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ABSTRACT

The global importance of forest ecosystems for essential ecosystem services, including local livelihoods and
climate change mitigation, requires a detailed understanding of the major factors determining biodiversity,
health, and sustainability of forests. It has long been known that forest trees are closely associated with mi-
croorganisms, but a comprehensive description of the tree associated microbiome (hereafter referred to as plant
microbiome) extending beyond the relatively well-studied root mutualists, and the understanding of its func-
tional role is largely missing. In our viewpoint, we argue that a more comprehensive consideration of the plant
microbiome, especially that of the so far neglected phyllosphere and endosphere will substantially increase the
understanding of fundamental ecological processes in forest ecosystems. An explicit tree community-level ap-
proach is particularly missing in the current research efforts. Because plants and their microbiome are in-
separable entities forming the plant holobiont, they may collectively determine plant community assembly,
diversity, functional traits, and resulting ecosystem processes to a much stronger degree than is currently ac-
knowledged. Here, we aim to highlight the so far underestimated importance of the plant microbiome for the
structure and functioning of forest ecosystems. More specifically, we emphasize the functional diversity of the
plant microbiome for a better understanding of tree community dynamics and the resulting consequences for
ecosystem functioning, which appears particularly important with ongoing global change. By providing a gen-
eral context of the current limitation of knowledge and indicating some specific research areas that need more
attention in the future, we hope that our contribution may help in identifying current research needs and sti-

mulate future research.

1. Introduction

The world's forest ecosystems cover about 38 million km?, thus re-
presenting the largest terrestrial ecosystem type with globally > 3
trillions of trees and contributing about 90% to the terrestrial primary
production (Baldrian, 2017). Consequently, forests have a key role in
the global fluxes of energy and matter. Like virtually any other complex
multicellular organisms, forest trees are intimately associated with
microorganisms, which contribute significantly to the trees' metabo-
lism, ecology, and evolution. The totality of associated microbes in
different plant parts such as the phyllosphere, rhizosphere, and endo-
sphere are referred to as the plant microbiome (Turner et al., 2013;
Haney and Ausubel, 2015; Rodriguez et al., 2019) and together with the
host organism this microbiome constitutes the plant holobiont
(Bordenstein and Theis, 2015; Sdnchez-Canizares et al., 2017). It is
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increasingly recognized that the holobiont as a new entity rather than
the host organism alone needs to be considered for the understanding of
the host's performance, fitness, and ecological significance (Hacquard,
2016). Parts of the microbiome contributing to the trees' holobiont such
as mycorrhizal associations (Parniske, 2008; Bonfante and Genre, 2010;
Toju et al., 2013, 2016; Taylor et al., 2016) and nitrogen-fixing bacteria
(Gehring et al., 2005; Batterman et al., 2013; Taylor et al., 2017) are
well studied and their critical role in the host trees' performance, tree
community dynamics, and ecosystem functioning are reasonably well
documented. However, a more holistic view on the holobiont beyond
specific interactions with a few well-studied mutualists, and in parti-
cular including the so far largely neglected other parts of the micro-
biome in the trees' phyllosphere and endosphere, for example, is ur-
gently needed for a better understanding of how the holobiont affects
the structure and function of forest ecosystems.
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Fig. 1. A conceptual illustration of how the plant microbiome affects individual tree performance, community dynamics and ecosystem functioning. By affecting
essential processes such as growth rate and interactions with other organisms at the individual plant level, which may differ among individuals and tree species, the
plant microbiome continues to influence community and ecosystem level processes. The plant microbiome also interacts directly and indirectly (by influencing litter
quality for example) with the litter microbiome and soil microbiome that collectively impact key ecosystem processes such as carbon and nutrient cycling and their

availability for plants.

We argue that there is a strong link between the plant microbiome
and key ecological processes viz. primary production, decomposition,
nutrient cycling, etc. in the forest ecosystem (Fig. 1). Compared to
agricultural plants , the study of the plant microbiome in forests lags
behind and its ecological significance is not well understood
(Vandenkoornhuyse et al., 2015; Van Der Heijden and Hartmann, 2016;
Terhonen et al., 2019). This critically limits the mechanistic under-
standing of how forest trees cope with biotic (e.g. insect pests, patho-
gens, or invasive species) and abiotic stressors (e.g. increasing drought
and/or temperature), and complicates the assessment of resistance,
resilience, and sustainability of forest ecosystems with ongoing climate
change.

