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Abstract: Under natural conditions, plants are always associated with a well-orchestrated community
of microbes—the phytomicrobiome. The nature and degree of microbial effect on the plant host can
be positive, neutral, or negative, and depends largely on the environment. The phytomicrobiome
is integral for plant growth and function; microbes play a key role in plant nutrient acquisition,
biotic and abiotic stress management, physiology regulation through microbe-to-plant signals, and
growth regulation via the production of phytohormones. Relationships between the plant and
phytomicrobiome members vary in intimacy, ranging from casual associations between roots and the
rhizosphere microbial community, to endophytes that live between plant cells, to the endosymbiosis
of microbes by the plant cell resulting in mitochondria and chloroplasts. If we consider these key
organelles to also be members of the phytomicrobiome, how do we distinguish between the two?
If we accept the mitochondria and chloroplasts as both members of the phytomicrobiome and
the plant (entrained microbes), the influence of microbes on the evolution of plants becomes so
profound that without microbes, the concept of the “plant” is not viable. This paper argues that
the holobiont concept should take greater precedence in the plant sciences when referring to a host
and its associated microbial community. The inclusivity of this concept accounts for the ambiguous
nature of the entrained microbes and the wide range of functions played by the phytomicrobiome in
plant holobiont homeostasis.

Keywords: phytomicrobiome; plant holobiont; evolution; endosymbiosis; growth promotion; signal-
ing; biocontrol

1. Introduction

The phytomicrobiome is composed of a community of microorganisms that associate
and interact with a host plant including bacteria, archaea, fungi, oomycetes, viruses,
protozoa, algae, and nematodes [1-3]. Collectively, the plant and its phytomicrobiome are
a holobiont, a term originally coined by Adolf Meyer-Abich but most frequently associated
with and popularized by Lynn Margulis [1] and rigorously explored by Bordenstein and
Theis [2]. While the phytomicrobiome includes parasitic and commensal microbes, it is
also comprised of mutualists, or beneficial microbes, such as mycorrhizal fungi (MF) and
plant growth-promoting bacteria (PGPB) that enable the plant holobiont to survive within
a wide range of environments. Beneficial microbes mediate plant holobiont responses
to abiotic and biotic stresses and allow the plant holobiont to adapt to environmental
variations (Figure 1) [3,4]. The plant host can then modify the abundance and composition
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of beneficial microbial species within the phytomicrobiome, at least in part, by secreting
biochemical compounds. This selection occurs most strongly in the endosphere, followed
by the rhizoplane, and finally the rhizosphere [5]. For example, root exudates can select for
and promote the growth of certain beneficial microbes by serving as carbon and/or energy
sources for microbial metabolism [6].

The earliest and arguably most essential example of a specific symbiotic function
within the plant holobiome arose from the endosymbiosis of an alpha-proteobacterium
and a cyanobacterium. These microbes are now the mitochondrion and chloroplast, respec-
tively, and are microbes that have been fully integrated into plant cells (Figure 1). These
endosymbionts did not replace particular functions of the ancestral organism, but rather
provided new functions, giving an evolutionarily competitive edge to the newly evolving
plants [7].
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Figure 1. The origin of mitochondria and chloroplasts, as modified prokaryotes that have become plant organelles [8], the

endosymbiotic relationship between chloroplast, mitochondrion, and plant itself, and the symbiotic relationships between

the beneficial microbes and the host plant. Beneficial microbes include plant growth promoting bacteria and fungi. The

shelter and habitat created by the plant host provide a regulated environment and energy source, enhancing the survival of

the symbionts and endosymbionts.

In this paper, we focus on how beneficial bacteria and fungi, a relatively small fraction
of the phytomicrobiome, have had a disproportionately large influence on plant holobiont
evolution. We also review the fundamental roles that the phytomicrobiome plays in plant
holobiont development and survival. Finally, we propose that a greater integration of
holobiont theory should be incorporated into the plant sciences.

2. The Plant Holobiont and Its Functional Phytomicrobiome
2.1. The Endosymbiosis of Prokaryotes and the Rise of Plant Holobionts

Life on earth is believed to stem from a single origin, the microbial ancestor that
emerged as early as 3.5 billion years ago [9,10]. According to endosymbiosis theory, about
1.5 billion years ago, a proto-eukaryotic cell engulfed an alphaproteobacteria, forming an
endosymbiotic relationship, and gradually developed into what is now recognized as the
mitochondrion (Figure 1) [11]. Mitochondria use alternative electron acceptors to generate
ATP and are now the most important organelle for plant respiration since they enable
metabolic reactions to convert energy into usable forms.

Approximately half of a billion years later [12], eukaryotic cells containing mito-
chondria engulfed cyanobacteria (photosynthetic prokaryotes), which like the alphapro-
teobacteria became fully incorporated into and dependent on plant cells, resulting in the
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chloroplast (Figure 1) [13-15]. Chloroplasts convert energy from the sun into carbohy-
drates, using water as the electron donor. However, large-scale gene loss from plastids has
occurred during the course of evolution [16], and higher plant chloroplasts now contain
only 120-130 genes [12] compared with the 1700 to 7500 genes contained in cyanobacterial
genomes [17]. In spite of their reduced genome size, chloroplasts and cyanobacteria still
carry out some of the same functions, ranging from gene expression to metabolism [18,19].
For example, it is clear that the protein-targeting system of cyanobacteria is similar to that
of the chloroplast [20].

Organisms have been described as entities evolved from constituent elements that are
highly cooperative and minimally conflicting; however, there is ongoing debate regarding
the levels of cooperation and conflict within holobionts [7,20]. In plants, chloroplasts and
mitochondria are highly cooperative with plant cells while relationships between the plant
and the phytomicrobiome are more varied including the mutualistic and parasitic interac-
tions. For example, relationships between plants and PGPB are organismal given that they
are highly cooperative and low conflict in nature. On the other hand, some plant-microbe
interactions are more opportunistic for one member and therefore are not organismal.
The plant is therefore a eukaryotic organism, with prokaryotic constituents (entrained mi-
crobes), that interacts with its phytomicrobiome to form the plant holobiont [7]. As a result,
the difference between the plant and the phytomicrobiome blurs and the concept of the
holobiont becomes pre-eminent. It can then be argued that the influence of microbes on the
evolution of plants is so profound that without microbes, the concept of the “plant” fails.

