortalities. First, we
described the specific diversity of microbial communities, but also their functional diversity after inference
of metagenomic profiles (Langille et al. 2013). Then, we tested if the structure of microbiota were linked to
(i) the genetic background of oysters (specificity), (ii) environmental conditions (control vs. stress), and (iii)
if the susceptibility status of families were positively correlated to the stability of their microbiota in various
conditions.
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Symbiont diversity and feeding strategies in insect agricultural pests
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Gut microbionts play a fundamental ecological and evolutionary role in phytophagous insects by making the
plant tissue edible and by promoting adaptation between insects and host plants. SYMDIV is a collaborative
project between the Royal Museum for Central Africa (Tervuren, BE) and the Laboratory of Microbiology of
the University of Ghent funded by the Belgian Science Policy (BELSPO). This project, consisting of four
work packages (WPs), aims at describing and comparing the gut microbiomes of phytophagous tephritid flies
(Diptera, Tephritidae) with different feeding strategies (from strictly monophagous to highly polyphagous).
In particular we aim at (a) comparing the 16S microbiome profiles of species such as Bactrocera dorsalis,
Ceratitis capitate, etc., across multiple African and Mediterranean locations and across different host plants
(WP1 and 2) (b) cultivating and isolating selected microbial strains (WP3) and (c) compiling and publishing
a database of endosymbionts — host associations (WP4). A pilot methodological test is currently ongoing in
collaboration with IAEA, with the objective of optimising the experimental and analytical protocols. The
SYMDIV project will provide baseline data to better understand relationship between gut microbionts, host
range spectrum and metabolic processes in tephritid fruit flies. We will also isolate and characterise bacterial
strains that could be tested as probiotics for SIT mass rearing.
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Involvement of the environment and genetic background in the composition
and dynamics of microbial communities (viruses, bacteria and protists)
hosted by the hemolymph of the Pacific oysters.
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Numerous studies have highlighted the importance of microbial communities in the environmental
adaptability and evolution of macroorganisms that host them (hologenome concept of evolution). The
microbiota of most metazoans is located on external surfaces such as skin, teguments or in cavities in contact
with the outside like the digestive tract. Moreover, it is generally accepted that the circulatory system of
healthy animals is sterile. Nevertheless, some marine invertebrates such as oysters escape this rule and
possess an internal microbiota associated with the hemolymph (the blood of invertebrates) called hemo-
microbiota. The existence of this hemo-microbiota constitutes a paradox since the hemolymph contains
circulating cells (hemocytes) that play a key role in the anti-infectious response of the oyster. The
hemolymph can thus be considered as an ecological niche in which immune cells and micro-organisms
coexist. An attractive hypothesis is that the hemo-microbiota could be the result of a coevolution process
leading to the "domestication™ of a microbial community participating in the holobiont fitness.In order to
explore this hypothesis, we have undertaken the characterization of the entire microbial community (viruses,
bacteria and protists) living in oyster’s hemolymph using global analytical approaches (metabarcoding and
metagenomics). In order to determine the impact of the oyster’s genetic background on the hemo-microbiota
composition, we used genetically differentiated oyster families, produced in hatchery and bearing contrasted
phenotypes, especially in respect to summer mortality syndrome (i.e. resistant and susceptible). These
animals were then transplanted in natural environments (infectious and non-infectious) in order to study the
impact of the environment on the composition and dynamics of the hemo-microbiota.Preliminary results
showed that the hemo-microbiota is a complex microbial community composed of viruses, bacteria and
protists. Moreover, the hemo-microbiota (bacteria and protists at least) is different from the whole oyster
microbiota, suggesting that the hemolymph compartment could be considered as an ecological niche. Our
results showed that the environmental factors play a major control on the composition and the dynamics of
the hemo-microbiota whereas the genetic background of the animals does not seem to be significant in the
shaping of microbial communities. Finally, only the viral population composition was positively correlated
with the susceptibility of oysters to mortalities in the natural environment.
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The ecology of fly-bacteria-yeast symbiosis: laboratory interactions and
their relevance to in-natura processes
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The symbiosis of Drosophila fruit flies with yeast and bacteria is essential to insect nutrition. Recent
advances are based on lab populations, where food and selective pressures on microbe transmission differ
from the field. In particular, lab flies are reared without live yeast, the obligate symbiont of wild flies. Here,
we investigated the symbiosis of lab Drosophila melanogaster with bacteria, and tested whether lab
phenotypes maintain in natural conditions.Our experiments in lab nutritive medium identified some bacterial
strains as strict gut symbionts. Another bacterium colonized medium surface where it was consummed by fly
larvae, favoring their growth. Experiments in fruit revealed dramatically different effects of bacteria on fly
phenotypes. Yeast development in the fruit, and its transmission across metamorphosis (i.e. from larvae to
adults) was affected by two bacteria, probably through effects on fly physiology. In both environments,
bacterial transmission across metamorphosis was rare and stochastic, a likely adaptation to lab
conditions.These results indicate discoveries based on lab symbioses may not inform on field phenomena.
Besides, we discovered bacterial symbionts can interfer with multiplication and transmission of yeast, the
obligate symbiont of wild flies. We conclude that understanding symbiosis and its consequences to fly,
bacteria and yeast dynamics in-natura will necessitate working with natural communities in ecologically
relevant settings.
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Metabolic network topology to elucidate respective roles of species in a
symbiotic community
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Metabolic networks are a relevant tool to study interactions within holobionts. A common weakness in
ecosystems studies relying on the former, however, is related to the sometimes exotic nature of the
organisms involved: interactions often occur between poorly described organisms with few available data,
which may limit the applicability of quantitative flux-based techniques. In these cases, a first approach to
study interactions can be based on the topology of metabolic networks to assess the producibility gains for
members of ecosystems when sharing metabolic capacities. Additional manual curation based on genome
annotation can then be used as a first screen to confirm or negate the hypothetical exchanges. This procedure
was applied to an algal-bacterial holobiont. Ectocarpus siliculosus is a brown alga whose metabolic network
has recently been reconstructed. It is frequently associated with the symbiotic bacterium Candidatus
Phaeomarinobacter ectocarpi. Topology-based metabolic network analyses, in combination with additional
transcriptomic datasets, shed light on putative exchanges between both in particular related to the production
of algal metabolic targets. For instance, E. siliculosus may rely on its associated bacterium for the
production of B-alanine, precursor of vitamin B5 for which the alga lacks an enzyme whereas the bacterium
possesses the production pathway. Although experimental validation of the generated hypotheses is still
pending, this example clearly demonstrates the interest of the developed approach to identify potential
metabolic inter-species interactions within an ecosystem, especially when dealing with poorly-studied
organisms.
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Coral photosymbiosis: linking phylogenetic identity to single cell metabolic
activity in mixed symbiont populations
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Tropical reef-building corals live in symbiosis with a wide range of micro-organisms, including unicellular
Symbiodinium dinoflagellates also called zooxanthellae. These photosynthetic endosymbionts live inside the
coral gastroderm cells. Although corals can feed on planktonic preys, the dinoflagellates significantly
contribute to the nutrition of their host by transferring a large fraction (up to 90%) of photosynthates that are
produced through the fixation of dissolved inorganic carbon (DIC) and nitrogen (nitrate or ammonium). Nine
major clades (A-I) of Symbiodinium have been identified by molecular genetic analyses. Each clade presents
distinct physiological features and the specific association between coral species and Symbiodinium clade
determines the phenotype of the holobiont. Differences in the photosynthetic response to irradiance, rates of
carbon fixation, and thermal tolerance can be attributed to symbiont clade.Several Symbiodinium clades can
simultaneously exist within a single coral and the host can dynamically modify the proportion between
dominant and background clades to adapt to changing environmental conditions. Investigating at the cellular
level the metabolic exchanges between coral and Symbiodinium is of great interest to understand e.g. the
bleaching process (loss of zooxanthellae) which often leads to coral death. We are aiming at quantitatively
image the differential metabolic activity between symbiont clades in the same host, in the intact symbiosis.
Previous studies have used mass bulk techniques to investigate the metabolism of symbionts at the colony
scale. However, such studies cannot determine the specific contribution of the individual cells, as a function
of their distribution in the coral host tissue. We have developed a SIMS-ISH method combining nanoscale
secondary ion mass spectrometry (NanoSIMS) and in situ hybridization (ISH) for the simultaneous in situ
identification of Symbiodinium genotype, and visualization of symbiont-host metabolic exchange at the level
of individual cell. We focus on two reef-building coral species Pocillopora damicornis and Stylophora
