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an absence of storage. The extracts were mainly dominated by epox-
ylinalool (Fig. 2b). Linalool and linalool oxide were also present,
although in low amounts, two days before and after fumigation but
were not detected on day 8 (Fig. 2b). The compositions of the terpene
contents were not significantly different between fumigated and con-
trol flowers (Fig. 2b).

Discussion
The reductions in the rate and diversity of floral terpene emissions in
antibiotic-fumigated flowers were not due to a decrease in floral
terpene contents. The functioning of the floral tissues did not appear
to be altered, as indicated by the unaltered floral respiration rates.

The decrease in emissions was thus likely due to the effect of the
antibiotics on the floral phyllospheric microbiota. Bacteria and fungi
emit volatile organic compounds from de novo biosynthesis11–13 and
biotransformation14–16, including linalool and other terpenes9,12,16,17.
Terpene biosynthesis is well known in microbial metabolism, even
though only a few bacterial and fungal genes encoding terpene
synthases have yet been reported, likely due to the low amino-
acid-sequence identities with homologous enzymes in eukaryotes9.
b-ocimene and linalool are emitted by yeasts from the genera
Debaryomyces, Kluyveromyces, and Pichia14, which are commonly
found in the nectar of flowers18.

The emitted bouquet of S. nigra was dominated by linalool (3,7-
dimethyl-1,6-octadien-3-ol), an acyclic monoterpene with a sweet,
pleasant fragrance common in floral scents19. The dominant volatile
in the floral extract, however, was epoxylinalool. De-epoxidation to
linalool is favored at moderately low pH20, so the frequent presence of
phyllospheric microorganisms producing extracellular acidic com-
pounds21,22, along with the likely action of microbial epoxide hydro-
lases23, may have favored the emission of linalool.

Other possible effects of the antibiotic treatment, however, cannot
be discarded. For example, the presence of certain phyllospheric
microbes can induce an emission of defensive terpenes from flowers
to control microbial communities5. We could thus hypothesize that
the removal of phyllospheric microbiotas could have temporarily
released the plants from the need to maintain this defensive response,
thus reducing the emissions. Direct interference of antibiotics with
plant terpene synthesis, their reactions with terpenes, or the release of
hydroxyl radicals from dying bacteria by bactericidal antibiotics can-
not be fully discarded either.

Flowering plants use diverse, multifunctional biosynthetic path-
ways to produce a broad spectrum of BVOCs that collectively confer
characteristic fragrances to flowers24. The results of this study high-
light the mostly neglected role of phyllospheric microbiota in these
emissions. The attractiveness of floral emissions to a wide range of
pollinators, herbivores, and parasitoids and thus the key role emis-
sions play in reproduction and defense may ultimately be due to the
direct or indirect action of floral phyllospheric microbiota.

Methods
Plant material and experimental setup. We used twenty flowering four-year-old
potted S. nigra plants grown in a nursery (Tres Turons S.C.P., Castellar del Vallès,
Catalonia, Spain) outdoors under ambient Mediterranean conditions. They were
grown in 15-L pots with a substrate of peat and sand (251) and received regular
irrigation, ensuring that the substrate was held at field capacity throughout the
experiment. Ten plants were fumigated with antibiotics. The plants were
fumigatedwith 1600 ppm streptomycin, 400 ppm oxytetracycline, and 200 ppm
chloramphenicol in 50 ml of H2O with 1% glycerol to ensure the elimination of floral
phyllospheric microbiota. These antibiotics are used in agriculture mainly in
prophylactic treatments25. The other ten plants served as controls and were fumigated
with 50 ml H2O with 1% glycerol but without antibiotics. The terpenes in both floral
emissions and contents of the control and fumigated plants were measured at day 22
(pre-treatment, two days before fumigation) and at days 2 and 8 (post-treatment)
with a dynamic headspace technique.

