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The classic understanding of organisms focuses on genes as the main source of
species evolution and diversification. The recent concept of genetic accommodation
questions this gene centric view by emphasizing the importance of phenotypic plasticity
on evolutionary trajectories. Recent discoveries on epigenetics and symbiotic microbiota
demonstrated their deep impact on plant survival, adaptation and evolution thus
suggesting a novel comprehension of the plant phenotype. In addition, interplays
between these two phenomena controlling plant plasticity can be suggested. Because
epigenetic and plant-associated (micro-) organisms are both key sources of phenotypic
variation allowing environmental adjustments, we argue that they must be considered in
terms of evolution. This ‘non-conventional’ set of mediators of phenotypic variation can
be seen as a toolbox for plant adaptation to environment over short, medium and long
time-scales.
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Evolution is driven by selection forces acting on variation among individuals. Understanding
the sources of such variation that has led to the diversification of living organisms, is therefore
of major importance in evolutionary biology. Diversification is largely thought to be controlled
by genetically based changes induced by ecological factors (Schluter, 1994, 2000). Phenotypic
plasticity, i.e., the ability of a genotype to produce different phenotypes (Bradshaw, 1965;
Schlichting, 1986; Pigliucci, 2005), is a key developmental parameter for many organisms and
is now considered as a source of adjustment and adaptation to biotic and abiotic constraints
(e.g., West-Eberhard, 2005; Anderson et al., 2011). However, many current studies still focus on
genetically generated plasticity to predict and model biodiversity response to a changing climate
(Peck et al., 2015), omitting considerable individual variability. In addition, it is striking how poorly
the variability is integrated and that both experiments and models most often measure population
averages (Peck et al., 2015).

Because of their sessile lifestyle, plants are forced to cope with local environmental conditions
and their survival subsequently relies greatly on plasticity (Sultan, 2000). Plastic responses may
include modifications in morphology, physiology, behavior, growth or life history traits (Sultan,
2000). In this context, the developmental genetic pathways supporting plasticity allow a rapid
response to environmental conditions (Martin and Pfennig, 2010) and the genes underlying these
induced phenotypes are subjected to selection (Pfennig et al., 2010). If selection acts primarily on
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phenotype, the environmental constraints an organism has
to face can lead either to directional selection or disruptive
selection of new phenotypes (Pfennig et al., 2010). Thus, novel
traits can result from environmental induction followed by
genetic accommodation of the changes (West-Eberhard, 2005).
These accommodated novelties, because they are acting in
response to the environment, are proposed to have greater
evolutionary impact than mutation-induced novelties (West-
Eberhard, 2005). The links between genotype and phenotypes are
often blurred by factors including (i) epigenetic effects inducing
modifications of gene expression, post-transcriptional and post-
translational modifications, which allow a quick response to an
environmental stress (Shaw and Etterson, 2012) and (ii) the
plant symbiotic microbiota recruited to dynamically adjust to
environmental constraints (Vandenkoornhuyse et al., 2015). We
investigate current knowledge regarding the evolutionary impact
of epigenetic mechanisms and symbiotic microbiota and call
into question the suitability of the current gene-centric view in
the description of plant evolution. We also address the possible
interactions between the responsive epigenetic mechanisms and
symbiotic interactions shaping the biotic environment and
phenotypic variations.

GENOTYPE-PHENOTYPE LINK: STILL
APPROPRIATE?

In the neo-Darwinian synthesis of evolution (Mayr and
Provine, 1998), phenotypes are determined by genes. The
underlying paradigm is that phenotype is a consequence of
genotype (Alberch, 1991) in a non-linear interaction due
to overdominance, epistasis, pleiotropy, and covariance of
genes (see Alberch, 1991; Pigliucci, 2005). Both genotypic
variations and the induction of phenotypic variation through
environmental changes have been empirically demonstrated,
thus highlighting the part played by the environment in
explaining phenotypes. These phenotypes are consequences of
the perception, transduction and integration of environmental
signals. The latter is dependent on environmental parameters,
including (i) the reliability or relevance of the environmental
signals (Huber and Hutchings, 1997), (ii) the intensity of the
environmental signal which determines the response strength
(Hodge, 2004), (iii) the habitat patchiness (Alpert and Simms,
2002) and (iv) the predictability of future environmental
conditions with current environmental signals information (Reed
et al., 2010). The integration of all these characteristics of the
environmental stimulus regulates the triggering and outcomes of
the plastic response (e.g., Alpert and Simms, 2002). In this line,
recent works have shown that plant phenotypic plasticity is in fact
determined by the interaction between plant genotype and the
environment rather than by genotype alone (El-Soda et al., 2014).
Substantial variations in molecular content and phenotypic
characteristics have been repeatedly observed in isogenic cells
(Kaern et al., 2005). Moreover, recent analyses of massive datasets
on genotypic polymorphism and phenotype often struggle to
identify single genetic loci that control phenotypic trait variation
(Anderson et al., 2011). The production of multiple phenotypes

is not limited to the genomic information and the idea of a
genotype–phenotype link no longer seems fully appropriate in
the light of these findings. Besides, evidence has demonstrated
that phenotypic variations are related to genes-transcription
and RNAs-translation, which are often linked to epigenetic
mechanisms, as discussed in the following paragraph (Rapp and
Wendel, 2005).

