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Microbes have driven eco-evolutionary adaptations organizing biodiversity from the

origin of life. They are ubiquitous and abundant, facilitating the biochemical processes

that make Earth habitable and shape ecosystem structures, functions, and services.

Recent studies reveal that commensalistic and beneficial microbes associated with

wild and domesticated plants may aid in establishing sustainable agriculture for a

changing climate. However, developing microbe-based biotechnologies and ecosystem

services requires a thorough understanding of the diversity and complexity of microbial

interactions with each other and with higher organisms. We discuss the hot and blind

spots in contemporary research on plant microbiomes, and how the latest molecular

biological techniques and empirical eco-evolutionary approaches could elevate our

perception of microbe–plant interactions through multidisciplinary studies.
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UBIQUITOUS MICROBES IN THE SPOTLIGHT

Recent advances in molecular microbiology have revolutionized the ability of the scientific
community to understand and study the diversity and functions of microbes associated with
animals and plants, leading to a plethora of related literature. A Web of Science search (January
23, 2020) using “microbiome” or “microbiome and plant” as topic keywords produced 28,733
references published, with 49 and 1,211 of the papers ranked as “hot” and “highly cited.” More than
99% of the papers were published after 2010. These studies are largely based on mass sequencing
of taxonomic marker genes for bacteria and fungi (community sequencing), and to lesser extent,
metagenomes of microbial communities. Currently, studies relying on molecular methodologies
dominate plant microbiome literature.

Today we know that microbes are ubiquitous and essential associates of virtually all higher
organisms. For example, the microbial cells colonizing the human body appear to be more
abundant as our somatic cells and contain overwhelmingly more genes than our human genome
(Gilbert et al., 2018). Similarly, microbes have been found in virtually all plants (Partida-Martinez
and Heil, 2011), and are known for their immense significance e.g., as plant beneficial mycorrhizae
and endophytes. Pathogens such as coffee rust, leaf blight of rubber, Panama disease of banana,
chestnut blight, Dutch elm disease, and potato blight have been culprits for great historical
convulsions with social impacts (Schumann, 1991). Historically the potato blight, the causal
agent of the Irish potato famine causing the death by starvation of one million people and
overseas emigration of a further two million people in the mid-1800s (Schumann, 1991), has been
particularly influential in the emergence of germ theory and in shaping the conceptual model of
disease triangle (Schumann, 1991).
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We propose that as microbes associated with their shared
host plants comprise multipartite entities, the theories of
hologenome evolution (Saikkonen et al., 2006; Zilber-
Rosenberg and Rosenberg, 2008; Moran and Sloan, 2015;
Vandenkoornhuyse et al., 2015; Theis et al., 2016; Rosenberg
and Zilber-Rosenberg, 2018) and the geographic mosaic of
coevolution (Thompson, 2005) provide usable frameworks
to understand these microbial-plant interactions and their
importance for ecological, evolutionary and genetic processes.
Similarly to human and animal microbiomes (Gilbert et al.,
2018), the majority of plant microbiomes are acquired from the
environment or transmitted horizontally between individuals.
However, in modular organisms (Chapman, 1981) characterized
by somatic embryogenesis, such as most seed plants, many
long-lasting microbe-plant interactions involve either vertical
or pseudo-vertical transmission from host plant to its sexual
and/or vegetative offspring (Wilkinson, 1997; Saikkonen et al.,
1998; Cankar et al., 2005). Thus, plant microbiomes provide
a particularly fertile ground for ecologists and evolutionary
biologists interested in all levels of selection in co-evolutionary
processes. The use of metagenomic tools allow us to determine
the diversity of microbiomes and the “-omics” approaches
(genomics, proteomics and metabolomics) can be used to
examine how genomic information is translated into structures
and functions in the interactions among plant and its microbial
partners (Delmotte et al., 2009; Lundberg et al., 2012; Sessitsch
et al., 2012; Hardoim et al., 2015; Agler et al., 2016; Saikkonen
et al., 2016; van der Heijden and Hartmann, 2016).

Furthermore, if we take into account that phenotypic selection
may treat the plant and its associated microbes individually or in
concert as a phenotypic and metagenomic unit, the implications
for conceptions of genetics, epigenetics (Jaenisch and Bird, 2003;
Zilber-Rosenberg and Rosenberg, 2008; Vannier et al., 2015) and
natural selection are profound. The next step toward a better
understanding of the diverse roles of microbiomes is to combine
metagenomic surveys regarding the composition and function
of microbiomes with empirical and theoretical biological
approaches including ecology, physiology, genetics and
epigenetics, phenotypic evolution, and coevolution of interacting
species (Saikkonen et al., 2004, 2016; Prosser et al., 2007;
Vandenkoornhuyse et al., 2015; Vannier et al., 2015; Rosenberg
and Zilber-Rosenberg, 2016; van Overbeek and Saikkonen,
2016). This requires the acknowledgment and breaking of certain
barriers and challenges associated with scientific traditions and
management of increasing information overload.