pistillata for which a large amount of complementary metabolic data exists. We designed specific fluorescent
DNA probes to identify clade C Symbiodinium in P. damicornis and clade A in S. pistillata, and in mixed
cultures. We combined the probes with pulse-chase experiments using isotopically labeled seawater (13C-
bicarbonate and 15N-nitrate) to attribute a particular metabolism to a specific clade. This combined method
enables us to phylogenetically identify metabolically active cells from a NanoSIMS isotopic/elemental
image. The precise correlation between TEM and the NanoSIMS isotopic maps allows us to follow the
turnover and translocation of metabolites with sub-cellular precision in both the symbionts and the host.Due
to the complex nature of the coral symbiosis, the ability to discriminate the phylogenetic identity and
metabolic role of specific Symbiodinium populations in situ is crucial to understand the effects of
environmental stress on the coral holobiont plasticity. Moreover, analyzing symbiotic associations in situ
provides a unique insight into the spatio-temporal patterns of metabolic interactions in holobionts. This
analytical breakthrough promises to open entirely new areas of research focused on understanding the
dynamics of interactions between animals and the microbial world.
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Isoprenoids in plant-bacteria interactions
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Thanks to the recent development of the environmental microbial and genomic approaches (1, 2, 3, 4), a
precise inventory of the bacterial communities interacting with many plants including Arabidopsis thaliana
(5, 6, 7), Nicotiana tabacum (8, 9), or Hordeum vulgare (10) has been done. In addition, many of the
bacterial species associated with these plants have been isolated (5, 6, 11, 12). Several studies suggest a role
of some of these bacteria in the plant metabolism. This is particularly the case of isoprenoids, which are
involved in essential biological processes such as cell division, photosynthesis, respiration, or immune
response (13, 14). Our project aims to examine the influence of microbial communities on the plant
isoprenoid metabolism, but also the role that some key isoprenoid compounds could have on the selection of
the microbial community by the host plant. Biochemical mutants of Arabidopsis thaliana affected in
isoprenoid biosynthetic pathways were genetically characterized (15). These mutants exhibit clear
phenotypes of impaired growth or plastid biogenesis (15). We compared the composition of the bacterial
community interacting with these plants by a metagenomics approach, isolating bacteria and identifying
them. This identification requires 16S rRNA encoding gene sequencing — and mass spectrometry (MALDI) —
based profiling approaches. In parallel, we currently analyze the metabolic profile of these plants. We aim to
use these isolates to inoculate plants grown under controlled conditions in order to determine if there is an
implication of bacteria in the plant isoprenoid metabolism, and if there is an impact of this metabolism on
microbiota selection.
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Dynamics of Aedes albopictus mosquito holobiont in response to
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In recent years, many examples demonstrated the importance of the microbial compartment in insect biology
including its role in acclimation to environmental changes (1, 2). The tiger mosquito Aedes albopictus is an
invasive species of Asian origin (3) and a very efficient vector of many pathogens (4). In this study, we
investigated for the first time the response of the mosquito holobiont by comparing the gut microbiota
dynamics in mosquitos treated or not with antibiotics for 5 days. Half of the individuals of each modality was
then submitted to a temperature downshift from 28°C to 18°C. The antibiotic treatment or the temperature
decrease had no effect on insects survival. However, Automated Ribosomal Intergenic Spacer Analysis
Fingerprints (ARISA) revealed important modifications in the relative abundance and diversity of the gut
bacterial communities in the case of both perturbations. After one month, this dysbiosis tended to return to a
state of equilibrium close to that observed in control individuals. In conclusion, our results show that the
mosquito bacterial microbiota is an ecosystem in fragile equilibrium and capable of resilience. High
throughput sequencing of bacterial 16S rDNA gene is under analysis to identify which bacteria are impacted
by abiotic perturbations. Further research is necessary to better understand the importance of the microbiota
in the functioning and acclimatization of the tiger mosquito to environmental changes.
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Dual RNAseq to understand costs of symbiont-conferred resistance to
parasitoids
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Infection with the bacterial endosymbiont Hamiltonella defensa protects black bean aphids (Aphis fabae)
against parasitoid wasps (Lysiphlebus fabarum), but this protection does not come for free to the host. In the
absence of parasitoids, Hamiltonella-infected aphids exhibit reduced lifespan and lifetime reproduction. The
magnitude of these negative effects differs markedly between different Hamiltonella strains, which places
the strains in a spectrum between pathogen-like and mutualist. However, the mechanistic basis behind the
cost is still unknown. Plausible hypotheses include resource competition between host and endosymbiont,
costs of immune activation, or collateral damage caused by endosymbiont-produced toxins. To obtain a
functional understanding of Hamiltonella-induced costs, | used dual RNAseq to compare host and symbiont
gene expression among aphids infected with different Hamiltonella strains and uninfected aphids. I show that
in addition to more specific mechanisms, symbiont density also contributes to the costs of possessing
Hamiltonella.
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Deciphering the impact of symbiotic bacteria during freshwater acclimation
in the brown macroalga Ectocarpus subulatus: from culture dependent-
approach towards integrated ‘omics’
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Similar to other (multicellular) eukaryotes, macroalgae live in close association with microbes, e.g.
symbiotic bacteria, and their interactions affect the physiology of both partners. The fresh water strain
(EsubFWS) of Ectocarpus subulatus, a small filamentous brown macroalga, tolerates a broad range of
salinities compared to other Ectocarpales, yet this ability depends on its associated microbiome (Dittami et
al. 2016).We aim to elucidate the functional mechanisms involved in the acclimation of the EsubFWS
holobiont to fresh water, with emphasis on the metabolic interactions between the alga and the microbiome.
To this aim, we first sought to create a simplified and controllable microecosystem via both the cultivation of
bacterial partners and production of axenic algal filaments. Bacteria were isolated using direct-plating and
dilution-to-extinction techniques, with both chemically defined and undefined low-nutrient culture media.
Ground algae, algal culture medium, and cell wall extracts were used as inocula. This resulted in the
isolation of 250 strains, covering 35 bacterial species, within 29 different genera phylogenetically dispersed
into the Betaproteobacteria (50%), Alphaproteobacteria (27%), Gammaproteobacteria (10%), Firmicutes
(5%), Bacteroidetes (5%), and Actinobacteria (3%). The effects these cultured bacteria on algal fresh water
acclimation were investigated using sterilized antibiotic-treated algal filaments that were inoculated with the
selected bacterial cultures: neither individual bacterial isolates nor tested artificial bacterial communities
were able to restore algal tolerance to fresh water, suggesting an important role of the “uncultivable”
microbiome during acclimation to freshwater. In order to generate hypotheses about the metabolic
interactions between the alga and the uncultivable microbiome we chose to work with three algal-holobionts
with reduced microbiomes resulting from different (mild) antibiotic-treatments. These holobionts differ in
their microbiome and in their capacity to acclimate to fresh water. They will be investigated using
metabolomics and transcriptomics during the change in salinity. This integrated ‘omics’ approach, as an
alternative to the co-culture system, can be used to generate hypotheses about how bacterial metabolism
complements the algal host during fresh water acclimation and provide us with ideas for future functional
studies.
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Identification and characterization of bacterial colonization functions in the
beanbug Riptortus pedestris-Burkholderia insecticola symbiosis
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The phytophagous insect Riptortus pedestris, belonging to the suborder of the Heteroptera, is an important
crop pest in Japan which feeds preferentially on soybean plants. This beanbug is associated with a bacterial
symbiont, a specific Burkholderia species, located in a specific region of the insect’s midgut called the M4
region. The M4 region is organized in crypts and constitutes the symbiotic organ where the symbiont is
present extracellularly in the lumen of the crypts. This interaction promotes the growth and the development
of the beanbug, and can also confer insecticide resistance towards fenitrothion. Since this bacterium is
acquired horizontally, aposymbiotic insects can be reared and the bacterium can be isolated in vitro,
rendering this model suitable for studying symbiotic interactions. Recently, it has been found that Riptortus
produces antimicrobial peptides in the midgut crypts called crypt-specific cysteine-rich peptides (CCR) for
which the bacterial symbiont demonstrates a high resistance profile. It has been hypothesized that these CCR
peptides can participate to the specific colonization of the symbiotic organ by Burkholderia insecticola.In
order to decipher which bacterial factors are involved in this specific colonization, we are conducting a
candidate gene approach based on the implication of the bacterial membrane components, targeted by the
CCR peptides. As Burkholderia are Gram negative species, we are interested in the lipopolysaccharide
biosynthesis pathway, the hopanoid (sterol-like bacterial lipids) biosynthesis pathway and the
extracytoplasmic stress response pathway. Furthermore, with a Tn-seq approach, we aim to identify which
bacterial genes are essential for the CCR resistance and the insect colonization. This recent genomic
application could be very efficient to pinpoint new bacterial genetic targets for future mutagenesis