Moreover, the trees and their microbiomes are evolving as a whole
including plant-microbe and microbe-microbe interactions. For the
understanding of the evolution of the entire holobiont the genomes of
plants and associated microbiomes, together forming the plant holo-
genome (all genes of host plant + plant microbiome), need to be
considered collectively (Rosenberg et al., 2007; Zilber-Rosenberg and
Rosenberg, 2008). There is evidence that the metagenome of the mi-
crobiome (all genes of the plant microbiome) within the plant holobiont
is more dynamic and shows more rapid responses to environmental
change than the plant genome individually (Rosenberg and Zilber-
Rosenberg, 2018). This strongly suggests that the plant microbiome is
an important driver in the selection, adaptation, and evolution of the
plant holobiont as a whole, thus affecting the evolutionary trajectory of
the host plant. For this reason, elucidating the complexity in the
structure and functions of the plant microbiome and their further
characterization is a hot research topic in evolutionary ecology
(Rosenberg et al., 2010). In the following sections, we discuss why we

think it is important to better take into account the microbiome in
studies with forest trees. We further identify some critical knowledge
gaps and indicate potential ways forward for better integration of the
plant microbiome approach in forest ecology.

2. Are forest structure and function determined by the plant
microbiome?

The role of biotic factors in the distribution of plant species and
community composition was traditionally underrated compared to
abiotic factors like climatic parameters. A number of recent studies
showed that soil microbial communities may have a greater influence
on plant species distribution and co-existence in forests than climatic
conditions (Walthert and Meier, 2017; Hawkins and Crawford, 2018).
The importance of soil microbial communities on the composition and
diversity of plant communities and ecosystem functioning is generally
well acknowledged (Bever et al., 2010, 2012; Van der Putten et al.,
2013; Classen et al., 2015; Delgado-Baquerizo et al., 2016, 2018; Probst
et al., 2018), but it is more difficult to decipher whether these effects
are direct by affecting plant physiology and development or indirect by
affecting environmental conditions such as nutrient availability
(Hawkins and Crawford, 2018; Bennett and Klironomos, 2019). More-
over, given that the soil microbial communities are currently assumed
as the major origin of the plant microbiome (Yurgel et al., 2018;
Rodriguez et al., 2019), the important question (highly relevant for the
plant microbiome) is arising i.e. What factors influence the recruitment
of soil microbes into the plant microbiome? While soil biota are the
primary source of the plant microbiome, their recruitment into the
plant microbiome and the intensity of association and specificity may
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be gradual. As a result of concentrated research efforts on few agri-
cultural and model plants, the determination of associated microbial
diversity has improved enormously for some selected plant species such
as Arabidopsis thaliana, Zea mays, Oryza sativa, Picea abies, Populus del-
toides (Cregger et al., 2018; Terhonen et al., 2019). Several studies re-
ported that microbial communities contribute significantly to disease
control, nutrient acquisition, and stress tolerance (Mendes et al., 2011;
Lundberg et al., 2012; Berg et al., 2015; Agler et al., 2016). These are all
vital functions determining also the success of tree establishment and
growth, therefore affecting productivity (Schnitzer et al., 2011) and
ultimately competitive interactions including exotic plant invasion
(Zuppinger-Dingley et al., 2011; Mishra et al., 2013; Xiao et al., 2017),
which is influencing plant community dynamics (Brandt et al., 2013)
and plant species diversity (Mangan et al., 2010). However, there is
only very limited knowledge about the degree of association of mi-
crobes, and the diversity and specificity of the plant microbiome for
forest trees and how it may co-determine tree species composition and
community dynamics in forest ecosystems and consequently their
functioning. The determining impact of microbial associates on plant
community composition and diversity was compellingly demonstrated
in herbaceous communities for mycorrhizal fungi (e.g. Van Der Heijden
et al., 1998; Van Der Heijden, 2002) and N,-fixing bacteria (De Bruijn,
2015; Dinnage et al., 2019). These two well-documented cases of how a
part of the microbiome can profoundly affect plant community dy-
namics also highlight the critical role of the host plant through the
provision of structure and metabolites via an intimately linked phy-
siology between plants and microorganisms (cf. Comas, 2017). Espe-
cially the allocation of carbon compounds is important, which can vary
significantly among plant species, environmental conditions, plant
growth stage and nutrient availability (Churchland and Grayston,
2014). Any modulation of this C exchange can modify the abundance
and composition of the microbiome. In fact, the fine-tuning of the plant
microbiome seems to be determined by the host plant. Moreover, the
plant's capability of recruiting microorganisms into the microbiome is
taxon-specific and results often from a common evolutionary history of
plants and microorganisms. The establishment and identity of the mi-
crobiome may also depend on the plant's ontogeny and tissue type.
However, the microbiome in plant parts and tissues other than roots
remains very poorly studied, in particular for trees from natural forest
ecosystems.