EPIGENETICS AS A FUNDAMENTAL
MECHANISM FOR PLANT PHENOTYPIC
PLASTICITY

“Epigenetics” often refers to a suite of interacting molecular
mechanisms that alter gene expression and function without
changing the DNA sequence (Richards, 2006; Holeski et al.,
2012). The best-known epigenetic mechanisms involve DNA
methylation, histone modifications and histone variants, and
small RNAs. These epigenetic mechanisms lead to enhanced or
reduced gene transcription and RNA-translation (e.g., Richards,
2006; Holeski et al., 2012). A more restricted definition applied
in this paper considers as epigenetic the states of the epigenome
regarding epigenetic marks that affect gene expression: DNA
methylation, histone modifications (i.e., histone amino-terminal
modifications that act on affinities for chromatin-associated
proteins) and histone variants (i.e., structure and functioning),
and small RNAs. These epigenetic marks may act separately or
concomitantly, and can be heritable and reversible (e.g., Molinier
et al., 2006; Richards, 2011; Bilichak, 2012). The induction of
defense pathways and metabolite synthesis against biotic and
abiotic constraints by epigenetic marks has been demonstrated
during the last decade mainly in the model plant species
Arabidopsis and tomato (e.g., Rasmann et al., 2012; Slaughter
et al., 2012; Sahu et al., 2013). Epigenetics is now regarded as a
substantial source of phenotypic variations (Manning et al., 2006;
Crews et al., 2007; Kucharski et al., 2008; Bilichak, 2012; Zhang
et al., 2013) in response to environmental conditions. More
importantly, studies have suggested the existence of epigenetic
variation that does not rely on genetic variation for its formation
and maintenance (Richards, 2006; Vaughn et al., 2007). However,
to date, only a few studies have demonstrated the existence of
pure natural epi-alleles (Cubas et al., 1999) although they are
assumed to play an important role in relevant trait variation
of cultivated plants (Quadrana et al., 2014). Similarly to the
results observed in mangrove plants (Lira-Medeiros et al., 2010),
a recent work on Pinus pinea which exhibits high phenotypic
plasticity associated with low genetic diversity, discriminated
both population and individuals based on cytosine methylation,
while the genetic profiles failed to explain the observed phenotype
variations (Sáez-Laguna et al., 2014). Epigenetics can provide
phenotypic variation in response to environmental conditions
without individual genetic diversity. It could hence provide
an alternative way or an accelerated pathway for adaptive
‘evolutionary’ changes (Bossdorf et al., 2008). Epigenetic marks
could also ‘tag’ a site for mutation: it is known that methylated
cytosine is more mutable increasing the opportunity for random
mutation to act at epigenetically modified sites.
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EPI-ALLELES, GENETIC
ACCOMMODATION AND ADAPTATION

Even if totally independent epigenetic variations (i.e., pure
epi-alleles) are scarce and still need to be investigated, the
evolutionary significance of the resulting epigenetically induced
phenotypic variations is being increasingly debated (Schlichting
and Wund, 2014). Assuming that selection acts on phenotypes
and that these phenotypes are not always genetically controlled,
it can be argued that new phenotypes arising from adaptive
plasticity are not random variants (West-Eberhard, 2005).
Changes in the trait frequency then correspond to a ‘genetic
accommodation’ process (West-Eberhard, 2005; Schlichting and
Wund, 2014) through which an environmentally induced trait
variation becomes genetically determined by a change in
genes frequency that affects the trait ‘reaction norm’ (West-
Eberhard, 2005; Crispo, 2007). It may also be suggested that
genetic accommodation can result from the selection of genetic
changes optimizing the novel variant’s adaptive value through
modifications in the form, regulation or phenotypic integration
of the trait.

In the “adaptation loop,” the effect of environment on
plant performance induces the selection of the most efficient
phenotype. The epigenetic processes are not the only engines
of plant phenotypic plasticity adjustment. Indeed, plants also
maintain symbiotic interactions with microorganisms to produce
phenotypic variations.

PLANT PHENOTYPIC PLASTICITY AND
SYMBIOTIC MICROBIOTA

Plants harbor an extreme diversity of symbionts including fungi
(Vandenkoornhuyse et al., 2002) and bacteria (Bulgarelli et al.,
2012; Lundberg et al., 2012). During the last decade, substantial
research efforts have documented the range of phenotypic
variations allowed by symbionts. Examples of mutualist-induced
changes in plant functional traits have been reported (Streitwolf-
Engel et al., 1997, 2001; Wagner et al., 2014), which modify
the plant’s ability to acquire resources, reproduce, and resist
biotic and abiotic constraints. The detailed pathways linking
environmental signals to this mutualist-induced plasticity have
been identified in some cases. For instance, Boller and Felix
(2009) highlighted several mutualist-induced signaling pathways
allowing a plastic response of plants to virus, pests and pathogens
initiated by flagellin/FLS2 and EF-Tu/EFR recognition receptors.
Mutualist-induced plastic changes may affect plant fitness by
modifying plant response to its environment including (i) plant-
resistance to salinity (Lopez et al., 2008), drought (Rodriguez
et al., 2008), heat (Redman et al., 2002) and (ii) plant nutrition
(e.g., Smith et al., 2009). These additive ecological functions
supplied by plant mutualists extend the plant’s adaptation ability
(e.g., Vandenkoornhuyse et al., 2015), leading to fitness benefits
for the host in highly variable environments (Conrath et al.,
2006) and therefore can affect evolutionary trajectories (e.g.,
Brundrett, 2002). In fact, mutualism is a particular case of
symbiosis (i.e., long lasting interaction) and is supposed to be