experiments.
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FRANCE GENOMIQUE: A National, world-class infrastructure for genomics
and bioinformatics
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Created in 2012 thanks to a government grant from the “Investissements d’Avenir” program, the France
Génomique (FG) infrastructure offers to the French life-sciences community access to a network facility of
more than 22 sequencing and/or bioinformatics platforms that have been operational for many years and
have developed one or more complementary specialties.

The missions of the France Génomique infrastructure are to provide the French scientific community (public
and private sectors) with:

Leading expertise in genomics and associated bioinformatics technologies, which are crucial to stay in phase
with very rapid technological evolution.

Competitively priced services in genomics and bioinformatics: The close proximity between the user and an
‘expert’ infrastructure guarantees optimal scientific exploitation of the data.

The opportunity to undertake ambitious projects of high scientific added value and strong international
visibility, through the expertise and capacities offered by the infrastructure.

Thus, France Génomique aims to guarantee France a high level of competitiveness and independence in the
field of genomic production and data analysis technology, at a time when technology has never been more
strategic to all areas of research in the life sciences.

FG unified governance, plus shared equipment and expertise, enables to build the critical mass to remain at
the cutting edge of international progress and to respond to the growing needs of genomics in terms of data
processing and storage, and development of innovative tools.
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Accessing the insect holobiont through metagenomic sequencing of gut
content or preserving ethanol
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Dna-based methods are useful to identify the gut content of arthropods, their commensal bacterial fauna, but
also (non-)obligatory symbionts, associated parasites and ingested food. We recently explored the holobionts
of Coleopterans (a clade which represents 25% of animal diversity) through their gut contents. Non-targeted
metagenomic sequencing was used, with total DNA being extracted from independent specimen guts or from
bulk samples of field specimens captured in pure ethanol. | will briefly synthesize our last work,
demonstrating the potential of arthropod bulk metagenomic sequencing for the exploration of the
Coleopteran holobiont. This exploration was done from three points of view [1,2,3] and showed how a) the
interaction between predator and prey specimens can be detected indirectly through the sequencing of their
gut symbionts, b) how novel trophic interactions can be rapidly built from such metagenomes, and c) that
Coleopteran holobionts are partially transferred from the specimens to the preserving ethanol and how
sequencing this media could help to associate the corresponding holobionts to specific habitats. These results
also highlight why shallow metagenomic sampling of arthropod metagenomes to classical barcode-based
approaches [4,5,6] is that the approach has potential for the description of complex, sometimes unexpected,
symbiotic interactions. Finally, | will extend the discussion to the metagenome fraction which cannot be
associated to specific clades and generally remains unexplored because of the heaviness of applying
fundamental comparative genomics to such data or simply the lack of time/bioinformatic resources.
Strinkingly, this “dark matter” may hide some essential components of the arthropod holobiont. Notably,
traces of known parasites were present in our studies and almost any microbiome may be associated a
metavirome. Surely, the latter is becoming more accessible today, as shown by recent the recent explosion of
viral references [6]. Yet, studying this fraction is challenging because DNA identifications made through
state-of-the-art sequence aligners and phylogenetic reconstruction are difficult to scale to the high
evolutionary rates of viruses. In this context, I will introduce our latest research related to alignment-free
phylogenetic placements and why such approaches could accelerate the exploration of holobiont fractions
which are hidden in our metagenomes.
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Pacific oyster holobiont in an unknown world
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Disease is a strong selective force, causing a rapid adaptation of holobionts to the pathogens in their
environment. By virtue of their lifestyle, marine filter-feeders, such as a bivalve Crassostrea gigas (Pacific
oyster), are constantly exposed to myriads of potentially harmful bacteria. The adaptation of both animal and
its microbiota to the local biotic environment is thus an essential aspect of the oyster fitness. In addition,
C.gigas is an important aquaculture species, whose rearing includes routine translocations between distant
sites. In this way, these sessile animals get into a very unusual situation: they find themselves in a new
environment, where they are exposed to yet un-encountered microbes, to which neither they nor their
resident microbiota are adapted. To examine how a new biotic environment affects the Pacific oyster
holobiont and its establishment at a new site, we transplanted the oysters from a population in the Southern
Wadden Sea (Netherlands) to a site in the Northern Wadden Sea (Germany), sampled their microbiota in
different tissues (hemolymph, mantle, gut, gills) and followed their survival over five days. We additionally
treated half of the oysters with antibiotics to remove the resident microbiota, and thus disentangle the
microbiota- from oyster-related effects. We found that the presence of resident, locally un-adapted
microbiota increased the risk of fatal disease in translocated animals, with the highest increase in pathogenic
load in the gills. To further explore how oyster-related factors contributed to the observed outcome, we are
now analyzing gills gene expression during the experiment.
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Effect of early life dietary supplementation, with linseed oil, on the ruminal
microbiome of lambs
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Ruminant livestock, such as cattle and sheep, rely wholly on microorganisms within their rumen to degrade
fibrous feed and allow them to obtain nutrients from food. Ruminal microbiome structure has been shown to
influence animal productivity, feed conversion efficiency and health. Diet has a significant impact on
microbial community structure in the rumen and could potentially be used to manipulate the structure and
create a microbiome desirable for animal productivity and health. Furthermore, Rowntree et al, (2010) found
that inclusion of linseed oil in the diet of ruminants led to reduced enteric methanogenesis which could incur
both economic and environmental benefits.The aim of this study was to determine the effect of linseed ail,
administered to lambs in early life, on the host and its ruminal microbiome, and to establish if altered
microbiomes persisted once administration of the supplement had ceased. Forty eight new-born lambs were
blocked according to sex and allocated to one of four dietary treatments in a randomised block design; three
groups were compared in this study. The control group received standard lamb meal throughout the study,
the second group received lamb meal supplemented with 40 g kg-1 DM of linseed oil throughout the study
and the final group received the supplement pre-weaning but only standard lamb meal post weaning. At 16
weeks volatile fatty acid concentrations in the rumen were measured, ruminal microbial contents were
collected and analysed, and results were compared between treatment groups.There were no significant
differences in average daily weight gain between treatment groups but average daily feed intake was
significantly reduced in the group receiving linseed oil, when compared to the control group. Inclusion of
linseed oil in the diet throughout the study had a statistically significant effect on bacterial assemblages
(p=0.029) and archaeal assemblages (p= 0.005) in the rumen. Interestingly, when the group receiving the
supplement pre-weaning only was compared to the control group, significant differences were detected in
their ruminal microbial communities. This indicates that the microbiome remained altered even after
supplementation had ceased.
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Lactobacillus plantarum confers robustness to host fitness traits in
nutritional duress
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Symbiosis is a pervasive theme of evolution. It has been extensively demonstrated that vertically transmitted
endosymbionts can modify the host’s germ-line, manipulate its reproductive behavior and thus shape its
evolutionary trajectory. Horizontally acuquired symbionts that constitute the host’s gut microbiota, on the
other hand, are known to confer fitness advantages to many somatic aspects of host’s physiology during its
lifetime. However, how the presence of such horizontally acquired symbiont impacts the host’s phenotype
under selection pressure requires more detailed study.Previously, we have demonstrated that nutritional