2.2. The Phytomicrobiome and the Transition of Plant Holobionts to Terrestrial Environments

The phytomicrobiome helps the plant holobiont survive in a variety of environments
(discussed in Section 3). In fact, early in their evolution, plants could not have successfully
transitioned from the aquatic environments inhabited by their ancestors without functional
support from the phytomicrobiome [21]. The phytomicrobiome has likely been shaped
to impart additional genes to the holobiont, therefore altering the niches available to the
plant; this allows the plant to adjust its behavior to suit the conditions of its immediate
environment. A selective advantage provides the plant holobiont with functional plasticity,
allowing it to better access resources and improve its nutrition, growth, and stress toler-
ance [4]. For further analysis on the roles in which the phytomicrobiome plays in plant
holobiont evolution, see several recent reviews [6,22-25].

2.2.1. Beneficial Microbes Help Plant Holobionts Acquire Nutrients

Following the advent of oxygenic photosynthesis, there was rapid speciation as
organisms competed for newly available resources [26]. However, plants have always
relied heavily on beneficial microbes to assist in fulfilling their nutrient requirements.
Beneficial microbes can support plant holobiont nutrition through 1) biological nitrogen
fixation (BNF), 2) solubilization of insoluble nutrients, and 3) increased root surface area.

The role of N fixation symbioses is primarily to balance the N-cycle for terrestrial
plants with their high levels of carbon fixation. There are two categories of N-fixing
diazotrophs that produce nitrogenase, the enzyme required for BNF [27,28]: root nodule-
forming rhizobia, and free-living bacteria, including cyanobacteria. The root nodule-
forming symbiosis involves a relatively small group of plant species, predominantly
legumes [29], that form symbiotic associations with rhizobia including Rhizobium and
Bradyrhizobium [30]. There are also associative relationships between free-living nitrogen
fixing bacteria and plants that can contribute to plant nitrogen nutrition [31-33]. Plant-
cyanobacteria symbioses, on the other hand, are found in a wide range of plants including
bryophytes, the angiosperm Gunnera, and cycads [34].

Almost all plants also form interactions with MF to improve nutrient acquisition.
MF can increase the effective root surface area and improve nitrogen, phosphorus, iron,
and zinc extraction efficiency from the rhizosphere [35,36]. MF also produce organic acid
(e.g., acetic acid, oxalic acid, and succinic acid) exudates that decrease the rhizosphere pH,
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dissolving insoluble minerals into the soil solution, and contributing to greater nutrient
acquisition [35,37,38]. Beyond the already recognized benefits of host associations with MF
are substantially broader effects. Simard [37] illustrated that MF facilitate plant “cognition”,
allowing the plant host to perceive signals from its surroundings and implement actions
that enhance its robustness and overall fitness. In addition, MF promote communication
among plants, including with kin and with other organisms, via signaling pathways and
therefore contribute to specific changes or overall shifts in plant morphology, physiology,
and fitness. Indeed, the evolutionary success of a plant cannot be separated from that of
the associated microbes.

Synergies between members of the plant holobiont microbiome affect nutrient cycling
in the rhizosphere and consequently shape plant nutrient status and crop yield in agricul-
tural settings. For example, arbuscular mycorrhizal fungi create a suitable environment for
the colonization of plant growth-promoting bacterial endophytes if inoculated together
onto crop plants, and plant root and hyphal exudates provide a carbon source for the
bacterial endophytes [36,38,39]. Co-inoculation of both fungi and bacteria as a consortium
can improve crop yields more than single strain inoculants.

2.2.2. Microbial Phytohormone Production Promotes Plant Holobiont Growth and
Stress Resistance

Microbial communities present in the rhizosphere can control plant holobiont growth,
development, and stress responses through the production and delivery of plant growth
regulators, growth regulatory precursors, or their analogues [40,41]. These plant-microbe
interactions rely on a wide variety of long-distance chemical signaling compounds [42]
including plant hormones (indole-3-acetic acid (IAA), auxins, cytokinins, and gibberellins)
and microbial-produced compounds that can mimic or induce plant hormone production.
For example, many bacteria produce auxin or manipulate host auxin signaling to, in the
case of rhizosphere PGPB, promote plant root growth, or in the case of plant pathogens,
interfere with plant development [43]. A specific example is microbially produced auxins,
from either pathogenic or mutualistic bacteria [44], which can influence plant root growth
and branching [45].

Signal compounds, such as thuricin 17 and lipochitooligosacchardies, produced by
beneficial microbes can also assist plant adaptation to biotic and abiotic stresses [46,47].
For example, when plant cells perceive microbial signal compounds, messages are re-
layed through the plant from stressed tissues to healthy tissues, allowing them to receive
“danger” signals, which induce defense-related gene expression [25,48,49]. For more on
“danger” signals, see recent reviews [50,51]. Interestingly, beneficial microbes can also
induce resistance in the absence of a phytopathogen, which can provide the plant with
improved immunity to future phytopathogenic attacks [48]. These interconnected and
shared signaling networks play a crucial role in enhancing long-term stress adaptation at
the plant holobiont level [50] and allow for complex and integrated defense responses to
invaders in a timely manner, which imparts ecological fitness [42]. Similarly, these signal
compounds can assist plant defense responses to abiotic stresses including salinity, cold
temperature, and drought [47].

2.2.3. Phytomicrobiomes as Biocontrol Agents

Plant holobionts facilitate the development of pathogen-suppressive phytomicro-
biomes by selecting for microbial taxa with biocontrol properties. Microbes capable of
plant pathogen biocontrol have been widely documented, including numerous cases by
strains of Pseudomonas spp., Bacillus spp., and Trichoderma spp. among others [49,52-55]. In
our era of agricultural optimization [56], the possibility of harnessing and augmenting this
ancillary plant holobiont immunity highlights the practical implications of the holobiont
concept [57-59].

Some members of the phytomicrobiome provide either direct or indirect mechanisms
of biocontrol. Microbes that release various compounds possessing antimicrobial properties
constitute direct mechanisms. Indirect mechanisms of biocontrol limit the fitness of plant



Microorganisms 2021, 9, 675

50f12

pathogens by reducing their ability to access vital resources. Depending on the pathogens,
these key resources can include metals and immunologically vulnerable plants. The metal
depletion biocontrol mechanism is accomplished through the excretion of siderophores,
which chelate soil metals such as iron, copper, and zinc, and funnel them back to the
excreting cells using active transport systems [60,61]. The subtraction of the vulnerable host
biocontrol mechanism is accomplished via the production of volatile organic compounds
(VOCs) that lead to the establishment of induced systemic resistance (ISR) in infected
plants [62,63].