unstable in terms of evolution because a mutualist symbiont is
expected to improve its fitness by investing less in the interaction.
Reciprocally, to improve its fitness a host would provide fewer
nutrients to its symbiont. Thus, from a theoretical point of
view, a continuum from parasite to mutualists is expected in
symbioses. However, the ability of plants to promote the best
cooperators by a preferential C flux has been demonstrated both
in Rhizobium/ and Arbuscular Mycorrhiza/Medicago truncatula
interactions (Kiers et al., 2007, 2011). Thus, the plant may play
an active role in the process of mutualist-induced environment
adaptation as it may be able to recruit microorganisms from soil
(for review Vandenkoornhuyse et al., 2015) and preferentially
promote the best cooperators through a nutrient embargo toward
less beneficial microbes (Kiers et al., 2011). In parallel, vertical
transmission or environmental inheritance of a core microbiota
is suggested (Wilkinson and Sherratt, 2001) constituting a
“continuity of partnership” (Zilber-Rosenberg and Rosenberg,
2008). Thus the impact on phenotype is not limited to the
individual’s lifetime but is also extended to reproductive strategies
and to the next generation. Indeed, multiple cases of alteration
in reproductive strategies mediated by mutualists such as
arbuscular mycorrhizal fungi (Sudová, 2009) or endophytic
fungi (Afkhami and Rudgers, 2008) have been reported. Such
microbiota, being selected by the plant and persisting through
generations, may therefore influence the plant phenotype and
be considered as a powerhouse allowing rapid buffering of
environmental changes (Vandenkoornhuyse et al., 2015). The
idea of a plant as an independent entity on the one hand and
its associated microorganisms on the other hand has therefore
recently matured toward understanding the plant as a holobiont
or integrated “super-organism” (e.g., Vandenkoornhuyse et al.,
2015).

HOLOBIONT PLASTICITY AND
EVOLUTION

If the holobiont can be considered as the unit of selection
(Zilber-Rosenberg and Rosenberg, 2008), even though this idea
is still debated (e.g., Leggat et al., 2007; Rosenberg et al., 2007),
then the occurrence of phenotypic variation is enhanced by the
versatility of the holobiont composition, both in terms of genetic
diversity (i.e., through microbiota genes mainly) and phenotypic
changes (induced by mutualists). Different mechanisms allowing
a rapid response of the holobiont to these changes have been
identified (1) horizontal gene transfer between members of the
holobiont (i.e., transfer of genetic material between bacteria;
Dinsdale et al., 2008) (2) microbial amplification (i.e., variation
of microbes abundance in relation to environment variation)
and (3) recruitment of new mutualists within the holobiont
(Vandenkoornhuyse et al., 2015). In this model, genetic novelties
in the hologenome (i.e., the combined genomes of the plant
and its microbiota, the latter supporting more genes than the
host) are a consequence of interactions between the plant
and its microbiota. The process of genetic accommodation
described in Section “Epi-Alleles, Genetic Accommodation and
Adaptation,” impacts not only the plant genome but can also
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FIGURE 1 | (A) Plant phenotypic plasticity is triggered by environmental constraints. Phenotypic changes induced are not solely genetically controlled but are also
based on either epigenetic marks or plant microbiota by recruitment of mutualists. This plant ‘toolbox’ allows a rapid response to environmental constraints. (B) The
control over plant phenotypic plasticity may cross-talk or synergistically interplay with different possible interactions. (1) Co-evolution plant-symbiont (2) Interplay
genetic/epigenetics (3) Interaction between epigenetics and microbiota. These mechanisms also act at the modular scale of plant structure.

be expanded to all components of the holobiome and may
thus be enhanced by the genetic variability of microbiota. In
the holobiont, phenotypic plasticity is produced at different
integration levels (i.e., organism, super-organism) and is also
genetically accommodated or assimilated at those scales (i.e.,
within the plant and mutualist genomes and therefore the
hologenome). The holobiont thus displays greater potential
phenotypic plasticity and a higher genetic potential for mutation
than the plant alone, thereby supporting selection and the
accommodation process in the hologenome. In this context, the
variability of both mutualist-induced and epigenetically induced
plasticity in the holobiont could function as a “toolbox” for
plant adaptation through genetic accommodation. Consequently,
mechanisms such as epigenetics allowing a production of
phenotypic variants in response to the environment should be of
importance in the holobiont context.

DO MICROBIOTA AND EPIGENETIC
MECHANISMS ACT SEPARATELY OR
CAN THEY INTERACT?