stress triggers a profound developmental delay in germ-free Drosophila larvae, and mono-association with a
particular member of the fly gut microbiota, Lactobacillus plantarum (Lp), buffers such delay. Using the
same mono-association model, we demonstrate that besides promoting growth, Lp also conveys robustness
to various fitness traits in different genetic background. Specifically, by studying the collection of the
Drosophila Genetic Reference Panel (DGRP), we found that the germ-free flies raised on a low-protein diet
manifest greater phenotypic variatbility in growth rate, maturation timing and adult allometry, and mono-
association with Lp consistenly buffers such variability and limits the range of phenotypic plasticity.
Interestingly, a proportion of these germ-free flies also present wing pattern abberrations that are effectively
masked by the presence of Lp, suggesting a hitherto unappreciated role of the gut microbiota’s contribution
to canalizing the invariant pattern of a developing organ. We further found that compromising reactive
oxygen species (ROS) production through antioxidant treatment blocks the buffering effect of Lp on the
host. In sum, we propose that in the presence of nutritional stress, members of the microbiota effectively
stablizes the host’s fitness traits and provides phenotypic robustness during development. Removing the gut
microbiota effectively unmasks genetic differences within the host poplution, which can become the
substrate for evolutionary forces to select upon.
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Genotype-dependent gut microbiota drives zooplankton resistance to toxic
cyanobacteria
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The gut microbiota is an important source of metabolic innovations for animal hosts, and is increasingly
considered as a key factor that may drive adaptation, especially in the current context of fast and drastic
environmental changes imposed by human activities and global warming. Here, we carried out a gut
microbiota transplant experiment in the freshwater crustacean Daphnia to show that the gut microbiota
mediates adaptation to cyanobacteria harmful algal blooms (cyanoHABS) in this pivotal zooplankton grazer.
CyanoHABSs have strongly increased in frequency and intensity as a result of eutrophication and climate
warming, and pose severe threats on human and livestock health, as well as on aquatic communities. Our
results revealed that genetic variation in resistance to toxic cyanobacteria in Daphnia is mainly mediated by
genotype-dependent gut microbiota. Survival and reproduction upon cyanobacterial exposure in recipient
Daphnia were not affected by the recipient genotype, but were strongly impacted by the donor genotype.
Microbiota from resistant genotypes conferred a higher resistance to recipient Daphnia than microbiota from
susceptible genotypes. This suggests that the Daphnia genotype acts indirectly on resistance to
cyanobacteria, by shaping the gut microbiota. In addition, resistance was higher when donors were
previously fed cyanobacteria, suggesting that gut microbiota responded to become more efficient in dealing
with cyanobacteria after prior exposure. Next generation sequencing of 16S rDNA revealed that resistance
was associated with changes in gut microbiota structure: cyanobacterial exposure favored bacterial taxa
involved in the detoxification of cyanobacterial toxins. In concert, these results emphasize the crucial role of
gut microbiota in Daphnia adaptation and acclimatization to cyanoHABs, and demonstrate that the host
genotype interacts with the environment to shape the gut microbial community.
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Functional study of host - microborer interactions in the scleractinian coral
holobiont
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The coral holobiont contains diverse communities of microbial partners that are located both in the living
tissues (endosymbiotic dinoflagellates, bacteria) and in the skeleton (microboring filamentous cyanobacteria,
algae, and fungi). Little is known about the functional roles in living scleractinian corals of microborers
actively colonizing skeletons via carbonate dissolution processes, with a few recent studies suggesting a
potential ectosymbiotic role. Phototrophic microborers may indeed represent an alternative source of
photoassimilates to the coral host during bleaching events (disruption of symbiosis with dinoflagellates,
triggered mainly by thermal stress), improving the chances of coral survival during these increasingly
frequent episodes. But, the type of transfer of photoassimilates (active vs passive) has not been determined.
Moreover, the fluxes of carbon and nitrogen between microborers and the coral host have not been visualized
and quantified at the individual cell level.In the present study, we aim at highlighting:(i) potential trophic
roles of microboring phototrophs, especially of the Siphonale Ulvophyceae of the genus Ostreobium which is
very abundant in living corals. In order to investigate the transfer of photoassimilates from phototrophic
microborers to the coral tissue, we use pulse-chase isotopic labelling experiments in light (with 13C-
bicarbonate and 15N-nitrate) of microborers colonizing healthy or bleached branches of Pocillopora
damicornis. Tissue and skeletal fractions are prepared to quantify bulk isotopic enrichment using GC-IRMS
and developing LC-IRMS methods. In addition, thin sections of coral branches are prepared to map isotopic
enrichment with nanoscale secondary ion mass spectrometry (NanoSIMs) and quantitatively image
photoassimilation and potential translocation of labeled compounds between microborers and host.(ii)
molecules of the chemical communication between microborers and coral host. In order to identify small,
specialized metabolites involved in this dialogue, we establish and compare the chemical profiles of
microborers in situ in tissue-covered skeleton of coral branches, in cultures of microborers (Ostreobium
strains propagated in vitro) and in primary co-cultures of the strains with coral tissues. Chemical fingerprints
of organic extracts are obtained by HPLC-DAD-ELSD, MS and NMR analyses, followed by statistical
analysis of overexpressed metabolites in each compartment of the holobiont.Such approaches should allow
better understanding of microborer roles in living Scleractinian corals and thus their resilience capacity in the
context of global change.
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A model of the evolution of endosymbiosis grounded in cross-level
exchanges of energy and information
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Life is hierarchically organized in nested levels (e.g. organelles in cells in tissues in organisms in
families/groups in populations in species). As soon as one of these levels displays some heritable variation
affecting its ability to reproduce itself, natural selection acts on it and shapes its “population” (e.g.
organelles, cells, organisms, families/groups and species). As the whole functioning of life, the ability to
reproduce itself, is determined by energy (nutrients) and information (DNA, signalling molecules, cues about
the abiotic environment, allospecific and conspecifics, etc.). From a multilevel perspective, the information
and the energy are also the entities exchanged between levels of organisation, making them mutually
dependent (Témkin & Serrelli 2016).Here | present a model of multilevel selection grounded in this
information and energetic framework. This model has been developed to study the evolution of
endosymbiosis, but it can be easily extended to some other phenomena shaped by multilevel selection.
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Phylosymbiosis in host-associated gut microbial communities in lower
termites
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The parallelism between host-associated microbial communities and the phylogeny of host species (as
described by the term ‘phylosymbiosis’) is expected to prevail in mutually beneficial symbioses. We
analyzed, based on a metabarcoding approach of the V3-V4 region of the bacterial 16S rDNA, the
microbiota from 17 different colonies of 8 closely-related termite species of the genus Reticulitermes. These
wood-feeding social insects exhibit, in their hindgut, complex nutritional mutualistic symbioses with
prokaryotes and flagellated eukaryotes ensuring the degradation of lignocellulose and nutrient exchange
between partners. Our results showed that Reticulitermes termites exhibit associations with 60-170 bacterial
taxa belonging to 5 main phyla (Bacteriodetes, Spirochaete, Proteobacteria, Elusimicrobia and Firmicutes).
Variation in the abundance of certain microbial taxa supports the idea that some symbionts may play specific
roles among Reticulitermes species. However, intra-colonial microbiota variation is consistently lower than
interspecific microbiota variation. This reveals significant degrees of phylosymbiosis, suggesting that gut
microbial communities of these termites might be shaped by host specific factors, by host biogeography, or
by both factors. In addition, we provided a comparison of microbial communities between the foraging
Reticulitermes species and the wood-dwelling termites of the genera Kalotermes and Hodotermopsis. These
results revealed that termite’s feeding habits might also significantly contribute to the gut prokaryotic