There are nevertheless abundant indications of the existence of other holobiont bio-
control systems. All signs point, for example, to phytomicrobiome diversity being key in
reducing pathogenic infection efficiency [64—66]. This phenomenon inherently suggests the
existence of yet-to-be-identified pathogen adversaries, a hypothesis supported by analyses
of rhizosphere microbiome responses to pathogen-induced root exudation [67,68], analyses
of microbiome networks [69], and genomic/metagenomic analyses [70-72]. There is also
abundant evidence for the existence of microbial biocontrol mechanisms. Genomic and
metagenomic analyses have identified many putatively novel pathogen-antagonistic genes
in known biocontrol microbes and suppressive soils [73,74]. Analyses of species-specific
and community-wide microbial VOCs have also singled out many compounds that may
have the same role [75,76]. Moreover, VOCs produced by microbes can act as plant growth
promoters and signaling molecules between plant holobionts and their rhizosphere com-
munities [77]. Furthermore, as signals, VOCs can be transferred via mycorrhizal networks
in the rhizosphere between plants and their neighbors [78]. The production and roles
of VOCs are complex and indicated a wide range of roles within the rhizosphere; more
information on microbial VOCs can be found in several recent reviews [79-81].

3. The Evolution of Plant Holobionts

Natural selection acts upon the phenotype of the holobiont, resulting in changes
to the hologenome, or the pooled genomes of the phytomicrobiome and the plant host.
Thus, the evolutionary unit of selection is the holobiont [3,82]. For coevolution to occur
within a holobiome, both the host and the microbiome must evolve in response to the same
environmental pressure(s). This coevolution has resulted in the establishment of complex
signaling pathways and feedback loops that use phyto- and microbial-derived compounds
to achieve functional regulation of the plant holobiont [83]. For example, root exudates
recruit beneficial microbes that release compounds, such as the phytohormone IAA, that
promote plant growth and encourage the release of more root exudates, thereby promoting
holobiont success [84]. Other exudates, such as flavonoids, act as signaling molecules
between plants and their symbionts, for instance to encourage nodule formation, as seen
in the co-evolution between the plant family Fabaceae and rhizobia [25,85-88]. However,
evolution of the host and its associated microbiome can still occur independently [89] as in
the case of a demibiont, where an organism evolves to associate with another, but the latter
is not evolutionarily affected [90].

Holobiomes develop and fluctuate in response to various biogeographical influences.
Understanding both microbial and community ecology is necessary when studying plant
holobiomes and the interactions that occur within the phytomicrobiome [6,91]. The genetics
of the host plant, the genetics of phytomicrobiome, and abiotic and biotic influences all
drive the evolution and assembly of the plant holobiont. A greater understanding of how
dispersal, selection, drift, and diversification shape microbial communities can clarify
how they associate with the plant host [92]. For example, microbial immigration plays a
significant role in the diversity of a phytomicrobiome and allows the holobiont to adapt
to local environmental changes [93]. However, evolutionary pressures select for plant
hosts able to exert control over their phytomicrobiome. If the phytomicrobiome is left
unregulated, an increasing randomness of the microbial community composition could be
deleterious to host fitness, and evolution would select against the resulting holobiont [94].
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The selective pressures that drive holobiont evolution may occur on many levels [90],
with some affecting the phytomicrobiome but not their host plant or vice versa, mak-
ing it unclear whether the holobiont should be considered a biological individual or an
ecosystem. The conclusion depends on the perspective taken, either that of the microbe
or the macrobe; indeed, it may be both simultaneously [95]. Current arguments support
holobionts as biological individuals [96], and indeed this may be the best conclusion to
date for both understanding and conserving the natural world [97]. This allows for the
exciting possibility of empirically studying hologenomic adaptations which may differ
from species-level genomic adaptations [98]. Limiting the definition of the hologenome
to only that of the host plant genome and specific traits encoded by core genes of the
phytomicrobiome may make possible the study of hologenomic adaptation [98]. This is
supported by the idea that natural selection acts on genomic islands, or symbiosis islands,
coding for specific symbiotic functions rather than for specific microbial species [93,99].

Microbial communities that are consistently associated with individuals of a eukary-
otic species are known as the core microbiome [100]. Elucidating a core phytomicrobiome
depends as much on its definition (functional vs. taxonomic) as on the ecological scale of
interest (from the individual to the population level) [100]. A functional core microbiome,
comprised of taxa required for maintaining host homeostasis, may be different from a
strictly taxonomically conserved core microbiome [4]. However, to date it is challenging to
interpret functional meaning from metagenomic data alone [101-103]. To further compli-
cate matters, the predicted diversity of a core phytomicrobiome is expected to decrease as
ecological scope is expanded. As a result, a more general microbial community consisting
of fewer taxa that are conserved across a large ecological scale, for example across a plant
population, may have a greater role in maintaining survival of the host [4]. In contrast, the
remainder of the phytomicrobiome, termed the accessory microbiome, is influenced by the
local environment and is not conserved across populations of a given plant species. This
explains at least some of the variability in phytomicrobiomes across environments [4].

An eco-holobiont, which encompasses the interactions of a holobiome with the envi-
ronment and other holobiomes (e.g., holobionts containing other plant or animal species),
may blur the already tenuous line regarding what constitutes a holobiont. However,
the concept of the eco-holobiont may also help explain discrepancies in the core phy-
tomicrobiomes of a given host species at different ecological scales since it portrays the
phytomicrobiome as more fluid than previously considered [5]. For example, the linkages
between soil, plant, and pollinator microbiomes exemplify how multiple microbiomes
must be considered in unison to gain a complete understanding of community assemblage
and dynamics [104]. Further research into plants as holobionts will aid in elucidating the
range of microbial relationships that contribute to the ecology and evolution of a species.

4. Unculturable Microbes: The Hidden Fraction of the Plant Holobiont

While we now recognize the integral importance of the phytomicrobiome in plant
holobiont function, we have only scratched the surface in our understanding of both
their diversity and roles in plant holobiont development. Part of this understanding
stems from the realization that a vast majority of microbes in the natural world cannot be
cultured using traditional microbiological methods. Over years of extensive studies, it has
been consistently found that just 1-5% of microbes are culturable, although this ratio is
controversial [105-107]. As phytomicrobiome members typically interact with multiple
other microbial species, the lack of culturable bacteria complicates our understanding of
their exact roles in plant holobiont success [89].

The cause for the high proportion of unculturable microbes stems from the complexity
and the dynamic conditions of their natural habitat, which are difficult to recreate under
laboratory conditions. These unculturable species likely depend on and play important
roles within their communities [108,109]. In fact, it is likely that these relationships drove
the development of the plant holobiont itself over time, shaping it and the ecological roles
found within. While advances in microbiological techniques have allowed researchers
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to accurately estimate microbial diversity, these techniques alone are unable to elucidate
the intricacies of how all members of the phytomicrobiome interact within the plant
holobiont [108,110].