Both epigenetic and microbiota interactions allow plants to
rapidly adjust to environmental conditions and subsequently
support their fitness (Figure 1). Phenotypic changes ascribable
to mutualists and mutualists transmission to progeny are
often viewed as epigenetic variation (e.g., Gilbert et al.,
2010). However, this kind of plasticity is closer to an
“interspecies induction of changes” mediated by epigenetics
rather than “epigenetics-induced changes” based solely on
epigenetic heritable mechanisms (see section on epigenetics for a
restricted definition). Apart from the difficulty of drawing a clear

line between epigenesis and epigenetics (Jablonka and Lamb,
2002), evidence is emerging of the involvement of epigenetic
mechanisms in mutualistic interactions. An experiment revealed
changes in DNA adenine methylation patterns during the
establishment of symbiosis (Ichida et al., 2007), suggesting an
effect of this interaction on the bacterial epigenome or at least,
a role of epigenetic mechanisms in symbiosis development.
Correct methylation status seems also to be required for efficient
nodulation in the Lotus japonicus – Mesorhizobium loti symbiosis
(Ichida et al., 2009) and miRNA “miR-397” was only induced
in mature nitrogen-fixing nodules (De Luis et al., 2012). As
epigenetic mechanisms are involved in the development of
symbiosis, we assume that epigenetic phenomena may have
significant effects on mutualist associations. As yet, little is
known about the epigenetic effects and responses underlying
host–symbiont interactions. These epigenetic mechanisms and
microbiota sources of plant phenotypic plasticity may act
synergistically although this idea has never convincingly been
addressed. As far as we know, different important issues
bridging epigenetic mechanisms and microbiota remain to be
elucidated such as (1) the frequency of epigenetic marking in
organisms involved in mutualistic interactions, (2) the range
of phenotypic plasticity associated with these marks either in
the plant or in microorganisms, (3) the consequences of these
marks for holobiont phenotypic integration, (4) the functional
interplay between epigenetic mechanisms and microbiota in
plant phenotype expression, (5) the inheritance of epigenetic
mechanisms and thus their impact on symbiosis development,
maintenance and co-evolution. To answer these questions, future
studies will need to involve surveys of plant genome epigenetic
states (e.g., methylome) in response to the presence/absence of
symbiotic microorganisms. Recent progress made on bacteria
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FIGURE 2 | A plant’s phenotypic variations can be inherited even in the case of a phenotypic trait not controlled by a gene/genome variation. This
rapid response to environmental change involves epigenetic mechanisms and/or microorganisms recruitment within the plant microbiota. Heritable transgenerational
plasticity mediated by epigenetic mechanisms and/or mutualists could be followed by genetic accommodation and long term adaptation.

methylome survey methods should represent useful tools to
design future experiment on this topic (Sánchez-Romero et al.,
2015).

Although research on the interaction between microbiota and
epigenetics is in its infancy in plants, recent works mostly on
humans support existing linkages. Indeed, a clear link has been
evidenced betweenmicrobiota and human behavior (Dinan et al.,
2015). Other examples of microbiota effects are their (i) deep
physiological impact on the host through serotonin modulation
(Yano et al., 2015) and (ii) incidence on adaptation and evolution
of the immune system (Lee andMazmanian, 2010). Such findings
should echo in plant-symbionts research and encourage further
investigations on this topic.

More broadly, and despite the above-mentioned knowledge
gaps, our current understanding of both epigenetic mechanisms
and the impact of microbiota on the expression of plant
phenotype, invites us to take those phenomena into consideration
in species evolution and diversification.

‘EXTENDED PHENOTYPE’ AND
‘HOLOGENOME THEORY’

Microbiota and epigenetic mechanisms play different but
complementary roles in producing phenotypic variations which

are then subjected to selective pressure. Diversification of traits
is suggested to depend on evolutionary time (necessary for the
accumulation of genetic changes, i.e., Martin and Pfennig, 2010)
but rapid shifts in plant traits, as allowed by both microbiota
and epigenetics, would provide accelerated pathways for their
evolutionary divergence. In addition, such rapid trait shifts
also permit rapid character displacement. Induction of DNA
methylation may occur more rapidly than genetic modifications
and could therefore represent a way to cope with environmental
constraints on very short time scales (during the individual’s
lifetime; Rando and Verstrepen, 2007). In parallel, microbiota-
induced plasticity is achieved both at a short time scale (i.e.,
through recruitment) and at larger time scales (i.e., through
symbiosis evolution; Figure 2). Because of the observation
of transgenerational epigenetic inheritance, the relevance of
epigenetically induced variations is a current hot topic in the
contexts of evolutionary ecology and environmental changes
(Bossdorf et al., 2008; Slatkin, 2009; Zhang et al., 2013; Schlichting
and Wund, 2014). This has stimulated renewed interest in
the ‘extended phenotype’ (Dawkins, 1982). The central idea of
Dawkins ‘extended phenotype’ (Dawkins, 1982) is that phenotype
cannot be limited to biological processes related to gene/genome
functioning but should be ‘extended’ to consider all effects
that a gene/genome (including organisms behavior) has on
its environment. For example, the extended phenotype invites
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us to consider not only the effect of the plant genome on
its resources acquisition but also the effect of the genome
on the plant symbionts as well as on nutrient availability
for competing organisms. More recently the development of
the ‘hologenome theory’ (Zilber-Rosenberg and Rosenberg,
2008) posits that evolution acts on composite organisms
(i.e., host and its microbiome) with the microbiota being
fundamental for their host fitness by buffering environmental
constraints. Both the ‘extended phenotype’ concept and
‘hologenome theory’ admit that the environment can leave
a “footprint” on the transmission of induced characters.
Thus, opportunities exist to revisit our understanding
of plant evolution to embrace both environmentally

induced changes and related ‘genetic accommodation’
processes.