microbiota of termites.
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The stinkbug—-Burkholderia symbiotic system: an ideal model of insect-
microbe symbiosis
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Many insects interact intimately with bacteria inside the body. These bacteria play important roles in host
survival, such as degradation of food materials, supplement of essential nutrients, and enhancement of host
immunity. Recent studies have revealed such bacterial diversity and functions. However, molecular
mechanisms of the specific bacterial infection are poorly understood since generally symbiotic bacteria are
vertically transmitted from mother to child, commonly unculturable outside the host, and genetically
unmanipulable. Riptortus pedestris is a notorious pest of leguminous crops, broadly distributing over south-
eastern Asia. This stinkbug is symbiotically associated with Burkholderia sp. in the post region of the
midgut, wherein symbionts promote host growth and fecundity. Unlike other symbiotic bacteria in insects,
this stinkbug acquires the Burkholderia symbionts from ambient environment as a nymph, and these
symbiotic bacteria are easy to culture and genetically manipulable outside the host, providing us a new
opportunity to unveil the genetic background of insect-microbe symbiosis. | have performed detailed
histological observations in the midgut and genetic approaches such as RNA-seq and colonization-deficient
mutant screening. In this symposium, | would like to show recent findings underlying specific colonization
mechanisms of the Burkholderia symbiont in the stinkbug midgut.
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The tree microbiome as part of the extended phenotype?
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The impact of micro-organisms within host plant tissues ranges from mutualistic to pathogenic. Recent
literature also discusses the role of endophytes as modifiers of plant disease. While there is evidence in some
studies to suggest that endophytes might behave as enablers to pathogens, much literature emphasises the
potential that endophytic microbial communities might have in suppressing and/or controlling pathogens
within the community, while being adaptable over short periods of time.To date studies demonstrating
control of pathogens within the microbial community are scarce and variation in microbial community
structures at geographic scales and in relation to tree local adaptation is poorly understood. Trees, however,
are the environment in which the endophyte community assembles and it stands to argue that heritable traits
in the tree phenotype are reflected in the microbial communities they maintain. Here we present the results
of a study of Scots Pine asking how effective trees are as ecological filters in determining the structure of
their fungal endophyte community. We discuss what potential role the management of endophyte
communities could have to mitigate threats from disease particularly in a fast changing environment.
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Endophytes, pathogens, disease, Scots Pine

DSPS ¥ ® -4

ENVIRONNEMENTALE FRANCE GENOMIGUE = arbre

=A@ PE




86

Modeling the host-microbiota coevolution using maximum likelihood
inference

Author
Benoit Perez-Lamarque, Hélene Morlon

Institute of Biology of the Ecole Normale Supérieure (IBENS), Paris, France

Microbiotas play a central role in the functioning and evolution of multicellular life. Yet, we know little
about how microbiotas evolve during the evolutionary history of host clades. It is commonly thought that
many of these microbes are acquired from the environment during the life of the host (horizontal
transmission), but that others are intimately associated with their hosts, transmitted across generations, and
coevolve with them (vertical transmission). However, the lack of appropriate comparative phylogenetic
method prevents us from rigorously assessing which microbes are horizontally versus vertically transmitted,;
and if they are vertically transmitted, to which extent. Here, we develop a simple model for the evolution of
microbial communities along a host phylogeny, with the aim of identifying and quantifying vertical
transmission from data that include the phylogeny of present-day hosts and the gene sequences of microbes
associated with these hosts. Our model first focuses on the evolution of a particular bacterial taxon,
represented by its gene sequence. The sequence evolves along the host phylogeny with a given rate of
molecular evolution, is transmitted at host speciation events (vertical transmission), and experience punctual
host-switching events (horizontal transmission). We put together a simulation algorithm for this model and
derive its associated likelihood. Using simulations, we test the ability of the model to recover simulated
parameter values and thus to identify the importance of vertical versus horizontal transmission. Finally, we
apply our approach to NGS 16S microbiome data profiling from a host community.
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Development of a multigenic metabarcoding of prokaryotic microbiota:
application to Bacteria and Archaea of agronomical interest encountered in
the rice rhizosphere of Camargue
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It is our hypothesis that soil and plant microbiota are playing an eminent role in shaping both natural
ecosystems and agricultural production systems. It is now widely admitted that bacterial communities show a
great diversity in the rhizosphere and in the endosphere as endophytes. These microbial communities affect
the fitness of both the hosts and the microbes and further play important roles in C and N cycles. Much less
is known about the role played (if any) by archaea within both the plant rhizosphere and endosphere.
Interestingly, a recent study has revealed a relatively high archaeal concentration in internal plant tissues
(Miiller et al., 2015). The objective of our study is to develop a multigenic metabarcoding approach to
accurately describe the biodiversity of relevant microbial communities interacting with rice paddies in the
Rhone delta region. This pilot agro-ecosystem was selected because it is annually subjected to several abiotic
stresses (water stress associated to rice paddies flooding, soil salinity, etc.) that are likely to enhance archaeal
growth. We will retain universal prokaryotic primers and archaeal specific primers within the 16S rRNA
gene, two housekeeping genes, gyrB(encoding the 8 subunit of the DNA gyrase) and rpoB (encoding the B
subunit of the RNA polymerase) for bacteria, and the thermosome TF55 gene (encoding a type Il
chaperonin) for archaea. Primers evaluation will be conducted on mock cultures and by sampling rice plants
during both rice paddies flooding and drying periods. This study is likely to be a first step towards better
understanding the dynamics of Camargue rice paddies microbial communities in relation with abiotic
constraints.
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Does apoptosis and cell growth play a role in the host symbionts regulation
in the hydrothermal vent mussel Bathymodiolus?
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The deep sea mussels (Bivalvia: Mytilidae) house methane- and/or sulfur-oxidizing bacteria in its gills. This
symbiosis makes it possible to colonize restrictive environments like hydrothermal vents and cold seeps.
Bacteria use methane and/or sulfide to synthesize carbohydrates and they are the most important source of
host nutrition. The density of the two types of bacteria can vary so this symbiosis is flexible (Szafranski et al,
2015; Duperron et al, 2016). The aim is to understand the mechanisms that regulate the density of bacteria in
gills. What are the mechanisms involved: apoptosis, endo-exocytosis, digestion of bacteria, ...?
Transcriptomic results (Guézi et al., 2013) have shown that when the load of symbiotic bacteria is high in the
gills of Bathymodiolus thermophilus, the genes involved in the inhibition of apoptosis are repressed,
suggesting that when the symbiotic load is high, apoptosis is activated, and vice-versa. Using TUNEL and
immunohistological techniques we have been able to follow the apoptosis and the cell growth in various
zones of the gills of B. azoricus that have undergone different in vivo treatments in pressurized aquariums
(sulphide, methane, heat stress, ...) and also in B. boomerang, which have been taken away from the
hydrothermal vents in order to lose their symbionts. We compared the results of the symbiotic tissues with a
non-symbiotic tissue and compared the Bathymodiolin mussels with Mytilus edulis (naturally devoid of
symbionts). We can thus describe apoptosis and cell growth in the gill of Bathymodiolus, in relation with the
presence of symbiotic bacteria, and evaluate its possible contribution to the flexibility of the symbiosis.
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How holobionts get sick: the pathobiome paradigm
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All living creatures are holobionts. Each holobiont comprises the host and a myriad of interacting microbes,
altogether defined also as a super-organism. In health, there is a fine tuned equilibrium within the members
of the microbiome and between them and the host. This relatively stable equilibrium is maintained by a high
level of diversity among microbes, a delicate bio-geographic microbial distribution and a sophisticated and
intricate molecular crosstalk among the multiple components of the holobiont.Pathobionts are temporarily
benign microbes with the potential, under modified ecosystem conditions, to induce pathogenesis to the host.
Pathobionts may be either endogenous, living for prolonged periods of time inside or on the host, or
exogenous, invading the host during opportunistic situations. In both cases, the end result is the
transformation of the beneficiary microbiome into a health perturbing pathobiome. We hypothesize that all
diseases of holobionts, acute or chronic, infectious or non-infectious, regional or systemic, are characterized
by a perturbation of the healthy microbiome into a disease pathobiome. Examples (from AIDS to Zika) will
be presented to consolidate this new paradigm.
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Genetic diversity of the symbiont as a driver of the holobiont differenciation
in the temperate sea anemone Anemonia viridis?
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As many Cnidarians, the sea anemone Anemonia viridis lives in an intimate symbiotic trophic relationship
with microorganisms, in particular dinoflagellates of the genus Symbiodinium. The holobiont A. viridis —
Symbiodinium can live in a wide geographical and habitat range, and previous studies showed that A. viridis
harbours a genetically diverse population of Symbiodinium sp. which could therefore play a major adaptive
role. For these reasons, the system A. viridis — Symbiodinium is a first-class model to study holobiont
adaptation. Our work aims to clarify the importance of the symbiont in the response to environmental
variation and will highlight the possible genotype-environment associations (GEA) at the scale of the whole
holobiont. To identify the factors that drive the holobiont differenciation, we characterized the distribution of
in hospite Symbiodinium genetic diversity by sampling 3 colour morphs of A.viridis (with putatively
different adaptive strategies) in ecologically differentiated populations from the English Channel and the
Mediterranean Sea. We assessed this genetic diversity by combining microsatellite markers for the symbiont,
genotyped by NGS and RADseq markers for the animal host. This should allow us to unravel the co-
evolutionary dynamics of the two partners along a geographical and/or environmental continuum.
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Social behavior and gut-microbiota in red-bellied lemurs (Eulemur
rubriventer): In search of the role of immunity in the evolution of sociality
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Vertebrate gut microbiota form a key component of immunity and a dynamic link between an individual and the
ecosystem. Microbiota might play a role in social systems as well, because microbes are transmitted during social
contact and can affect host behavior. Combining methods from behavioral and molecular research, we describe the
relationship between social dynamics and gut microbiota of a group-living cooperative species of primate, the red-
bellied lemur (Eulemur rubriventer). Specifically, we ask whether patterns of social contact (group membership, group
size, position in social network, individual sociality) are associated with patterns of gut microbial composition
(diversity and similarity) between individuals and across time. Red-bellied lemurs were found to have gut microbiota
that were relatively temporally stable and strongly social group-specific. Contrary to expectations, individual sociality
was negatively associated with gut microbial diversity. However, position within the social network predicted gut
microbial composition. These results emphasize the role of the social environment in determining the microbiota of
adult animals. Since social transmission of gut microbiota has the potential to enhance immunity, microbiota might
have played an escalating role in the evolution of sociality.
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Vertical and horizontal factors shape the microbiome of newborns: a
midwife’s perspective
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The question of the origin of the human microbiome is now at the heart of many scientific disputes. On the
one hand, it calls into question the dogma that fetal development takes place in a sterile environment (the
amniotic sac) (Aagaard et al. 2014). On the other hand, it challenges the long-term effects of microbial
communities inherited at birth could have on our health (Decker et al. 2010, Marild et al. 2012, Kero et al.
2002). In recent years it was the delivery mode (natural vs. cesarean), which was first presented as the major
determinant of the newborn microbiome (Dominguez-Bello et al. 2010). Then, the deciding effect of
breastfeeding (maternal milk vs. formula) was established, in combination with the effect of delivery mode,
reinforcing the idea that one should not consider them separately (Yassour et al. 2016, Bokulich et al. 2016).
In this paper, we will address the different factors known to influence the microbiome of newborns and their
modes of transmission, so as to study them no longer as isolated elements, but as a myriad of events that
condition the shaping of the newborn microbiome.