Measurements of CO2 and BVOC exchange. Floral CO2 and H2O exchanges were
measured with the LCpro1 Photosynthesis System (ADC BioScientific Ltd., Herts,
England) at standard conditions of temperature (30uC) and light (PAR 5 1000 mmol
m22 s21). Several flowers from one inflorescence were enclosed in the chamber
(175 cm3) without detaching the flowers from the plant. In order to determine and
quantify BVOC exchange, flow meters were used to monitor the air entering and
exiting the floral chamber and system blanks were sampled previous and after each
sampling. The air exiting the chamber was then analyzed by proton transfer reaction-
mass spectrometry (PTR-MS; Ionicon Analytik, Innsbruck, Austria) to calculate
monoterpene emission rates. Every 15 minutes, the output air flowing from the leaf
chamber was also sampled for 10 additional minutes using stainless steel tubes filled
with VOC adsorbents. Thereafter, the adsorbed terpenes were analyzed by thermal
desorption and gas chromatography-mass spectrometry (GC-MS) to characterize the
relative concentration of each single terpene. The floral terpene emissions were
calculated from the difference between the concentration of terpenes from chambers
clamped to flowers and the concentration from chambers with no flowers and
adjusted with the flow rates. A Teflon tube connected the chamber to the PTR-MS
system (50 cm long and 2 mm internal diameter). The system used was identical for
all measurements. The flowers measured in each sample-replicate were collected each

Figure 1 | Effects of antibiotic fumigation on floral total terpene
emissions, total terpene concentrations in floral tissues, and respiration.
Time course of floral terpene emission rates (a), floral terpene
concentrations (b), and respiration rates (c) of control and antibiotic-
fumigated Sambucus nigra plants. The antibiotics were applied to treated
plants on day 0. The error bars are 6 SE (n 5 9). ** and *** indicate
significant differences between control and antibiotic-fumigated flowers
(ANOVA) at P , 0.01 and P , 0.001, respectively.
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Actif dans la nutrition (eau, N, P, K…).

Actif dans le développement

Actif dans la protection abiotique et biotique:

- directe (antibiose, compétition,…),

- indirecte : ‘priming’ local et systémique.

Selosse et al. Trends in Microbiol., 2014 
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Actif dans la nutrition (digestion, vitamines…).

Actif dans le développement

Actif dans la protection abiotique et biotique:

- directe (antibiose, compétition,…),

- indirecte : ‘priming’ local et systémique.
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LE POINT DE VUE DES ÉDITEURS

Nous savons aujourd’hui que les microbes ne doivent plus seulement 
être associés aux maladies ou à la décomposition. Au contraire, ils 
jouent un rôle en tout point essentiel : tous les organismes vivants, 
végétaux ou animaux, dépendent intimement de microbes qui contri-
buent à leur nutrition, leur développement, leur immunité ou même 
leur comportement. Toujours pris dans un réseau d’interactions micro-
biennes, ces organismes ne sont donc… jamais seuls. 

Au fil d’un récit foisonnant d’exemples et plein d’esprit, Marc-André 
Selosse nous conte cette véritable révolution scientifique. Détaillant 
d’abord de nombreuses symbioses qui associent microbes et plantes, 
il explore les propriétés nouvelles qui en émergent et modifient le 
fonctionnement de chaque partenaire. Il décrypte ensuite les extraor-
dinaires adaptations symbiotiques des animaux, qu’ils soient terrestres 
ou sous-marins. Il décrit nos propres compagnons microbiens – le 
microbiote humain – et leurs contributions, omniprésentes et parfois 
inattendues. Enfin, il démontre le rôle des symbioses microbiennes au 
niveau des écosystèmes, de l’évolution de la vie, du climat, et des pra-
tiques culturelles et alimentaires qui ont forgé les civilisations.

Destiné à tous les publics, cet ouvrage constitue une mine d’infor-
mations pour les naturalistes, les enseignants, les médecins et pharma-
ciens, les agriculteurs, les amis des animaux et, plus généralement, tous 
les curieux du vivant. À l’issue de ce périple dans le monde microbien, 
le lecteur, émerveillé, ne pourra plus porter le même regard sur notre 
monde.

Professeur au Muséum national d’histoire naturelle et à l’université de Gdańsk 
(Pologne), Marc-André Selosse enseigne également dans d’autres universités 
en France et à l’étranger. Ses recherches portent sur les associations à bénéfices 
mutuels (symbioses) impliquant des champignons, et ses enseignements, sur 
les microbes, l’écologie et l’évolution. Il est éditeur de revues scientifiques 
inter nationales ainsi que d’Espèces, une revue de vulgarisation dédiée aux 
sciences naturelles. Il est aussi très actif dans ce domaine par des conférences, 
des documentaires et des articles.