ACKNOWLEDGMENTS

This work was supported by a grant from the CNRS-EC2CO
program (MIME project), CNRS-PEPS program (MYCOLAND
project) and by the French ministry for research and higher
education. We also acknowledge E.T. Kiers and D. Warwick
for helpful comments and suggestions for modifications on a
previous version of the manuscript and A. Salmon for helpful
discussions about epigenetics.

REFERENCES

Afkhami, M. E., and Rudgers, J. A. (2008). Symbiosis lost: imperfect vertical
transmission of fungal endophytes in grasses. Am. Nat. 172, 405–416. doi:
10.1086/589893

Alberch, P. (1991). From genes to phenotype: dynamical systems and evolvability.
Genetica 84, 5–11. doi: 10.1007/BF00123979

Alpert, P., and Simms, E. L. (2002). The relative advantages of plasticity and fixity
in different environments: when is it good for a plant to adjust? Evol. Ecol. 16,
285–297. doi: 10.1023/A:1019684612767

Anderson, J. T., Willis, J. H., and Mitchell-Olds, T. (2011). Evolutionary genetics
of plant adaptation. Trends Genet. 27, 258–266. doi: 10.1016/j.tig.2011.
04.001

Bilichak, A. (2012). The Progeny of Arabidopsis thaliana plants exposed to
salt exhibit changes in DNA methylation, histone modifications and gene
expression. PLoS ONE 7:e30515. doi: 10.1371/journal.pone.0030515

Boller, T., and Felix, G. (2009). A renaissance of elicitors: perception
of microbe-associated molecular patterns and danger signals by
pattern-recognition receptors. Annu. Rev. Plant Biol. 60, 379–406. doi:
10.1146/annurev.arplant.57.032905.105346

Bossdorf, O., Richards, C. L., and Pigliucci, M. (2008). Epigenetics for ecologists.
Ecol. Let. 11, 106–115.

Bradshaw, A. D. (1965). Evolutionary significance of phenotypic plasticity in
plants. Adv. Genet. 13, 115–155.

Brundrett, M. C. (2002). Coevolution of roots and mycorrhizas of land plants. New
Phytol. 154, 275–304. doi: 10.1046/j.1469-8137.2002.00397.x

Bulgarelli, D., Rott, M., Schlaeppi, K., Ver Loren van Themaat, E.,
Ahmadinejad, N., et al. (2012). Revealing structure and assembly cues for
Arabidopsis root-inhabiting bacterial microbiota. Nature 488, 91–95. doi:
10.1038/nature11336

Conrath, U., Beckers, G. J., Flors, V., García-Agustín, P., Jakab, G., Mauch, F.,
et al. (2006). Priming: getting ready for battle. Mol. Plant Microbe Interact. 19,
1062–1071. doi: 10.1094/MPMI-19-1062

Crews, D., Gore, A. C., Hsu, T. S., Dangleben, N. L., Spinetta, M., Schallert, T., et al.
(2007). Transgenerational epigenetic imprints on mate preference. Proc. Natl.
Acad. Sci. U.S.A. 104, 5942–5946. doi: 10.1073/pnas.0610410104

Crispo, E. (2007). The Baldwin effect and genetic assimilation: revisiting
two mechanisms of evolutionary change mediated by phenotypic plasticity.
Evolution 61, 2469–2479. doi: 10.1111/j.1558-5646.2007.00203.x

Cubas, P., Vincent, C., and Coen, E. (1999). An epigeneticmutation responsible for
natural variation in floral symmetry. Nature 401, 157–161. doi: 10.1038/43657

Dawkins, R. (1982). The Extended Phenotype: The Gene as the Unit of Selection.
Oxford: Oxford University Press.

De Luis, A., Markmann, K., Cognat, V., Holt, D. B., Charpentier, M., Parniske, M.,
et al. (2012). Two microRNAs linked to nodule infection and nitrogen-fixing
ability in the legume Lotus japonicus. Plant Physiol. 160, 2137–2154. doi:
10.1104/pp.112.204883

Dinan, T. G., Stilling, R. M., Stanton, C., and Cryan, J. F. (2015). Collective
unconcious: how gut microbes shape human behaviour. J. Psychiatr. Res. 63,
1–9. doi: 10.1016/j.jpsychires.2015.02.021

Dinsdale, E. A., Edwards, R. A., Hall, D., Angly, F., Breitbart, M., Brulc, J. M., et al.
(2008). Functional metagenomic profiling of nine biomes.Nature 452, 629–632.
doi: 10.1038/nature06810

El-Soda, M., Malosetti, M., Zwaan, B. J., Koornneef, M., and Aarts, M. G.
(2014). Genotype × environment interaction QTL mapping in plants: lessons
from Arabidopsis. Trends Plant Sci. 19, 390–398. doi: 10.1016/j.tplants.2014.
01.001