References

Aagaard, K., Ma, J., Antony, K. M., Ganu, R., Petrosino, J., & Versalovic, J. (2014). The placenta harbors a unique
microbiome. Science translational medicine, 6(237), 237ra65-237ra65.Decker, E., Engelmann, G., Findeisen, A.,
Gerner, P., LaaP, M., Ney, D., ... & Hornef, M. W. (2010). Cesarean delivery is associated with celiac disease but not
inflammatory bowel disease in children. Pediatrics, 125(6), e1433-e1440.Marild, K., Stephansson, O., Montgomery, S.,
Murray, J. A., & Ludvigsson, J. F. (2012). Pregnancy outcome and risk of celiac disease in offspring: a nationwide
case-control study. Gastroenterology, 142(1), 39-45.Kero, J., Gissler, M., Gronlund, M. M., Kero, P., Koskinen, P.,
Hemminki, E., & Isolauri, E. (2002). Mode of delivery and asthma—is there a connection?. Pediatric research, 52(1), 6-
11.Dominguez-Bello, M. G., Costello, E. K., Contreras, M., Magris, M., Hidalgo, G., Fierer, N., & Knight, R. (2010).
Delivery mode shapes the acquisition and structure of the initial microbiota across multiple body habitats in
newborns. Proceedings of the National Academy of Sciences, 107(26), 11971-11975.Yassour, M., Vatanen, T.,
Siljander, H., Haméal&inen, A. M., Héarkdénen, T., Ryhédnen, S. J., ... & Lander, E. S. (2016). Natural history of the infant
gut microbiome and impact of antibiotic treatment on bacterial strain diversity and stability. Science translational
medicine, 8(343), 343ra81-343ra81.Bokulich, N. A., Chung, J., Battaglia, T., Henderson, N., Jay, M., Li, H,, ... &
Schweizer, W. (2016). Antibiotics, birth mode, and diet shape microbiome maturation during early life. Science
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Spatial metagenomics illuminate the impact of agriculture on the
distribution and prevalence of plant viruses at the ecosystem scale
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Our knowledge about plant virus diversity in nature is still limited. Indeed, studies of plant-virus interactions
have primarily focused on cultivated areas. This lack of knowledge about patterns of virus diversity and
distribution in nature is hampering our understanding of plant virus ecology and evolution in the long term.
In addition, this scarcity of knowledge does not allow to fully understand, model and predict the micro-
and/or macro-evolutionary processes that are taking place across the agro-ecosystem. Consequently, it is still
difficult to quantify the impact of human activities (agricultural intensification, plants transport, climate
change, etc.) on host-pathogen interactions. We developed a new metagenomics approach, the so-called geo-
metagenomics approach, in order to provide information about the virus biodiversity, the prevalence of
unknown and asymptomatic viruses and the spatial distributions of those plant viruses in two pilot
ecosystems: the Western Cape Region of South Africa and the Camargue region in France. This approach
provides geographically tagged cDNA from known and unknown viruses, and further allows linking viral
sequences obtained by the metagenomics approach to a specific host, and hence to geographic coordinates.
The objectives of this study were to assess (i) if wild areas can be considered as reservoir of plant virus
biodiversity (ii) if there exists patterns of spatio-temporal distribution of plant viruses at the agro-ecosystem
scale and (ii) if ecological parameters can account for these distributions. This new approach allowed us to
estimate plant virus diversity associated with both pilot agro-ecosystems. This study led to the discovery of
94 potential new plant viral species and highlighted patterns of spatial distribution of plant viral families.
Plant virus prevalence associated with cultivated areas was found to be significantly greater than those
associated with non-cultivated areas. Furthermore, exotic plants from South African fynbos showed
significantly higher prevalence than native plants. These results emphasize the direct or indirect impact of
human activity on plant virus dynamics at the agro-ecosystem scale.
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Protists are an integral part of the Arabidopsis thaliana microbiome
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Although protists occupy a vast range of habitats and are known to be interacting with plants inter alia via
disease suppression, competition with pathogens or growth stimulation their contributions to the
"phytobiome" are not well described. In contrast, associations with bacterial and fungal communities have
been comprehensively studied showing effects on the hosts’ fitness. To bridge the gap towards a more
comprehensive picture of the phytobiome, we examined cercozoan and oomycete taxa living in close
association with the model plant Arabidopsis thaliana grown in two different soil types (loam and sand)
under laboratory conditions. Soil, roots and leaves were analyzed and complemented with surface sterilized
plant organs to identify endophytic micro-eukaryotes. Cercozoan taxa were identified using 18S rRNA gene
metabarcoding, whereas the Internal Transcribed Spacer (ITS1) was used to determine oomycete taxa.
Paired-end sequencing included cercozoan and oomycete mock communities for all barcodes. Subsequent
analyses revealed a strong effect by soil type and differentiation of protist communities between plant
organs, although oomycetes appeared more specialised than cercozoa. The rhizosphere harboured many
oomycete plant pathogens that were mostly members of the Pythiaceae. Taxa belonging to the genus
Globisporangium were identified as core members of the A. thaliana microbiome. The main A. thaliana
associated cercozoan taxa belonged to the Glissomonadida and Cercomonadida, but also members of other
orders, for example the Plasmodiophorida were found. Cercozoan communities were strongly structured by
plant organ. Whilst the rhizosphere communities were strongly influenced by soil type, a phyllosphere
specific community developed. Our results highlight the importance of micro-eukaryotes for the plant
holobiont and deliver new knowledge on the diversity of plant-associated micro-eukaryotes.
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The considerable similarity between microbial communities colonizing plant surfaces such as roots, and
those of the animal gut is often overlooked, although this parallel provides us with many opportunities to
look at the microbial as well as plant and animal ecophysiology from a different perspective (Ramirez-
Puebla et al., 2013). The traps of carnivorous plants are sophisticated digestive systems and represent
interface environments between the supply and the demand for nutrients. In this study, we selected the
miniature aguatic ecosystem in the traps of aquatic carnivorous Utricularia plants as our model system
(Simek et al., 2016). By assessing the trap-associated microbial community structure, diversity, metabolic
capabilities, as well as the nutrient regeneration potential by grazing protozoa, we gained an insight into the
nutrient acquisition strategies of the Utricularia host plants. We conclude that the trap ecophysiological
function is in many aspects highly analogous to that of the mammalian rumen and centers on the digestive
mutualism involving complex consortium of diverse microorganisms which act in synergy to covert complex
organic matter, often of algal origin, into a source of nutrients for plant growth.
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A hologenomic assessment of the gut microbiome of poison arrow frogs