WHY INTERDISCIPLINARY

COLLABORATION IS NEEDED

We contend that human perspective often hampers
understanding of the complex nature of microbe–plant
interactions and their importance to ecosystem functions
and services. Conventional wisdom biased by human
perceptions might misdirect scientific progress. We outline three
constraining human factors, “pitfall of scientific discipline,” “the
dilemma of classification,” and “overly optimistic expectations,”

which will require multidisciplinary research approaches to
be conquered.

Pitfall of scientific discipline, i.e., dogmatic concept formation
in scientific discipline, may constrain one’s options. Conventional
life science disciplines, such as plant physiology, evolutionary
ecology or phytopathology, either largely ignore microbes
(Holland and Polacco, 1994; Compant et al., 2016; Kauppinen
et al., 2016; Saikkonen et al., 2016; van Overbeek and Saikkonen,
2016) or examine microbe–plant interactions from limited,
pre-defined perspectives, and largely build on the knowledge
and traditions of their own discipline. Such strongly canalized
approaches limit our ability to acknowledge the complexity of
biological interactions and different levels of regulation and
selection (Koskella et al., 2017).

For example, phytopathology examines pathogen–host plant
interactions focusing on the ecology and evolution of pathogen–
host interactions, and how these interactionsmight bemodulated
by microbial community interactions in the pathobiome
(Vayssier-Taussat et al., 2014). Although community-level
approaches that include other microbial plant associates are
increasingly being adopted in plant pathology (Santhanam et al.,
2015; Syed Ab Rahman et al., 2018), a significant proportion of
phytopathology research is dedicated to epidemiology, disease
diagnosis, and management of microbial species of economic or
environmental importance alone. This, combined with the long
tradition of one microbe–one plant approach in the field, might
overemphasize the pathogenic phase of the microbe’s lifecycle
and divert attention from other relevant aspects of the same
microbe–plant interaction, and overlook the impact of whole
microbiomes in disease development or repression.

Meanwhile, an increasing number of evolutionary ecology
studies reveal that the same microbial species commonly occupy
several ecological niches. Thus, the nature of microbe–plant
interactions is labile and context-dependent in ecological
and evolutionary time rather than always beneficial or
disadvantageous to the host (Saikkonen et al., 1998, 2004;
Wäli et al., 2013; Rybakova et al., 2016; Selosse et al., 2018). The
same microbial species might be labeled a pathogen, parasite, or
endophyte, and referred to by different names. For example, a
mutation of a single locus may convert a fungal plant pathogen
to a non-pathogenic endophytic symbiont (Freeman and
Rodriguez, 1993), and the nature of the interaction with the host
plant is conditioned on environmental factors (e.g., herbivory
or available resources), life-history characters, and genetic
combinations of the host and the microbe (Rybakova et al.,
2016). Likewise, the bacterial species Clavibacter michiganensis
is known as a plant pathogenic species, and C. michiganensis
subspecies are regarded as quarantine organisms. However, an
endophytic bacterial strain, Clavibacter str Enf12, isolated from
subnival alpine plants and classified as C. michiganensis, is shown
to increase the chilling tolerance of its host plants, and has not
been reported to be pathogenic (Ding et al., 2011; Eichenlaub
and Gartemann, 2011). Further, the very same microbial species
are sometimes named differently in different contexts. As to
the naming of microbes, a common endophyte of birch trees,
Fusicladium betulae, was named Venturia ditricha by a forest
pathologist. Venturia is a teleomorph (the sexual reproductive
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stage) and is now its formal name, but the fact is the species is a
biotrophic pathogen and is more commonly an asymptomatic
anamorphic (an asexual reproductive stage) endophyte than
obviously pathogenic (Ahlholm et al., 2002a; Helander et al.,
2007). Similarly, some plant mutualistic mycorrhizal fungi
are reported as asymptomatic endophytes and organic matter
degrading saprotrophs (Weiß et al., 2016; Grelet et al., 2017;
Smith et al., 2017; Martino et al., 2018; Schneider-Maunoury
et al., 2018). The question is whether we should consider a
microbe saprophytic or pathogenic if it inhabits its host plant
asymptomatically throughout most of its life cycle—in the case
of perennial hosts, perhaps over years—and manifests itself as
pathogenic or saprophytic during only a short period of its life.