Gilbert, S. F., McDonald, E., Boyle, N., Buttino, N., Gyi, L., Mai, M., et al.
(2010). Symbiosis as a source of selectable epigenetic variation: taking the
heat for the big guy. Proc. R. Soc. B 365, 671–678. doi: 10.1098/rstb.
2009.0245

Hodge, A. (2004). The plastic plant: root responses to heterogeneous supplies of
nutrients. New Phytol. 162, 9–24. doi: 10.1111/j.1469-8137.2004.01015.x

Holeski, L. M., Jander, G., and Agrawal, A. A. (2012). Transgenerational defense
induction and epigenetic inheritance in plants. Trends Ecol. Evol. 27, 618–626.
doi: 10.1016/j.tree.2012.07.011

Huber, H., and Hutchings, M. J. (1997). Differential response to shading in
orthotropic and plagiotropic shoots of the clonal herb Glechoma hirsuta.
Oecologia 112, 485–491. doi: 10.1007/s004420050336

Ichida, H., Matsuyama, T., Abe, T., and Koba, T. (2007). DNA adenine methylation
changes dramatically during establishment of symbiosis. FEBS J. 274, 951–962.
doi: 10.1111/j.1742-4658.2007.05643.x

Ichida, H., Yoneyama, K., Koba, T., and Abe, T. (2009). Epigenetic modification
of rhizobial genome is essential for efficient nodulation. Biochem. Biophy. Res.
Commun. 389, 301–304. doi: 10.1016/j.bbrc.2009.08.137

Jablonka, E., and Lamb, M. J. (2002). The changing concept of epigenetics.
Ann. N. Y. Acad. Sci. 981, 82–96. doi: 10.1111/j.1749-6632.2002.
tb04913.x

Kaern, M., Elston, T. C., Blake, W. J., and Collins, J. J. (2005). Stochasticity in
gene expression: from theories to phenotypes. Nat. Rev. Genet. 6, 451–464. doi:
10.1038/nrg1615

Kiers, E. T., Duhamel, M., Beesetty, Y., Mensah, J. A., Franken, O., Verbruggen, E.,
et al. (2011). Reciprocal rewards stabilize cooperation in the mycorrhizal
symbiosis. Science 333, 880–882. doi: 10.1126/science.1208473

Kiers, E. T., Hutton, M. G., and Denison, R. F. (2007). Human selection and the
relaxation of legume defences against ineffective rhizobia. Proc. R. Soc. B 274,
3119–3126. doi: 10.1098/rspb.2007.1187

Kucharski, R.,Maleszka, J., Foret, S., andMaleszka, R. (2008).Nutritional control of
reproductive status in honeybees via DNAmethylation. Science 319, 1827–1830.
doi: 10.1126/science.1153069

Lee, Y. K., and Mazmanian, S. K. (2010). Has the microbiota played a critical role
in the evolution of the adaptive immune system? Science 330, 1768–1773. doi:
10.1126/science.1195568

Leggat, W., Ainsworth, T., Bythell, J., Dove, S., Gates, R., Hoegh-Guldberg, O.,
et al. (2007). The hologenome theory disregards the coral holobiont. Nat. Rev.
Microbiol. 5. doi: 10.1038/nrmicro1635C1

Lira-Medeiros, C. F., Parisod, C., Fernandes, R. A., Mata, C. S., Cardoso,
M. A., and Ferreira, P. C. G. (2010). Epigenetic variation in mangrove
plants occurring in contrasting natural environment. PLoS ONE 5:e10326. doi:
10.1371/journal.pone.0010326

Frontiers in Plant Science | www.frontiersin.org 6 December 2015 | Volume 6 | Article 1159

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


Vannier et al. Plant Phenotype Adjustment to Environment

Lopez, M., Herrera-Cervera, J. A., Iribarne, C., Tejera, N. A., and Lluch, C. (2008).
Growth and nitrogen fixation in Lotus japonicus andMedicago truncatula under
NaCl stress: nodule carbon metabolism. J. Plant Physiol. 165, 641–650. doi:
10.1016/j.jplph.2007.05.009

Lundberg, D. S., Lebeis, S. L., Paredes, S. H., Yourstone, S., Gehring, J., Malfatti, S.,
et al. (2012). Defining the core Arabidopsis thaliana root microbiome. Nature
488, 86–90. doi: 10.1038/nature11237

Manning, K., Tör, M., Poole, M., Hong, Y., Thompson, A. J., King, G. J., et al.
(2006). A naturally occurring epigenetic mutation in a gene encoding an SBP-
box transcription factor inhibits tomato fruit ripening.Nat. Genet. 38, 948–952.
doi: 10.1038/ng1841

Martin, R. A., and Pfennig, D. W. (2010). Field and experimental
evidence that competition and ecological opportunity promote resource
polymorphism. Biol. J. Linn. Soc. 100, 73–88. doi: 10.1111/j.1095-8312.2010.
01380.x

Mayr, E., and Provine, W. B. (eds) (1998). The Evolutionary Synthesis: Perspectives
on the Unification of Biology. Harvard, MA: Harvard University Press.