Generally, it is now widely accepted that plants and the associated
microbiome are two vital and inseparable entities of the holobiont that
collectively determine plant community dynamics and diversity
(Hassani et al., 2018; Simon et al., 2019). Yet, how exactly the holo-
biont is determining processes at the community level and what the
resulting consequences for ecosystem functioning are, is largely un-
known for tree communities in natural forest ecosystems. An integrated
conceptual framework across tree species and taking into account other
plant parts and tissues beyond roots is missing but is urgently needed
for hypotheses building and testing. Such a framework would allow a
more straightforward application of the plant holobiont concept in
forest ecosystem dynamics which is imperative for a mechanistic un-
derstanding of how the microbiome contributes to structuring the tree
communities. In the future, a more detailed knowledge about the mi-
crobiome across tree species may then allow a more complete under-
standing of the drivers of tree diversity, and how functional traits and
biogeography of tree holobionts are shaped.

3. Critical knowledge gaps

The recognition of the significance of the holobiont for the under-
standing of the physiology and ecology of an organism led to a major
paradigm shift and a new research frontier. Several microbiome pro-
jects, such as the human or crop species microbiomes have been laun-
ched in the past decade, with the aim to develop microbiome-based
strategies to cope with environmental challenges. In comparison, the
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consideration of the holobiont in forest communities, let alone its
characterization, is still in its infancy. We identified two major gaps of
knowledge for the development of an integrative view of the relevance
of the microbiome and the resulting plant holobiont for tree commu-
nities. First, a more general appreciation of the microbiome across
multiple tree species with an explicit community approach is critically
missing. It seems likely that the microbiome varies substantially across
tree species beyond the documented species-specific mycorrhizal asso-
ciations and symbiotic N-fixation. This implies a significant share of the
microbiome in the characteristics of a given tree species, co-de-
termining its ecology including the interactions with co-occurring tree
species, but also with other organisms such as herbivores, pathogens or
pollinators. However, it is presently largely unknown how the micro-
biomes differ among and within tree species and if and how they are
spatially or phylogenetically structured. How much does the micro-
biome differ among tree species and do these differences reflect eco-
logical strategies, are fundamental questions to be answered. Although
the tools in genomics and biostatistics exist today, this type of studies in
forest ecosystems are surprisingly absent.

A second major gap is the lack of comprehensive studies at the
whole plant level extending on the current focus on root-associated
microorganisms of the belowground part of plants. Work on the rhi-
zosphere microbiome dominates the current literature discussing the
plant holobiont and how it affects plant fitness and the stability of
natural ecosystems (Lugtenberg and Kamilova, 2009; Berendsen et al.,
2012; Trivedi et al., 2013; Almario et al., 2017), as well as community
composition, ecosystem functioning, and issues related to conservation
and sustainability (Teixeira et al., 2010; Philippot et al., 2013; van der
Heijden and Hartmann, 2016). Compared to this root and belowground
focus, the part of the microbiome within the phyllosphere and the en-
dosphere received only little attention (Kembel et al., 2014; Laforest-
Lapointe et al., 2017; Zhao et al., 2017), despite their potentially sub-
stantial contribution to the holobiont. Just by itself, the phyllosphere
covers globally a total area of > 10%km? and is estimated to host
roughly 10%° bacteria (Vorholt, 2012; Kembel et al., 2014). The limited
number of studies explicitly addressing the part of the microbiome
within the phyllosphere showed evidence that it affects growth and
fitness of their host (Meyer and Leveau, 2012; Ortega et al., 2016). Most
importantly, the phyllospheric microbes are potentially involved in the
defence against pathogens and contribute significantly to litter de-
composition by providing inocula for initiating the first stages of de-
gradation and affecting carbon and nitrogen dynamics (Voriskova and
Baldrian, 2013; Bringel and Couée, 2015). Likewise, the microorgan-
isms found in the endosphere were reported to influence plant phy-
siology by enhancing plant's inherent responses against biotic and
abiotic stress (Turner et al., 2013; Fitzpatrick et al., 2018). A simple
literature search for papers published between 2000 and 2019 showed
much less publications of research on microbial diversity in the phyl-
losphere or endosphere compared to that of the rhizosphere (Fig. 2).
Their proportion shrinks even further when the studies on soil micro-
bial communities without an explicit reference to the plant microbiome
are considered. Overall, the studies from forest ecosystems contribute
only 36% to all studies including those from agricultural systems. De-
spite the fact that the studies considered in these two columns (second
and third from the left in Fig. 2) did not necessarily specify what plant
part was included, it shows unequivocally that forest ecosystems re-
main understudied. Only a small fraction of investigations was devoted
to the study of the plant holobiont. Collectively, there is a great need to
better understand the contribution of microorganisms associated to the
phyllosphere and the endosphere to the overall role of the microbiomes
of forest trees and how they impact tree communities and forest eco-
systems. Some relevant research questions would include: what is the
relative contribution of the phyllosphere and endosphere to the overall
diversity of a tree's microbiome? What are their functional roles? Do the
communities overlap and if yes to what degree among rhizo-, phyllo-,
and endosphere? It would also be interesting to address these questions