5. Conclusions

Under natural conditions, plants are always associated with a substantial, diverse,
and to some extent regulated population of microbes; together the host plant and the
phytomicrobiome constitute the plant holobiont. As we have discussed, the beneficial
microbes of the phytomicrobiome provide a range of functional benefits to the plant
component of the holobiont, including improved access to nutrients, regulation of plant
hormone levels to stimulate growth, and pathogen control. Because the plant cannot
survive without the functions provided by the phytomicrobiome, we consider the holobiont
to be the entity that evolution acts upon. In the context of agriculture, we also recognize
that crop productivity and yield is dependent on holobiont, not just plant, success.

Mitochondria and chloroplasts are derived from ancient plant-microbe interactions
that led to the endosymbioses and incorporation of these microbes into integral components
of the modern plant cell. Therefore, these examples straddle the line between being
members of the phytomicrobiome and organelles of the plant. Thus, rather than view them
as one or the other, it would be simpler and perhaps more accurate to consider them as
part of the holobiont, acknowledging their inherent dual status. Much in the same way as
taxonomy is an anthropomorphic desire to make sense of biodiversity, the conceptualization
of plants as biological units is merely our misinformed account of reality. The subject of
our discussion, according to the evidence presented, would be better understood as a plant
holobiont to fully capture the biological complexity found in nature.

The holobiont and hologenomic concepts have been slow to take hold in the field
of plant science compared to other disciplines in the life sciences [111]. For example, the
fields of coral biology and animal gut microbiology are readily describing their study
systems as holobionts [112,113]. Plant holobionts, like coral holobionts, are functionally
sessile in nature and thus heavily rely on their associated phytomicrobiomes [4]. In fact,
the field of plant-microbe interactions may perhaps be a misnomer in that it dichotomizes
the plant and phytomicrobiome into mutable units. This distinction is not meant to
undermine molecular studies that seek to tease apart plant-microbe interactions and are
key to understanding them as holobionts, but rather is a suggestion to utilize the concept
of the holobiont whenever possible.

Nevertheless, there are a few recent studies in which the plant and its phytomicro-
biome are viewed as a holobiont [114]. Experiments in plant ecology and evolution have
begun to incorporate the phytomicrobiome into their design; however the hosts and mi-
crobes are still considered as separate entities [115]. These research areas should be among
the first to incorporate the holobiont concept since evolutionary pressures act upon the
holobiont [111]. Another field of research that could greatly benefit from this concept is
plant agriculture. The booming field of microbial biostimulants, which aims to promote
plant growth while simultaneously reducing the application of synthetic fertilizers and
pesticides, often faces the recurring problem where successful laboratory and greenhouse
trials do not lead to increased crop yields in field trials [116,117]. The gnotobiotic condi-
tions of proof-of-concept experiments cannot accurately capture the complexity of crop
holobionts, let alone their role within the greater eco-holobiont. The plant sciences, and
especially the area of plant-microbe interactions, will need to make this paradigm shift in
order to fully and accurately incorporate -omics data which are becoming more accessible
to researchers seeking to decipher the natural world or have a positive impact on humanity.

Author Contributions: Conceptualization, D.L.S.; writing—original draft preparation and provision
of conceptual framework, D.L., J.Z,, M.N., A.P, CAST,LAM,MA,AS,NM,RB.and DLS,;
writing—reviewing and editing, D.L., J.Z., D.L.S. and R.B.; visualization, D.L. and J.Z. All authors
have read and agreed to the published version of the manuscript.



Microorganisms 2021, 9, 675 8 of 12

Funding: The authors would like to acknowledge the support for this review paper that was provided
through the Biomass Canada Cluster (BMC), which is funded through Agriculture and Agri-Food
Canada’s AgriScience program and industry partners, and also the Natural Science and Engineering
Research Council of Canada through grant number RGPIN 2020-07047.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Baedke, J.; Fabregas-Tejeda, A.; Delgado, A.N. The holobiont concept before Margulis. . Exp. Zool. Part B Mol. Dev. Evol. 2020,
334, 149-155. [CrossRef]

2. Bordenstein, S.R.; Theis, K.R. Host Biology in Light of the Microbiome: Ten Principles of Holobionts and Hologenomes. PLoS Biol.
2015, 13, €1002226. [CrossRef]

3.  Roughgarden, J.; Gilbert, S.E.; Rosenberg, E.; Zilber-Rosenberg, I.; Lloyd, E.A. Holobionts as Units of Selection and a Model of
Their Population Dynamics and Evolution. Biol. Theory 2018, 13, 44-65. [CrossRef]

4. Vandenkoornhuyse, P.; Quaiser, A.; Duhamel, M.; Le Van, A.; Dufresne, A. The importance of the microbiome of the plant
holobiont. New Phytol. 2015, 206, 1196-1206. [CrossRef]

5. Singh, B.K; Liu, H; Trivedi, P. Eco-holobiont: A new concept to identify drivers of host-associated microorganisms. Environ.
Microbiol. 2020, 22, 564-567. [CrossRef]

6. Cordovez, V.; Dini-Andreote, F.; Carrién, V.J.; Raaijmakers, ].M. Ecology and Evolution of Plant Microbiomes. Annu. Rev.
Microbiol. 2019, 73, 69-88. [CrossRef] [PubMed]

7. Queller, D.C.; Strassmann, J.E. Problems of multi-species organisms: Endosymbionts to holobionts. Biol. Philos. 2016, 31, 855-873.
[CrossRef]

8. Selosse, M.-A; Joyard, ]J. Symbiosis and Evolution: At the Origin of the Eukaryotic Cell. 2019. Available online: https://www.
encyclopedie-environnement.org/en/life/symbiosis-and-evolution-origin-eukaryotic-cell / (accessed on 15 December 2020).