Molinier, J., Ries, G., Zipfel, C., and Hohn, B. (2006). Transgeneration memory of
stress in plants. Nature 442, 1046–1049. doi: 10.1038/nature05022

Peck, L. S., Thorne, M. A., Hoffman, J. I., Morley, S. A., and Clark, M. S. (2015).
Variability among individuals is generated at the gene expression level. Ecology
96, 2004–2014. doi: 10.1890/14-0726.1

Pfennig, D.W.,Wund,M. A., Snell-Rood, E. C., Cruickshank, T., Schlichting, C. D.,
and Moczek, A. P. (2010). Phenotypic plasticity’s impacts on diversification
and speciation. Trends Ecol. Evol. 25, 459–467. doi: 10.1016/j.tree.2010.
05.006

Pigliucci, M. (2005). Evolution of phenotypic plasticity: where are we going now?
Trends Ecol. Evol. 20, 481–486. doi: 10.1016/j.tree.2005.06.001

Quadrana, L., Almeida, J., Asís, R., Duffy, T., Dominguez, P. G., Bermúdez, L.,
et al. (2014). Natural occurring epialleles determine vitamin E accumulation in
tomato fruits. Nat. Commun. 5:4027. doi: 10.1038/ncomms5027

Rando, O. J., and Verstrepen, K. J. (2007). Timescales of genetic and epigenetic
inheritance. Cell 128, 655–668. doi: 10.1016/j.cell.2007.01.023

Rapp, R. A., and Wendel, J. F. (2005). Epigenetics and plant evolution.New Phytol.
168, 81–91. doi: 10.1111/j.1469-8137.2005.01491.x

Rasmann, S., Rasmann, S., De Vos, M., Casteel, C. L., Tian, D., Halitschke, R.,
et al. (2012). Herbivory in the previous generation primes plants for
enhanced insect resistance. Plant Physiol. 158, 854–863. doi: 10.1104/pp.111.
187831

Redman, R. S., Sheehan, K. B., Stout, R. G., Rodriguez, R. J., and Henson, J. M.
(2002). Thermotolerance generated by plant/fungal symbiosis. Science 298,
1581–1581. doi: 10.1126/science.1072191

Reed, T. E., Waples, R. S., Schindler, D. E., Hard, J. J., and Kinnison, M. T.
(2010). Phenotypic plasticity and population viability: the importance of
environmental predictability. Proc. R. Soc. B 277, 3391–3400. doi: 10.1098/rspb.
2010.0771

Richards, E. J. (2006). Inherited epigenetic variation revisiting soft inheritance.Nat.
Rev. Genet. 7, 395–401. doi: 10.1038/nrg1834

Richards, E. J. (2011). Natural epigenetic variation in plant species: a view
from the field. Curr. Opin. Plant Biol. 14, 204–209. doi: 10.1016/j.pbi.2011.
03.009

Rodriguez, R. J., Henson, J., Van Volkenburgh, E., Hoy, M., Wright, L.,
Beckwith, F., et al. (2008). Stress tolerance in plants via habitat-
adapted symbiosis. ISME J. 2, 404–416. doi: 10.1038/ismej.
2007.106

Rosenberg, E., Koren, O., Reshef, L., Efrony, R., and Zilber-Rosenberg, I. (2007).
The hologenome theory disregards the coral holobiont: reply from Rosenberg
et al. Nat. Rev. Microbiol. 5. doi: 10.1038/nrmicro1635C2

Sáez-Laguna, E., Guevara, M. Á., Díaz, L. M., Sánchez-Gómez, D., Collada,
C., Aranda, I., et al. (2014). Epigenetic variability in the genetically
uniform forest tree species Pinuspinea L. PLoS ONE 9:e103145. doi:
10.1371/journal.pone.0103145

Sahu, P., Pandey, G., Sharma, N., Puranik, S., Muthamilarasan, M., and Prasad, M.
(2013). Epigenetic mechanisms of plant stress responses and adaptation. Plant
Cell Rep. 32, 1151–1159. doi: 10.1007/s00299-013-1462-x

Sánchez-Romero, M. A., Cota, I., and Casadesús, J. (2015). DNA methylation in
bacteria: from the methyl group to the methylome. Curr. Opin. Microbiol. 25,
9–16. doi: 10.1016/j.mib.2015.03.004

Schlichting, C. D. (1986). The evolution of phenotypic plasticity in plants.
Annu. Rev. Ecol. Syst. 17, 667–693. doi: 10.1146/annurev.es.17.110186.
003315

Schlichting, C. D., and Wund, M. A. (2014). Phenotypic plasticity and epigenetic
marking: an assessment of evidence for genetic accommodation. Evolution 68,
656–672. doi: 10.1111/evo.12348

Schluter, D. (1994). Experimental evidence that competition promotes divergence
in adaptive radiation. Science 266, 798–801. doi: 10.1126/science.266.5186.798

Schluter, D. (2000). Ecological character displacement in adaptive radiation. Am.
Nat. 156, S4–S16. doi: 10.1086/303412

Shaw, R. G., and Etterson, J. R. (2012). Rapid climate change and the rate of
adaptation: insight from experimental quantitative genetics. New Phytol. 195,
752–765. doi: 10.1111/j.1469-8137.2012.04230.x