S. Mishra, et al.

35000

30000 29020

25000

20000

15000

10000

Topic search results during 2000-2019

5176

5000 4672
. l

Soil* Microbial Plant* Plant* Plant*
diversity Microbial Microbial Microbial
diversity* diversity* diversity*
Agriculture Forest Rhizosphere
ecosystem

Applied Soil Ecology 145 (2020) 103345

803
422 407
— RAA R - —
Plant* Plant* Plant* Holobiont Plant holobiont
Microbial Microbial Microbial
diversity* diversity* diversity*
Phyllosphere Endosphere Holobiont

Fig. 2. Research trends showing the number of publications in related area during 2000-2019. Bar graphs were plotted based on different topics (as mentioned in x-
axis) searched in the Web of Science (Clarivate Analytics) with the 27th of July 2019 as the reference date. Values over the bars represent number of hits in Web of

Science.

at larger spatial scales, evaluating how environmental factors de-
termine these patterns and how microbiome diversity is related to tree
diversity in different forest ecosystems, or how dominant and rare tree
species affect the observed patterns (Fig. 3). In a second time, the ac-
cumulating data could then be used to map the tree microbiome in
different forest types, for example in tropical or temperate forests
varying in tree species diversity, which could shed light on environ-
mental filtering of the tree holobiont and how it affects competitive
interactions, responses to herbivore and pathogen attacks and tree
survival under ongoing climate change.

4. Conclusions: potential ways forward

Despite the general appreciation of the importance of the plant
microbiome, its critical role in the functioning of individual plants,
their interactions at the community level and the consequences for
ecosystem functioning has not been sufficiently embraced for forest
ecosystems. Above, we identified two major gaps of knowledge calling
for more studies that describe tree microbiomes comprehensively for a
variety of forest ecosystems. Ideally, this would yield a detailed picture
of the genetic and functional diversity of tree species-specific micro-
biomes. Then, for a more mechanistic understanding of the role of these
microbiomes, future studies should extend on simply describing the
microbial communities by exploring how they interact across different
plant compartments (phyllosphere, rhizosphere, and endosphere) and
what kind of functions they have. To attain these objectives a novel
focus on the functional diversity of the plant microbiome is needed.
This could include the identification of specific functional genes known
for their ecological relevance and allowing a connection to some key

ecosystem functions, for example, related to nutrient cycling. An am-
bitious next goal could be the determination of the relative contribution
of the genome of the microbiome and that of the host plant to some
specific functions represented by the holobiont as a whole. This would
ultimately allow quantifying the microbiomes' share in some key
functions of particular tree species in the community. As noted above,
such microbiome research in forest ecosystems should target the whole
plant and not individual ‘spheres’ (Fig. 3).

In summary, we propose a set of what we think pertinent research
questions that need to be addressed in future studies.

a) How do co-occurring tree species differ in their microbiome?

b) What are the differences in the microbiome among different plant
compartments and how are these differences determined?

c) To what extent do the microorganisms in the different plant com-
partments interact?

d) What is the relative contribution of the microbiome to the overall
functioning of the holobiont?

e) How do tree microbiomes contribute to tree community-level pro-
cesses and does this differ among major forest ecosystems?

f) Is there any coordination in tree microbiome structure and functions
across different compartments (phyllo-, rhizo- and endosphere)?

g) To what degree does the microbiome determine plant functional
traits?

h) How does the microbiome vary over time?
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Fig. 3. A graphical overview of key elements in tree microbiome research: Major emphasis is on studying the identity, functional diversity and spatial organization of
tree microbiomes aiming at a better understanding of the role of tree holobionts in community dynamics and ecosystem functioning in forest ecosystems. Different
tree species are likely hosting considerably different microbiomes as indicated with the tree species-specific pie charts. The tools in genomics with high-throughput
sequencing and biostatistics are now available to address the complex and data intensive questions about tree species-specific microbiomes and their functional gene
diversity. The figure also emphasizes the critical importance of studying the microbiome at the whole plant level including the so far largely neglected phyllosphere
and endosphere. A detailed mapping of tree microbiomes may ultimately allow to quantify microbial contributions to tree community dynamics and forest ecosystem

functioning.
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