9.  Ruiz-Mirazo, K,; Peretd, J.; Moreno, A. A Universal Definition of Life: Autonomy and Open-Ended Evolution. Orig. Life Evol.
Biosphere 2004, 34, 323-346. [CrossRef] [PubMed]

10. Nutman, A.P; Bennett, V.C.; Friend, C.R.L.; Van Kranendonk, M.J.; Chivas, A.R. Rapid emergence of life shown by discovery of
3,700-million-year-old microbial structures. Nat. Cell Biol. 2016, 537, 535-538. [CrossRef] [PubMed]

11.  Gray, M.W. Mosaic nature of the mitochondrial proteome: Implications for the origin and evolution of mitochondria. Proc. Natl.
Acad. Sci. USA 2015, 112,10133-10138. [CrossRef] [PubMed]

12.  Jensen, PE.; Leister, D. Chloroplast evolution, structure and functions. F1I000Prime Rep. 2014, 6, 40. [CrossRef]

13.  Gould, S.B.; Waller, R.E.; McFadden, G.I. Plastid Evolution. Annu. Rev. Plant Biol. 2008, 59, 491-517. [CrossRef] [PubMed]

14. Keeling, PJ. The endosymbiotic origin, diversification and fate of plastids. Philos. Trans. R. Soc. B Biol. Sci. 2010, 365, 729-748.
[CrossRef]

15. Chater, C.C; Caine, R.S.; Fleming, A.]J.; Gray, ].E. Origins and Evolution of Stomatal Development. Plant Physiol. 2017, 174,
624-638. [CrossRef] [PubMed]

16. Martin, W,; Rujan, T.; Richly, E.; Hansen, A.; Cornelsen, S.; Lins, T.; Leister, D.; Stoebe, B.; Hasegawa, M.; Penny, D. Evolutionary
analysis of Arabidopsis, cyanobacterial, and chloroplast genomes reveals plastid phylogeny and thousands of cyanobacterial
genes in the nucleus. Proc. Natl. Acad. Sci. USA 2002, 99, 12246-12251. [CrossRef]

17.  Tomitani, A. Origin and early evolution of chloroplasts. Paléontol. Res. 2006, 10, 283-297. [CrossRef]

18. Leister, D. Experimental evolution in photoautotrophic microorganisms as a means of enhancing chloroplast functions. Essays
Biochem. 2017, 62, 77-84. [CrossRef]

19. Kowallik, K.V. Origin and Evolution of Chloroplasts: Current Status and Future Perspectives. In Eukaryotism and Symbiosis; ].B.
Metzler: Stuttgart, Germany, 1997; pp. 3-23.

20. Ziehe, D.; Diinschede, B.; Schiinemann, D. From bacteria to chloroplasts: Evolution of the chloroplast SRP system. Biol. Chem.
2017, 398, 653-661. [CrossRef]

21. Knack, J.J.; Wilcox, L.W.; Delaux, P.-M.; Ané, J.-M.; Piotrowski, M.].; Cook, M.E.; Graham, ].M.; Graham, L.E. Microbiomes of
Streptophyte Algae and Bryophytes Suggest That a Functional Suite of Microbiota Fostered Plant Colonization of Land. Int. |.
Plant Sci. 2015, 176, 405-420. [CrossRef]

22.  Delaux, P.-M.; Schornack, S. Plant evolution driven by interactions with symbiotic and pathogenic microbes. Science 2021,
371, eaba6605. [CrossRef]

23. Hassani, M.A.; Ozkurt, E.; Seybold, H.; Dagan, T.; Stukenbrock, E.H. Interactions and Coadaptation in Plant Metaorganisms.

Annu. Rev. Phytopathol. 2019, 57, 483-503. [CrossRef] [PubMed]


http://doi.org/10.1002/jez.b.22931
http://doi.org/10.1371/journal.pbio.1002226
http://doi.org/10.1007/s13752-017-0287-1
http://doi.org/10.1111/nph.13312
http://doi.org/10.1111/1462-2920.14900
http://doi.org/10.1146/annurev-micro-090817-062524
http://www.ncbi.nlm.nih.gov/pubmed/31091418
http://doi.org/10.1007/s10539-016-9547-x
https://www.encyclopedie-environnement.org/en/life/symbiosis-and-evolution-origin-eukaryotic-cell/
https://www.encyclopedie-environnement.org/en/life/symbiosis-and-evolution-origin-eukaryotic-cell/
http://doi.org/10.1023/B:ORIG.0000016440.53346.dc
http://www.ncbi.nlm.nih.gov/pubmed/15068038
http://doi.org/10.1038/nature19355
http://www.ncbi.nlm.nih.gov/pubmed/27580034
http://doi.org/10.1073/pnas.1421379112
http://www.ncbi.nlm.nih.gov/pubmed/25848019
http://doi.org/10.12703/P6-40
http://doi.org/10.1146/annurev.arplant.59.032607.092915
http://www.ncbi.nlm.nih.gov/pubmed/18315522
http://doi.org/10.1098/rstb.2009.0103
http://doi.org/10.1104/pp.17.00183
http://www.ncbi.nlm.nih.gov/pubmed/28356502
http://doi.org/10.1073/pnas.182432999
http://doi.org/10.2517/prpsj.10.283
http://doi.org/10.1042/ebc20170010
http://doi.org/10.1515/hsz-2016-0292
http://doi.org/10.1086/681161
http://doi.org/10.1126/science.aba6605
http://doi.org/10.1146/annurev-phyto-082718-100008
http://www.ncbi.nlm.nih.gov/pubmed/31348865

Microorganisms 2021, 9, 675 9of 12

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.
47.

48.

49.

50.

51.

52.

Backer, R.; Rokem, J.S.; Ilangumaran, G.; Lamont, J.; Praslickova, D.; Ricci, E.; Subramanian, S.; Smith, D.L. Plant Growth-
Promoting Rhizobacteria: Context, Mechanisms of Action, and Roadmap to Commercialization of Biostimulants for Sustainable
Agriculture. Front. Plant Sci. 2018, 9, 1473. [CrossRef]

Lyu, D.; Backer, R.; Subramanian, S.; Smith, D.L. Phytomicrobiome Coordination Signals Hold Potential for Climate Change-
Resilient Agriculture. Front. Plant Sci. 2020, 11, 634. [CrossRef]

Sprent, J.; Raven, J. Evolution of nitrogen-fixing symbioses. Proc. R. Soc. Edinb. Sect. B Biol. Sci. 1985, 85, 215-237. [CrossRef]
Berman-Frank, I.; Lundgren, P.; Falkowski, P. Nitrogen fixation and photosynthetic oxygen evolution in cyanobacteria. Res.
Microbiol. 2003, 154, 157-164. [CrossRef]

Wang, D.; Xu, A.; Elmerich, C.; Ma, L.Z. Biofilm formation enables free-living nitrogen-fixing rhizobacteria to fix nitrogen under
aerobic conditions. ISME J. 2017, 11, 1602-1613. [CrossRef] [PubMed]

Divakar, PK.; Crespo, A.; Wedin, M.; Leavitt, S.D.; Hawksworth, D.L.; Myllys, L.; McCune, B.; Randlane, T.; Bjerke, ].W.; Ohmura,
Y.; et al. Evolution of complex symbiotic relationships in a morphologically derived family of lichen-forming fungi. New Phytol.
2015, 208, 1217-1226. [CrossRef] [PubMed]