Slatkin, M. (2009). Epigenetic inheritance and the missing heritability
problem. Genetics 182, 845–850. doi: 10.1534/genetics.109.
102798

Slaughter, A. X., Daniel, X., Flors, V., Luna, E., Hohn, B., and Mauch-
Mani, B. (2012). Descendants of primed Arabidopsis plants exhibit
resistance to biotic stress. Plant Physiol. 158, 835–843. doi: 10.1104/pp.111.
191593

Smith, F. A., Grace, E. J., and Smith, S. E. (2009). More than a carbon
economy: nutrient trade and ecological sustainability in facultative arbuscular
mycorrhizal symbioses. New Phytol. 182, 347–358. doi: 10.1111/j.1469-
8137.2008.02753.x

Streitwolf-Engel, R., Boller, T., Wiemken, A., and Sanders, I. R. (1997). Clonal
growth traits of two Prunella species are determined by co-occurring arbuscular
mycorrhizal fungi from a calcareous grassland. J. Ecol. 85, 181–191. doi:
10.2307/2960650

Streitwolf-Engel, R., Van der Heijden, M. G. A., Wiemken, A., and Sanders, I. R.
(2001). The ecological significance of arbuscular mycorrhizal fungal effects
on clonal reproduction in plants. Ecology 82, 2846–2859. doi: 10.1890/0012-
9658(2001)082[2846:TESOAM]2.0.CO;2

Sudová, R. (2009). Different growth response of five co-existing stoloniferous plant
species to inoculation with native arbuscular mycorrhizal fungi. Plant Ecol. 204,
135–143.

Sultan, S. (2000). Phenotypic plasticity for plant development, function and life
history. Trends Plant Sci. 5, 537–542.

Vandenkoornhuyse, P., Baldauf, S. L., Leyval, C., Straczek, J., and Young, J. P. W.
(2002). Extensive fungal diversity in plant roots. Science 295, 2051–2051. doi:
10.1126/science.295.5562.2051

Vandenkoornhuyse, P., Quaiser, A., Duhamel, M., Le Van, A., and Dufresne, A.
(2015). The importance of the microbiome of the plant holobiont. New Phytol.
206, 1196–1206. doi: 10.1111/nph.13312

Vaughn, M. W., Tanurdzic, M., Lippman, Z., Jiang, H., Carrasquillo, R.,
Rabinowicz, P. D., et al. (2007). Epigenetic natural variation in
Arabidopsis thaliana. PLoS Biol. 5:e174. doi: 10.1371/journal.pbio.00
50174

Wagner, M. R., Lundberg, D. S., Coleman-Derr, D., Tringe, S. G., Dangl, J. L., and
Mitchell-Olds, T. (2014). Natural soil microbes alter flowering phenology and
the intensity of selection on flowering time in a wild Arabidopsis relative. Ecol.
Lett. 17, 717–726.

West-Eberhard, M. J. (2005). Developmental plasticity and the origin of
species differences. Proc. Natl. Acad. Sci. U.S.A. 102, 6543–6549. doi:
10.1073/pnas.0501844102

Wilkinson, D. M., and Sherratt, T. N. (2001). Horizontally acquired mutualisms,
an unsolved problem in ecology? Oikos 92, 377–384. doi: 10.1034/j.1600-
0706.2001.920222.x

Yano, J. M., Yu, K., Donaldson, G. P., Shastri, G. G., Ann, P., Ma, L.,
et al. (2015). Indigenous bacteria from the gut microbiota regulate
host serotonin biosynthesis. Cell 161, 264–276. doi: 10.1016/j.cell.2015.
02.047

Zhang, Y.-Y., Fischer, M., Colot, V., and Bossdorf, O. (2013). Epigenetic variation
creates potential for evolution of plant phenotypic plasticity. New Phytol. 197,
314–322. doi: 10.1111/nph.12010

Zilber-Rosenberg, I., and Rosenberg, E. (2008). Role of microorganisms
in the evolution of animals and plants: the hologenome theory of
evolution. FEMS Microbiol. Rev. 32, 723–735. doi: 10.1111/j.1574-6976.2008.
00123.x

Frontiers in Plant Science | www.frontiersin.org 7 December 2015 | Volume 6 | Article 1159

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


Vannier et al. Plant Phenotype Adjustment to Environment

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer Stijn Spaepen and handling Editor Stéphane Hacquard declared their
shared affiliation, and the handling Editor states that, nevertheless, the process met
the standards of a fair and objective review.

Copyright © 2015 Vannier, Mony, Bittebière and Vandenkoornhuyse. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Plant Science | www.frontiersin.org 8 December 2015 | Volume 6 | Article 1159

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

	Epigenetic Mechanisms and Microbiota as a Toolbox for Plant Phenotypic Adjustment to Environment
	Genotype-Phenotype Link: Still Appropriate?
	Epigenetics As A Fundamental Mechanism For Plant Phenotypic Plasticity
	Epi-Alleles, Genetic Accommodation And Adaptation
	Plant Phenotypic Plasticity And Symbiotic Microbiota
	Holobiont Plasticity And Evolution
	Do Microbiota And Epigenetic Mechanisms Act Separately Or Can They Interact?
	`Extended Phenotype' And `Hologenome Theory'
	Acknowledgments
	References