MARC-ANDRÉ 
SELOSSE

Ces microbes qui construisent 
les plantes, les animaux 

et les civilisations

JAMAIS 
SEUL

ACTES SUD

postface de Francis Hallé
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Diversité fongique de la forêt du Fango
en Corse (Richard et al., New Phytologist 2004)

Sur chêne vert seulement

Sur les deux partenaires !

Sur arbousier seulement

Plus de 520 espèces ectomycorhiziennes…
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5 mm

… associé avec des Sebacina…

… elles-mêmes associées aux arbres voisins
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Epipactis helleborine
Epipactis distans
Epipactis atrorubens
Epipactis microphylla
Epipactis palustris
Aphyllorchis caudata
Aphyllorchis montana
Limodorum abortivum
Neottia nidus-avis
Neottia ovata
Cephalanthera exigua
Cephalanthera austinae
Cephalanthera longifolia
Cephalanthera damasonium
Cephalanthera rubra
Thaia saprophytica
Palmorchis

E.g. the Neottieae tribe, 
mycoheterotrophy 
arose repeatedly, by 
convergent evolution
among green species

… predisposition ?

Epipactis helleborine
Epipactis distans
Epipactis atrorubens
Epipactis microphylla
Epipactis palustris
Aphyllorchis caudata
Aphyllorchis montana
Limodorum abortivum
Neottia nidus-avis
Neottia ovata
Cephalanthera exigua
Cephalanthera austinae
Cephalanthera longifolia
Cephalanthera damasonium
Cephalanthera rubra
Thaia saprophytica
Palmorchis sp.

Green orchids
related to 
mycoheterotrophs



Cephalanthera 
damasonium

(P. Pernot & F. 
Dusak)

In mixotrophic orchid
species, achlophyllous
variants survive as 
pure heterotrophs!
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78 orchidées terrestres et épiphytes 
452 plantes étudiées
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PollinisateursAcariens protecteurs

Mycorhizes
Rhizobactéries
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Un réseau aux liens invisibles

positive assortative to random: pooling the results from 10 in-
dependent experiments yielded 267 homogamic and 263 hetero-
gamic matings (Table 1, experiment 2; SII = 0.01 ± 0.03). Clearly,

there is a significant difference in mating preference between the
antibiotic-treated and untreated flies, suggesting that symbiotic
bacteria were responsible for the homogamic mating preference.

Fig. 1. (A) Schematic representation of the experimental procedure. A population of flies was divided, serially transferred in two different media, and then
examined for mating preference. After rearing the flies for a number of generations on starch or CMY media, each population was grown separately for one
generation on CMY medium and then tested for mating preference. The multiple-choice mating tests were performed in 24-well plastic plates; each well
contained four flies: one male and one female starch-reared and one male and one female CMY-reared. Matings were recorded every 4 min for 1 h. (B)
Mating preference tests of D. melanogaster after growing 11 generations on starch or CMY medium.

Table 1. The role of bacteria in diet-induced mating preference of D. melanogaster

Experiment Fly treatment* Matings SII, mean ± SEM P value†

1 Starch-grown × CMY-grown 18 0.27 ± 0.02 <0.0001
2 Experiment 1 after antibiotics 10 0.01 ± 0.03 0.4483
3 Experiment 2 after infection with homologous bacteria‡ 4 0.22 ± 0.03 0.0024
4 Experiment 3 with Lactobacillus replacing homologous

bacteria in starch-bred flies
4 0.16 ± 0.06 0.0392

5 Experiment 3 with Lactobacillus plantarum replacing homologous
bacteria in starch-bred flies

5 0.19 ± 0.05 0.0004

6 Infection control (no added bacteria) 4 −0.04 ± 0.08 0.4052

*After all treatments, the flies were grown for one generation in CMY medium before performing the mating preference test.
†P value of the normal approximation to the binomial test. P < 0.05 was considered to indicate significant mating preference.
‡Antibiotic-treated starch- and CMY-grown flies were infected with bacteria isolated from their respective growth medium (before antibiotic treatment).

20052 | www.pnas.org/cgi/doi/10.1073/pnas.1009906107 Sharon et al.

L’amidon modifie le 
microbiote, 
notamment en 
favorisant
Lactobacillus 
plantarum

Sharon et al. PNAS 2010
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Un réseau aux liens invisibles

Des comportements non-indépendants

entre individus, de même espèce ou non !

>> Réseau entre macro-organismes



L’holobionte est une (tardive) tentative de

sauver la notion d’organisme ou de clôture

opérationnelle dans un monde en réseau
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