Mahmud, K.; Makaju, S.; Ibrahim, R.; Missaoui, A. Current Progress in Nitrogen Fixing Plants and Microbiome Research. Plants
2020, 9, 97. [CrossRef] [PubMed]

Steenhoudt, O.; Vanderleyden, J. Azospirillum, a free-living nitrogen-fixing bacterium closely associated with grasses: Genetic,
biochemical and ecological aspects. FEMS Microbiol Rev. 2000, 24, 487-506. [CrossRef]

Orr, C.H.; James, A ; Leifert, C.; Cooper, ].M.; Cummings, S.P. Diversity and Activity of Free-Living Nitrogen-Fixing Bacteria and
Total Bacteria in Organic and Conventionally Managed Soils. Appl. Environ. Microbiol. 2010, 77, 911-919. [CrossRef]

DeLuca, T.; Drinkwater, L.; Wiefling, B.; DeNicola, D. Free-living nitrogen-fixing bacteria in temperate cropping systems: Influence
of nitrogen source. Biol. Fertil. Soils. 1996, 23, 140-144. [CrossRef]

Ow, M.C,; Gantar, M.; Elhai, J. Reconstitution of a cycad-cyanobacterial association. Symbiosis 1999, 27, 125-134.

Prity, S.A.; Sajib, S.A.; Das, U.; Rahman, M.; Haider, S.A.; Kabir, A.H. Arbuscular mycorrhizal fungi mitigate Fe deficiency
symptoms in sorghum through phytosiderophore-mediated Fe mobilization and restoration of redox status. Protoplasma 2020,
1-13. [CrossRef]

Zhang, L.; Shi, N.; Fan, J.; Wang, F; George, T.S.; Feng, G. Arbuscular mycorrhizal fungi stimulate organic phosphate mobilization
associated with changing bacterial community structure under field conditions. Environ. Microbiol. 2018, 20, 2639-2651. [CrossRef]
Simard, S.W. Mycorrhizal Networks Facilitate Tree Communication, Learning, and Memory. In Switching on Plant Innate Immunity
Signaling Systems; ].B. Metzler: Stuttgart, Germany, 2018; pp. 191-213.

Nanjundappa, A.; Bagyaraj, D.].; Saxena, A.K.; Kumar, M.; Chakdar, H. Interaction between arbuscular mycorrhizal fungi and
Bacillus spp. in soil enhancing growth of crop plants. Fungal Biol. Biotechnol. 2019, 6, 1-10. [CrossRef]

Hashem, A.; Abd_Allah, E.E; Alqarawi, A.A.; Al-Hugqail, A.A.; Wirth, S.; Egamberdieva, D. The interaction between arbuscular
mycorrhizal fungi and endophytic bacteria enhances plant growth of Acacia gerrardii under salt stress. Front. Microbiol. 2016,
7,1089. [CrossRef]

Singh, D.; Raina, T.K.; Kumar, A.; Singh, J.; Prasad, R. Plant microbiome: A reservoir of novel genes and metabolites. Plant. Gene
2019, 18, 100177. [CrossRef]

Nihorimbere, V.; Ongena, M.; Smargiassi, M.; Thonart, P. Beneficial effect of the rhizosphere microbial community for plant
growth and health. Biotechnol. Agron. Soc. Environ. 2011, 15, 327-337.

Chagas, F.O.; Pessotti, R.D.C.; Caraballo-Rodriguez, A.M.; Pupo, M.T. Chemical signaling involved in plant-microbe interactions.
Chem. Soc. Rev. 2018, 47, 1652-1704. [CrossRef]

Spaepen, S.; Vanderleyden, J. Auxin and Plant-Microbe Interactions. Cold Spring Harb. Perspect. Biol. 2010, 3, a001438. [CrossRef]
Spaepen, S.; Vanderleyden, J.; Remans, R. Indole-3-acetic acid in microbial and microorganism-plant signaling. FEMS Microbiol.
Rev. 2007, 31, 425-448. [CrossRef] [PubMed]

Persello-Cartieaux, F.; Nussaume, L.; Robaglia, C. Tales from the underground: Molecular. plant-rhizobacteria interactions. Plant,
Cell Environ. 2003, 26, 189-199. [CrossRef]

Zebelo, S.A. Decrypting Early Perception of Biotic Stress on Plants; ].B. Metzler: Stuttgart, Germany, 2020; pp. 577-592.

Nazari, M.; Smith, D.L. A PGPR-Produced Bacteriocin for Sustainable Agriculture: A Review of Thuricin 17 Characteristics and
Applications. Front. Plant Sci. 2020, 11, 916. [CrossRef]

Pascale, A.; Proietti, S.; Pantelides, L.S.; Stringlis, I.A. Modulation of the Root Microbiome by Plant Molecules: The Basis for
Targeted Disease Suppression and Plant Growth Promotion. Front. Plant Sci. 2020, 10, 1741. [CrossRef]

Van Peer, R.; Niemann, G.J.; Schippers, B. Induced Resistance and Phytoalexin Accumulation in Biological Control of Fusarium
Wilt of Carnation byPseudomonassp. Strain WCS417r. Phytopathology. 1991, 81, 728. [CrossRef]

Liu, H,; Brettell, L.E.; Qiu, Z.; Singh, B.K. Microbiome-Mediated Stress Resistance in Plants. Trends Plant Sci. 2020, 25, 733-743.
[CrossRef]

Boller, T.; Felix, G. A Renaissance of Elicitors: Perception of Microbe-Associated Molecular Patterns and Danger Signals by
Pattern-Recognition Receptors. Annu. Rev. Plant Biol. 2009, 60, 379-406. [CrossRef] [PubMed]

Beom-Ryong, K. Biocontrol of Tomato Fusarium Wilt by a Novel Genotype of 2,4-Diacetylphloroglucinol-producing Pseudomonas
sp. NJ134. Plant. Pathology. 2012, 28, 93-100.