Similarly to scientific disciplines, the dilemma of classification,
i.e., grouping microbes either based on their taxa or functional
role, directs and limits researchers’ interests to different parts
of microbial communities. Consequently, the related scientific
theories have largely developed separately (van Overbeek and
Saikkonen, 2016). For example, bacteria, fungi, and viruses
are usually studied separately, although they coexist and likely
often interact with each other (Saikkonen et al., 2004; van
Overbeek and Saikkonen, 2016). Furthermore, in ecological and
evolutionary literature microbe–plant interactions are generally
treated separately from the species–species and multitrophic
interactions of higher organisms (e.g., plant–herbivore
interactions), although all plant and animal interactions
unavoidably involve microbes. We believe that understanding
any biological interaction requires taking microbiomes of higher
organisms into account, because together the organism and the
diverse assemblages of its symbiotic microbes form a holobiont,
an extended phenotype and the target of phenotypic selection.
This concept of holobiont should include all plant associated
microbes whenever experimentally feasible.

Finally, overly optimistic expectations commonly emerge
when a scientist assembles information, becomes excited
by attractive discoveries, concepts and/or economically
profitable application opportunities, and potentially misses
fundamental biological background knowledge. Metagenomic
and proteomic approaches illuminate the ubiquity, diversity,
and importance of microbes, and open our eyes to associated
potential opportunities. Evidence shows that the majority
of microorganisms detected by metagenomic tools colonize
their host plants asymptomatically (Compant et al., 2016;
Gopal and Gupta, 2016; Nissinen et al., 2019). These microbial
associates of plants are commonly defined as endophytes
(Wilson, 1995). Taxonomically, endophytes are diverse; they
include archaeal, bacterial, fungal, and protistic microorganisms.
Most are considered plant commensals but few, such as the
fungal Epichloë species commonly inhabiting cool-season
grasses, are regarded as mutualistic, especially in high-nutrient
agroecosystems (Kauppinen et al., 2016; Saikkonen et al., 2016).
Plant mutualistic bacterial endophytes are less documented,
but accumulating genomic and metabolomic information on
bacterial genomes and modulations in plant metabolism strongly
suggests they have a role in plant growth, development, and
stress tolerance (Sessitsch et al., 2012; Hardoim et al., 2015;
van Overbeek and Saikkonen, 2016; Esmaeel et al., 2018).

Inspired by evidence that endophytic microorganisms are
involved in denitrification, nitrogen fixation, and greenhouse
gas emissions, and that they can affect plant tolerance to
abiotic stress, and virtually all types of plant–plant, plant–
herbivore or plant–pathogen interactions, an increasing
number of scientists have become interested in the potential
of endophytic microorganisms in the bioeconomy. Here
we propose that this development might have directed the
focus on overly ambitious goals and expectations for the
following reasons.

The more we look at the basic biology of microbes, the
more obvious it becomes that although we could govern
endophytic microbes, we cannot fully control them, especially
in the agricultural fields and nature. Microbial interactions
are known to be labile and context dependent ranging from
antagonistic to mutualistic in both ecological and evolutionary
time (Saikkonen et al., 1998, 2004; Lopes et al., 2009; Berg
et al., 2016; Brader et al., 2017). Microbes have potential to
evolve rapidly as response to changing selection forces, and
thereby affect nature of their interaction with the host as well
as associated community and ecosystem processes (Freeman and
Rodriguez, 1993; Saikkonen et al., 2004; terHorst et al., 2014).
Thus, mutualistic, commensalistic and antagonistic microbial
taxa are inseparable and present in virtually all microbiomes
studied.We should aim to understand themicrobiome dynamics,
and consider microbes as part of the diverse multi-kingdom
community (van Elsas et al., 2012; Koch et al., 2018), particularly
when utilizing plant mutualistic endophytes in sustainable
agriculture and food production.

FUTURE PERSPECTIVES

Recent plant microbiome research is largely focused on
describing structure and functions of microbial communities in
different plant associated niches, and linking specific microbial
taxa to plant performance. Unarguably, these studies have
rapidly given us solid understanding of broad taxonomic trends
in plant associated microbiota. Integration of metagenomics
to proteomics, metabolomics and other omics-approaches is
now enabling associating microbiome structural shifts to plant
holobiont functioning. However, the mass of data provided
by these techniques can easily overwhelm researchers that
currently often lack the tools to organize and process the data,
resulting in flow of papers cataloging plant and/or microbial
functions or even unannotated genes. Here, integration of
ecological theories in these studies (as also researcher training)
would provide structuring framework, connecting now largely
separated microbiome research to other fields of plant-microbe
interactions and ecological and evolutionary biology.