and

their potential role in toxin sequestration by the host
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Poison arrow frogs (of the family Dendrobatidae) secrete alkaloid toxins in their skin as defense mechanisms
against predators. Numerous studies have shown that in Dendrobatids alkaloid toxins are acquired by
“sequestration from diet”, i.e. uptake and storage of toxins or their chemical precursors, mostly from
consumed mites and formicid ants (Saporito et al. 2004; Saporito et al. 2007; Dumbacher et al. 2004). It has
also been shown that these frogs have evolutionary adaptations that likely reduce their sensitivity to the
toxins sequestered (Tarvin et al. 2016). There exists the intriguing possibility that the gut microbiome of
these frogs may also play a role in this process.As a holobiont consists of the organism together with its
associated microbial communities (Bordenstein and Theis 2015, Theis et al. 2016) this term can be
applicable to many organisms that show an effective symbiotic relationship between host and microbiome
that allows phenotypic adaptation of the host (Bordenstein and Theis 2015). The aim of the present study is
to assess the gut microbiome of poison arrow frogs to determine if associations exist that could be related to
the digestion of a toxic diet. We analysed the gut microbiome of 3 toxin sequestering species and of 3 non-
toxin sequestering species of frogs caught in the a rainforest in Peru (with 4 replicates per species). Species
were selected based on sharing similar microhabitats (and therefore access to similar diets) and having
relatively comparable sizes. We sequenced the bacterial 16S rRNA region for all gut microbiome samples
enabling us to obtain a preliminary assessment of the microbiome composition of the 6 species studied. This
information was compared with previously collected transcriptomic data from the hosts to test if the poison
arrow frogs with their microbial communities could be considered a holobiont adapted to allow sequestration
of toxins from their diet.
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The gut microbiota performs a number of essential functions for its host, such as a central role in digestion,
immunity and protection against pathogens of the host. The composition and the diversity of the gut
microbiota are expected to be shaped not only by the characteristics of the host but also the environment in
which the host lives. However, little is known on the effects of anthropogenic habitat alterations on the gut
microbiota of natural populations. Here we examined the impact of urbanisation at different spatial scales on
the gut microbiota of a passerine bird, the house sparrows (Passer domesticus). We performed a large scale
study by sampling the gut microbiota of 36 populations of sparrows from sites in Belgium with varying
degrees of urbanisation, ranging from rural habitats to city centres.Overall, we find that urbanisation is
associated to lower gut diversity and to changes in taxonomic composition. Interestingly, we also find that
local urbanisation does not impact the microbiota in the same way according to the landscape urbanisation
levels. Given the importance of the gut microbiota for host fitness, these urban-related modifications could
have negative consequences on the hosts and potentially contribute to the recent decline of the house
sparrows populations in cities.
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Mass and recurrent mortality events of complex etiology have increasingly affected invertebrates of
ecological and/or economical interest such as honeybees, corals and bivalves over the past years. The main
oyster species farmed in France and worldwide, Crassostrea gigas, is no exception to this rule. It suffers
from devastating summer mortality outbreaks, whose severity has dramatically increased since 2008. It
particularly affects juvenile stages (< 1 year) throughout French coasts decimating up to 90 % of spats in
some farms, resulting in significant economic losses. This phenomenon is due to a combination of direct and
indirect factors. Among indirect factors, the intensification of the production, worldwide transport of
animals, anthropogenic impacts or climate change in coastal areas have been suspected to weaken the
animals and increase the frequency of outbreaks thus contributing to the emergence of the phenomenon.
Several factors have been involved in the expression of the juvenile mortalities syndrome and underscored
the complexity of the pathosystem: (i) the disease depends on the temperature of the seawater potentially
modifying both host physiology and composition/function of its associated microbiota; (ii) the susceptibility
of oysters to potential pathogens (herpes viruses, vibrios) depends on the genetics of oysters and their age;
(iii) a species/strain of a single microorganism is not sufficient to cause this disease suggesting a
polymicrobial nature of the syndrome; (iv) different dynamics of oyster mortalities are observed according to
the production site. Altogether these data suggest that abiotic factors, human activities, oyster genetics, their
age and life history, their immune status and of course, the pathogens are involved and might influence each
other. However, the relative weight of these factors, their interaction patterns, their dynamics during
pathogenesis remained largely unknown, which makes the disease difficult to understand, predict and
control. To open a way out of this crisis and find solutions for a sustainable oyster aquaculture, it is
necessary to decipher this complex pathosystem. To achieve this goal, we developed an integrated
multidisciplinary research program in an attempt to link together different levels of understanding of the
disease. It focused on the dynamic study of the "oyster holobiont" (oyster and associated microbiota,
including pathogens) during the pathogenesis. We selected two highly contrasted full-sib families, one
susceptible and the second resistant to implement an experimental design reproducing the natural route of the
infection and we followed the temporal dynamics of the microbiota, the pathogens and the response of the
oyster by kinetics using a combination of approaches. This allowed us to decipher the sequence of events
leading to the breakdown of holobiont homeostasis, the pathogen development and oyster mortalities.
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Marine brown algae are key primary producers and form a specific habitat strongly impacting coastal marine
life [1]. In addition, the aquaculture of brown algae represents a fast-growing economic sector [2].
Worryingly, this algoculture expansion is associated with an increase of infectious diseases which may have
strong economic and ecological impacts [3].Besides of the phycopathogens, macroalgae also harbor
microorganisms which may be involved in development, defense, and nutrient supply of the host-algae [1].In
this context, we aim at exploring the microbial interactions within the endomicrobiota of Saccharina
latissima and its impact on the algal fitness. Our recent results highlighted that metabolites produced by
endophytic fungi could inhibit the bacterial quorum sensing (QS). QS allows bacteria to coordinate gene
expression according to cell density via the production, and detection, of chemical mediators. This
intercellular signaling system especially controls virulence gene expression in many bacterial species. Thus,
we hypothesized that the QS inhibiting compounds produced by fungi may interfere with this bacterial
coordinated gene regulation and prevent the emergence of some bacterial phenotypes deleterious for the
host.In this context, bacterial and fungal strains were isolated from the internal tissues of the brown algae
Saccharina latissima and identified. Some bacterial strains have shown a QS capability while fungal strains
have displayed a capacity to modulate this bacterial QS. A multidisciplinary approach is in progress to
decipher these interspecific interactions within the endomicrobiota of S.lattisima and assess possible impacts
on host.
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Water-bear with me for a moment: the tardigrade microbiota
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Symbiotic associations of metazoans with bacteria are ubiquitous and virtually no animal is axenic (McFall-
Ngai et al., 2013). The microbial community associated with animal hosts (the microbiota) has been
characterized for many phyla (e.g. Porifera, Cnidaria, Nematoda, Arthropoda, Chordata, Annelida,
Mollusca), but we are far from a complete understanding of the currently recognized diversity of animal
hosts. Tardigrada (also known as “water bears”) is a phylum of micrometazoans famous for their ability to
undergo cryptobiosis (i.e., ametabolic states of life in response to adverse environmental conditions, Guidetti
et al. 2011), and studied for their phylogenetic position with respect to the Arthropoda and Onychophora
phyla in the evolution of the Panarthropoda, a clade within the Ecdysozoa (moulting animals, Aguinaldo et
al., 1997). However, we know very little about the association between tardigrades and bacteria (Vecchi et
al., 2016). Here, we designed an experiment to determine if tardigrades are colonized by a specific microbial
community and to identify their potential symbionts. Using 16S rRNA gene amplicons (V3-V4), we
characterized the microbiome of six tardigrades species from Europe (Italy, Sweden) and Antarctica,