http://doi.org/10.3389/fpls.2018.01473
http://doi.org/10.3389/fpls.2020.00634
http://doi.org/10.1017/S0269727000004036
http://doi.org/10.1016/S0923-2508(03)00029-9
http://doi.org/10.1038/ismej.2017.30
http://www.ncbi.nlm.nih.gov/pubmed/28338674
http://doi.org/10.1111/nph.13553
http://www.ncbi.nlm.nih.gov/pubmed/26299211
http://doi.org/10.3390/plants9010097
http://www.ncbi.nlm.nih.gov/pubmed/31940996
http://doi.org/10.1111/j.1574-6976.2000.tb00552.x
http://doi.org/10.1128/AEM.01250-10
http://doi.org/10.1007/BF00336054
http://doi.org/10.1007/s00709-020-01517-w
http://doi.org/10.1111/1462-2920.14289
http://doi.org/10.1186/s40694-019-0086-5
http://doi.org/10.3389/fmicb.2016.01089
http://doi.org/10.1016/j.plgene.2019.100177
http://doi.org/10.1039/C7CS00343A
http://doi.org/10.1101/cshperspect.a001438
http://doi.org/10.1111/j.1574-6976.2007.00072.x
http://www.ncbi.nlm.nih.gov/pubmed/17509086
http://doi.org/10.1046/j.1365-3040.2003.00956.x
http://doi.org/10.3389/fpls.2020.00916
http://doi.org/10.3389/fpls.2019.01741
http://doi.org/10.1094/Phyto-81-728
http://doi.org/10.1016/j.tplants.2020.03.014
http://doi.org/10.1146/annurev.arplant.57.032905.105346
http://www.ncbi.nlm.nih.gov/pubmed/19400727

Microorganisms 2021, 9, 675 10 of 12

53.

54.

55.

56.
57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Armin, E.; Massimiliano, C.; Rita, G.; Martin, G.; Gabriele, B. The impact of the pathogen Rhizoctonia solani and its beneficial
counterpart Bacillus amyloliquefaciens on the indigenous lettuce microbiome. Front. Microbiol. 2014, 5, 175.

Weerakoon, D.M.; Reardon, C.L.; Paulitz, T.C.; Izzo, A.D.; Mazzola, M. Long-term suppression of Pythium abappressorium
induced by Brassica juncea seed meal amendment is biologically mediated. Soil. Biol. Biochem. 2012, 51, 44-52. [CrossRef]
Lixiang, C.; Zhiqji, Q.; Jianlan, Y.; Hongming, T.; Shining, Z. Isolation and characterization of endophytic streptomycete antagonists
of fusarium wilt pathogen from surface-sterilized banana roots. FEMS Microbiol Lett. 2005, 247, 147-152.

Eva-Marie, M.; Matin, Q. Organic Agriculture, Food Security, and the Environment. Annu. Rev. Resour. Econ. 2018, 10, 39-63.
Weller, D.M. Biological Control of Soilborne Plant Pathogens in the Rhizosphere with Bacteria. Annu. Rev. Phytopathol. 1988, 26,
379-407. [CrossRef]

Cook, R.J.; Thomashow, L.S.; Weller, D.M.; Fujimoto, D.; Mazzola, M.; Bangera, G.; Kim, D.-S. Molecular mechanisms of defense
by rhizobacteria against root disease. Proc. Natl. Acad. Sci. USA 1995, 92, 4197-4201. [CrossRef] [PubMed]

Jo, H.; Eric, V.S. Biocontrol of Soilborne Plant Pathogens. Plant Cell 1996, 8, 1855.

Jérémy, B.; Nicolas, H.; Mourad, E.; Isabelle, ].S.; Gaétan, L.A.M.; Anne-Marie, A.-G. Pyochelin, a siderophore of Pseudomonas
aeruginosa: Physicochemical characterization of the iron(iii), copper(ii) and zinc(ii) complexes. Dalton Trans. 2012, 41, 2820.
Timothy, C.J.; Elizabeth, M.N. Beyond iron: Non-classical biological functions of bacterial siderophores. Dalton Trans. 2015, 44,
6320-6339.

Carla, A.S.; Venkatachalam, L.; Nicole, D.; Harsh, P.B. Crucial Roles of Abscisic Acid Biogenesis in Virulence of Rice Blast Fungus
Magnaporthe oryzae. Front. Plant Sci. 2015, 6, 1082.

Hafiz Abdul Samad, T.; Qin, G.; Huijun, W.; Yuedi, N.; Rong, H.; Xuewen, G. Bacillus volatiles adversely affect the physiology
and ultra-structure of Ralstonia solanacearum and induce systemic resistance in tobacco against bacterial wilt. Sci. Rep. 2017,
7,40481.

Alexandre, J.; Wiebke, S.; Stefan, S.; Nico, E. Intraspecific genotypic richness and relatedness predict the invasibility of microbial
communities. ISME J. 2011, 5, 1108-1114.

Elsas, ].D.V,; Chiurazzi, M.; Mallon, C.A.; Elhottova, D.; Kristtfek, V.; Salles, ].E. Microbial diversity determines the invasion of
soil by a bacterial pathogen. Proc. Natl. Acad. Sci. USA 2012, 109, 1159-1164. [CrossRef]

Cao, Y,; Tian, Y.; Gao, Y.; Li, J. Microbial Diversity in Compost is Critical in Suppressing Plant Fungal Pathogen Survival and
Enhancing Cucumber Seedling Growth. Compos. Sci. Util. 2018, 26, 189-200. [CrossRef]

Lilia, C.C,; Paul, G.D.; Dayakar, V.B.; Brendan, N.K.; Jorge, M.V.; Peer, M.S. Linking Jasmonic Acid Signaling, Root Exudates, and
Rhizosphere Microbiomes. Mol. Plant Microbe Interact. 2015, 28, 1049-1058.

Lilia, C.C.; Paul, G.D.; Dayakar, V.B.; Gene, W.T.; Jorge, M.V.; Peer, M.S. Activation of the Jasmonic Acid Plant Defence Pathway
Alters the Composition of Rhizosphere Bacterial Communities. PLoS ONE 2013, 8, e56457.

Kerdraon, L.; Barret, M.; Laval, V,; Suffert, F. Differential dynamics of microbial community networks help identify microorgan-
isms interacting with residue-borne pathogens: The case of Zymoseptoria tritici in wheat. Microbiome 2019, 7, 125. [CrossRef]
[PubMed]

Tomislav, C.; Henry, M.; Ines, A.A.; Martin, G.; Gabriele, B. Analyzing the antagonistic potential of the lichen microbiome against
pathogens by bridging metagenomic with culture studies. Front. Microbiol. 2015, 6, 620.

Ralf, L.; Louise, C.; Grace, S.T.; Jeronimo, C.R.; Jochen, B.; Elvira, C.A.H.; Hilario, C.M.; de Vieira, M.Q. Genome analysis reveals
insights of the endophytic Bacillus toyonensis BAC3151 as a potentially novel agent for biocontrol of plant pathogens. World |.
Microbiol. Biotechnol. 2017, 33, 185.

da Costa, J.L.C.; John, A.M.; Willian, L.C. Biological control of Phytophthora root rot of avocato with microorganisms grown in
organic mulches. Braz. |. Microbiol. 2000, 31, 239-246. [CrossRef]

Shakhawat, H.; Goran, B.; Robert, G.; Kerstin, B.; Anna, M.; Sara, H.; Paula, P. Brassicaceae cover crops reduce Aphanomyces pea
root rot without suppressing genetic potential of microbial nitrogen cycling. Plant Soil 2015, 392, 227-238.