Indeed, plant microbiome research is transitioning from
descriptive surveys to comprehensive understanding of the plant
holobiome in the eco-evolutionary framework. Identification
of keystone microbial species and interconnected microbial
hubs, as well as their putative functions (Sessitsch et al., 2012;
Agler et al., 2016; Saikkonen et al., 2016; van der Heijden
and Hartmann, 2016), are the basic pieces required to solve
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the eco-evolutionary puzzle, comprised of interacting free-living
microbes and holobiome-units in ecosystems.

Easy data acquisition has created the illusion of controllability
and the hope of microbiology-based innovations. This has led to
the renaissance of microbial research seeking solutions for global
issues such as diseases, food security, and sustainable agricultural
practices (Duhamel and Vandenkoornhuyse, 2013; Kauppinen
et al., 2016; Busby et al., 2017; Finkel et al., 2017). However, the
major challenge is that we are still a long way from understanding
microbial versatility and how it relates to the ecology and
evolution of plant holobionts interacting with each other and
their environment. Meeting these challenges requires combining
novel molecular and microbiological tools with empirical and
theoretical biological approaches including ecology, genetics and
epigenetics, phenotypic evolution, and coevolution of interacting
species. Otherwise we lack theoretical insights (Prosser et al.,
2007), and ignore the complexity and dynamics of microbe–plant
interactions in man-made and natural ecosystems.

We propose that to assemble the plant holobiome puzzle,
future work should take into account the following premises
and presumptions.

First, the majority of plant-microbe studies are either plant
or microbe centered. Accordingly, studies are often designed
and interpreted with either the plant as the active member
which recruits its microbes (Gehring and Whitham, 1994) or
the host plant as a background variable (e.g., “plant genotype”)
or a habitat. Instead, both the plant and associated microbes
should be taken into account as active members of the interaction
(Saikkonen et al., 1999; Bulgarelli et al., 2012; Dini-Andreote
and Raaijmakers, 2018). This requires developing true dialogue,
reciprocal understanding, and mutual collaboration between
researchers from different life science fields.

Second, we contend that microbe–plant interactions follow
similar evolutionary and ecological processes as host–pathogen
or host–parasite interactions, and therefore need not to be
treated differently (Saikkonen et al., 2004; Cordovez et al., 2019).
The prevailing insight is that like other species interactions,
even obligate microbe-plant mutualism is based on mutual
exploitation rather than reciprocal altruism and benefits to
the partners are only rarely symmetric (Thompson, 1994;
Maynard Smith and Szathmary, 1995; Doebeli and Knowlton,
1998; Saikkonen et al., 2004). Symbioses between microbes
and their host plants may also involve reciprocal manipulation
of phenotypes, including morphology and physiology, and
lifecycle of partners (Saikkonen et al., 2016). Thus, conflicting
selection forces are likely to destabilize them, and the outcome
of interactions can change in time and space projecting the
ecological surface of a dynamic fitness landscape with adaptive
peaks and valleys (Thompson, 1994, 2005; Saikkonen et al.,
2004). For example, mutualistic mycorrhizae and Epichloë
endophytes can become parasitic in the presence of herbivores or
hemiparasitic plants especially in resource-limited environments
(Ahlholm et al., 2002b; Lehtonen et al., 2005; Saikkonen et al.,
2010a; Wäli et al., 2013).

Third, co-occurring plant-associated microbes, irrespective of
taxa, are likely to interact with each other. Microbes compete,
interact chemically, and/ormediate the host quality to each other.

Chemical interplay may include signaling and chemical cross-
talk among microbes and their host plant cells (Hamilton et al.,
2012; Compant et al., 2016; van Overbeek and Saikkonen, 2016)
but can also extend to cover other organisms feeding on the
shared host plant as well as associated food webs (Lehtonen
et al., 2006; Saikkonen et al., 2006; Saari et al., 2010; Li et al.,
2014). It is noteworthy that certain pathways regulating plant
responses to heterotrophic organisms, such as salicylic acid and
jasmonic acid pathways, have been shown to counteract (Ballaré,
2011; Thaler et al., 2012; Pineda et al., 2013). For instance,
chemical crosstalk between mutualistic microbes, biotrophic and
necrotrophic pathogens (Bastias et al., 2018), and herbivores
may constrain the host plant from reaching optimal pathogen-
or herbivore-specific resistance (Ahlholm et al., 2002a), but is
likely to be beneficial to overall fitness of the holobiont. Similarly,
community-level approaches to bacterial and fungal interactions
are needed to understand the importance of the structure and
functions of microbial community associated with plants on
plant performance as well as on ecosystem functions and services
(Dini-Andreote and Raaijmakers, 2018). More knowledge about
multispecies coevolution is necessary to fully understand any
particular bipartite microbe–plant interactions and how they
modulate cascading interactions across trophic layers.