spanning the two classes Heterotardigrada and Eutardigrada. In tandem, we also characterized the bacteria
associated with the substrates (mosses, lichens, freshwater sediments) on which these tardigrades were
found, allowing us to rule out environmental contamination as a contributor to the tardigrade microbiome.
The tardigrade microbiotas consistently differ from that of the substrates and are species-
specific. Interestingly, we identified differences in the bacterial community composition when the same
species of tardigrade was collected from different samples, suggesting that as in other animal phyla, diet and
environment may play a role in shaping the microbiota of water bears. Finally, we identified two putative
Rickettsiales symbionts in two tardigrade species. Our results suggest that like all other animals, tardigrades
have their own microbiota that differs among species. Future work will be directed to better characterize the
bacterial OTUs closely associated with tardigrades, to understand how the microbiome is acquired and
maintained, and to identify which organs house these bacteria.
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Structuring genetic and taxonomic diversity in gut microbes
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Structuring genetic and taxonomic diversity in gut microbes of lizards affected by a quick dietary change 35
years ago, ecologists introduced 10 insectivorous lizards from the islands of Pod Kopiste to that of Pod
Mrcaru[1]. Podarcis sicula on Pod Mrcaru became omnivorous (80% herbivorous)[2] and changed in
morphology[3]. However, changes of their gut microbiome/microbiota were not investigated. We sequenced
32 samples from guts of insectivorous and omnivorous lizards by Illumina Miseq to test whether (i) changes
in microbial communities[4] and (ii) functional acquisition/loss of microbiome gene families were associated
with the dietary shift[5]. We used multivariate analyses and innovative network models (reads similarity,
unifrac networks) to analyze variations in microbiota/microbiomes. During this dietary shift, the abundance
of few microbial taxa (e.g. genera Clostridium sensu stricto and Treponema are more abundant in
omnivorous than in insectivorous lizards.) and few key metabolic genes changed (the biotin enzyme of the
biotin metabolism pathway, involved in legume degradation). Thus specific changes in the microbiome
correlate with major changes in the hosts phenotypes. The use of this additional vertebrate non mammalian
model, with a rapid generation time, provides a novel perspective to assess the generality of findings
regarding dietary shift effects in human microbiome studies.
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The microbiome of prominent Brassicaceae: health issues for plants and
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Human health is not only a consequence of our own genetics; much more it relies on the complex
relationship with our inherent microbiome, our diet and the microorganisms associated with it. Therefore, it
is all the more important to extent distinctive knowledge of the microbiota inhabiting raw eaten vegetables
and fruits. The microbiome of cruciferous vegetables, each purchased as supermarket and farmer’s market
equivalent, was investigated in the present study. The following subjects were pursued in depth: i) the overall
microbiota inhabiting edible vegetable parts and the differences due to the point of sale, ii) Brassica-
associated bacteria with active myrosinase, suggested to provide cancer preventing properties for humans
and iii) putative biological control agents for an ecologically friendly and sustainable treatment of Brassica
crops. The microbiome of all Brassica samples consisted of 10,458 OTUs, represented by 257 bacterial
orders. Almost 80% were shared by all vegetables investigated. Those taxa were defined as the core
microbiome, composed of 76% Proteobacteria, 19% Bacteroidetes and 2% of each Actinobacteria,
Verrucomicrobia and Firmicutes. A significant crop-specific influence of the purchase origin was observed,
while the overall composition of the microbiome was found to be rather driven by the vegetable genotype.
According to co-occurrence network analysis, less abundant taxa play a key role for the microbial
community. Supermarket vegetables contained more bacterial genera with described human pathogenic or
opportunistic strains while the amount of plant beneficial taxa was higher in farmer’s market equivalents.
Four strains of Pseudomonas and Serratia plymuthica, isolated from farmer’s market vegetables, were
identified to suppress plant pathogenic fungus Verticillium longisporum and to reveal plant growth
promoting properties. Myrosinase-active E. cloacae KS50 was isolated from turnip cabbage; enzymatic
activity was determined by different experimental approaches. Overall, the data show a high microbial
diversity in prominent Brassica vegetables with a strong potential to influence plant health as well as human
health.
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Human activity is now recognised as being the dominant cause of most contemporary environmental
changes, leading to alterations in ecosystem functioning, community dynamics and generally impacting the
fitness of organisms. A vast majority of such organismal studies focus on the effects of anthropogenic
perturbations on individuals per se. However, the recent surge in microbiome studies has brought about a
paradigm shift by which individuals cannot truly be considered independently of the bacterial communities
they host. The gut microbiome for instance, is involved in host digestion or nutrient synthesis, protection
against pathogens and more widely shapes host immunity, life history traits and even behaviour, underlining
its vital importance for host fitness. The determinants of microbiome composition and diversity are thought
to be multiple, being related to host traits, but also to factors linked to the host's environment. Thus any
major changes in the environment, and in particular anthropogenic perturbations, are highly likely to alter
host-associated microbiomes leading to potential dysbioses and adverse effects on hosts. Here we present
work investigating the respective impact of two major anthropogenic environmental perturbations,
urbanisation and climate change, on the gut microbiota of two host species, House sparrows and Common
lizards. Our wide-scale study on sparrow populations provides evidence that urbanisation reduces the overall
bacterial diversity of the gut microbiota and induces changes in taxonomic and functional composition.
Using a unique experimental setup, the Metatron, we show that a 3°C increase in ambient temperature
induces a 34% decrease in gut microbiota diversity of common lizards and leads to differential taxonomic
and functional compositions as compared to the control treatment. We further show that these changes of
microbiota in warmer climates are associated to lower subsequent survival of the hosts. Both these studies
provide evidence that anthropogenic alterations of the environment impact microbiome diversity and
structure; which could potentially increase direct detrimental effects of these perturbations on hosts,
producing synergic negative effects. Overall our results highlight the importance of accounting for host-
microbiome interactions when examining the response of organisms to anthropogenic environmental
stressors.
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Can symbiotic bacteria influence mate choice in a vertebrate?
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Symbiotic microbes influence host phenotypes in myriad ways including producing or altering chemical
signals important in social and reproductive behavior 1,2. Microbes are known to influence chemical signals
in vertebrates, particularly mammals 3,4, but no study has yet demonstrated their specific role in mate
choice, though the phenomenon has been documented in insects 5. Studies of multiple bird species have
recently demonstrated that volatile compounds present in preen oil, secreted by the uropygial gland and
spread by the birds onto their feathers, communicate information about the sender’s species, sex, and
breeding condition 6-8. In the dark-eyed junco (Junco hyemalis), we have previously demonstrated that these
chemical signals predict reproductive success 9. The junco uropygial gland harbors a very diverse and rich
bacterial community, and several of these bacterial genera are known to produce volatile compounds,
including those found in junco preen oil 10. We examined whether these symbionts influence the production
of preen oil volatiles involved in mate choice by experimentally testing the relationship between resident
bacteria associated with the preen gland and the production of preen oil volatile compounds in captive dark-
eyed juncos. We injected a broad spectrum antibiotic into the preen glands of the treatment group, and saline
in the control group, for 5 days, and sampled the microbiotas and volatile compounds before and after
treatment. We found that, compared to the control group, birds in the treatment group had significantly lower
concentrations of volatile compounds related to reproductive success. We will also discuss the
experimentally induced changes in the microbiotas of the treatment group, particularly in relation to the
microbiotas of mated pairs of free-living juncos with varying levels of mate fidelity.
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