Fourth, the performance of plant-associated organisms such
as mutualistic, commensalistic, and antagonistic microbes, as
well as herbivores, may also be a response to genetically or
epigenetically determined plant traits rather than interconnected
associations among them. The role of epigenetics is still poorly
understood. In contrast, empirical evidence suggests that for
example genetic compatibility can determine endophytic
microbe-plant combinations that can be mutualistic or
commensalistic depending on environmental conditions
(Saikkonen et al., 2010b). Furthermore genetically determined
plant traits can determine plant quality to heterotrophic
organisms such as microbes and/or herbivores (Fritz and Simms,
1992) and genetic correlations between plant resistance to
pathogens and herbivores have been suggested to constrain
plants from reaching optimal species-specific resistance
(Ahlholm et al., 2002a).

Fifth, microbes are highly diverse and versatile, and the
ecological role of microbes is often complex and liable to
change. Microbes can occupy several ecological niches that
may overlap, and the nature of microbe–plant association
is context dependent. The same ecological function can be
provided by several different microbes, and individual microbes
can be—at least partially—substitutable by others. This calls
importance for studies on the microbial mediated key functions
in different environments.

The spectrum, complexity, and dynamics of microbe–plant
interactions demonstrate that plant microbiomes provide a
fertile ground for understanding unit of selection, multitrophic
interactions, evolution of life histories, and co-evolutionary
processes, and how microbiomes should be taken into account
when developing microbe-based biotechnologies and ecosystem
services. Two unanswered questions remain: (1) How plants
and their associated microbes individually and/or in concert
as a phenotypic unit respond to prevailing selection pressures?
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(2) What proportion of ecological outcome is determined by
genetics, epigenetics, and phenotypic plasticity in the ecologically
relevant traits, and thus in the adaptive radiation of holobionts?
Present barriers must be dismantled in order to disseminate
current knowledge of plant microbiomes and create a more
conceptual framework with empirical and theoretical examples,
and predictable hypotheses (van Overbeek and Saikkonen, 2016;
Frank et al., 2017).

This knowledge is urgently needed to tackle the foremost
global challenges of our times: the biodiversity loss, climate
change and the increasing demand of food production to
meet world’s population growth (Springmann et al., 2018;
Tollefson, 2019). For example, in the debate on biodiversity
loss and endangered species, particular attention should be paid
to the importance of abundant keystone species maintaining
crucial ecosystem functions that are vital to thriving ecosystems
or species that may threaten other species by disrupting
ecosystem functions. Microbes are largely ignored in this
context although they are essential for processes that make
Earth habitable to primary producers and other organisms
subsisting on them. Similarly microbes should be taken into
account in risk analyses and solutions to aim mitigating climate
change as well as in sustainable food production (Duhamel
and Vandenkoornhuyse, 2013; Gundel et al., 2013; Kauppinen
et al., 2016). For example, recent evidence suggests that
microbes can increase carbon sink in terrestrial ecosystems by
enhancing carbon uptake into soils and into plants by promoting

plant growth (e.g., mycorrhizae, rhizobia and endophytes)
or alter the flux of greenhouse gases from the soil to the
atmosphere (Clemmensen et al., 2013; Iqbal et al., 2013;
Averill et al., 2014). Beneficial microbial plant symbionts
have been suggested to have great potential in sustainable
agricultural and horticultural practices, and for environmental
improvement as well (Duhamel and Vandenkoornhuyse, 2013;
Gundel et al., 2013; Kauppinen et al., 2016). These goals
might partly be overly ambitious because microbe-plant
interactions are complex, labile and context dependent, and
thus, we never can fully control plant associated microbiomes
in nature. However, some of these ambitious goals can be
attained if we invest resources in multidisciplinary collaboration
across various fields of expertise, as understanding the plant-
microbiome dynamics and factors impacting holobiont ecology
and evolution can enable us to utilize the plant microbiomes for
sustainable future.
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