Antunes, L.P; Martins, L.E; Pereira, R.V.; Thomas, A.M.; Barbosa, D.; Lemos, L.N.; Silva, G.M.M.; Moura, L.M.S.; Epamino, G.W.C,;
Digiampietri, L.A. Microbial community structure and dynamics in thermophilic composting viewed through metagenomics and
metatranscriptomics. Sci. Rep. 2016, 6, 38915. [CrossRef]

Mout, D.V,; Piyush, P; Thomas, D.B.; Adithi, R.V.; Christian, H.A.; Laure, W.; Aurélien, B. Volatile Organic Compounds from
Native Potato-associated Pseudomonas as Potential Anti-oomycete Agents. Front. Microbiol. 2015, 6, 1295.

Mulero-Aparicio, A.; Cernava, T.; Turra, D.; Schaefer, A.; Pietro, A.D.; Escudero, FJ.L.; Trapero, A.; Berg, G. The role of volatile
organic compounds and rhizosphere competence in the mode of action of the non-pathogenic Fusarium oxysporum FO12 towards
Verticillium wilt. Front Microbiol. 2019, 10, 1808. [CrossRef]

Ali, S.; Chaudhary, A.; Rizwan, M.; Anwar, H.T.; Adrees, M.; Farid, M.; Irshad, M.K.; Hayat, T.; Anjum, S.A. Alleviation of
chromium toxicity by glycinebetaine is related to elevated antioxidant enzymes and suppressed chromium uptake and oxidative
stress in wheat (Triticum aestivum L.). Environ. Sci. Pollut. Res. 2015, 22, 10669-10678. [CrossRef]

Mhlongo, M.L; Piater, L.A.; Madala, N.E.; Labuschagne, N.; Dubery, I.A. The chemistry of plant-microbe interactions in the
rhizosphere and the potential for metabolomics to reveal signaling related to defense priming and induced systemic resistance.
Front. Plant Sci. 2018, 9, 112. [CrossRef] [PubMed]

Weisskopf, L.; Schulz, S.; Garbeva, P. Microbial volatile organic compounds in intra-kingdom and inter-kingdom interactions.
Nat. Rev. Microbiol. 2021, 1-14.


http://doi.org/10.1016/j.soilbio.2012.03.027
http://doi.org/10.1146/annurev.py.26.090188.002115
http://doi.org/10.1073/pnas.92.10.4197
http://www.ncbi.nlm.nih.gov/pubmed/11607544
http://doi.org/10.1073/pnas.1109326109
http://doi.org/10.1080/1065657X.2018.1438933
http://doi.org/10.1186/s40168-019-0736-0
http://www.ncbi.nlm.nih.gov/pubmed/31470910
http://doi.org/10.1590/S1517-83822000000400002
http://doi.org/10.1038/srep38915
http://doi.org/10.3389/fmicb.2019.01808
http://doi.org/10.1007/s11356-015-4193-4
http://doi.org/10.3389/fpls.2018.00112
http://www.ncbi.nlm.nih.gov/pubmed/29479360

Microorganisms 2021, 9, 675 11 of 12

80.
81.
82.
83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.
111.

Liu, H.; Brettell, L.E. Plant defense by VOC-induced microbial priming. Trends Plant Sci. 2019, 24, 187-189. [CrossRef] [PubMed]
Fincheira, P.; Quiroz, A. Microbial volatiles as plant growth inducers. Microbiol. Res. 2018, 208, 63-75. [CrossRef] [PubMed]
Jeffrey, M.]. What is the hologenome concept of evolution? FIOOOResearch 2018, 7, F1000 Faculty Rev-1664. [CrossRef]

Bhatt, P.; Verma, A.; Verma, S.; Anwar, M.; Prasher, P.; Mudila, H.; Chen, S. Understanding phytomicrobiome: A potential
reservoir for better crop management. Sustainability 2020, 12, 5446. [CrossRef]

Hu, L.; Robert, C.A.; Cadot, S.; Zhang, X.; Ye, M,; Li, B.; Manzo, D.; Chervet, N.; Steinger, T.; Van Der Heijden, M.G. Root exudate
metabolites drive plant-soil feedbacks on growth and defense by shaping the rhizosphere microbiota. Nat. Commun. 2018, 9, 1-13.
[CrossRef] [PubMed]

Mabherali, H.; Oberle, B.; Stevens, P.F.; Cornwell, WK_; McGlinn, D.J. Mutualism persistence and abandonment during the
evolution of the mycorrhizal symbiosis. Am. Nat. 2016, 188, E113-E125. [CrossRef] [PubMed]

Werner, G.D.; Cornwell, WK_; Sprent, J.L; Kattge, J.; Kiers, E.T. A single evolutionary innovation drives the deep evolution of
symbiotic N 2-fixation in angiosperms. Nat. Commun. 2014, 5, 1-9. [CrossRef]

Coba de la Pefia, T.; Fedorova, E.; Pueyo, ].J.; Lucas, M.M. The symbiosome: Legume and rhizobia co-evolution toward a
nitrogen-fixing organelle? Front. Plant Sci. 2018, 8, 2229. [CrossRef]

Blouin, M. Chemical communication: An evidence for co-evolution between plants and soil organisms. Appl. Soil Ecol. 2018, 123,
409-415. [CrossRef]

Zilber-Rosenberg, I.; Rosenberg, E. Role of microorganisms in the evolution of animals and plants: The hologenome theory of
evolution. FEMS Microbiol. Rev. 2008, 32, 723-735. [CrossRef]

Lloyd, E.A.; Wade, M.]. Criteria for holobionts from community genetics. Biol. Theory 2019, 14, 151-170. [CrossRef]
Dini-Andreote, F.; Raaijmakers, ]. M. Embracing community ecology in plant microbiome research. Trends Plant Sci. 2018, 23,
467-469. [CrossRef] [PubMed]

Fitzpatrick, C.R.; Salas-Gonzalez, I.; Conway, ].M.; Finkel, O.M.; Gilbert, S.; Russ, D.; Teixeira, PJ.P.L.; Dang]l, J.L. The Plant
Microbiome: From Ecology to Reductionism and Beyond. Annu. Rev. Microbiol. 2020, 74, 81-100. [CrossRef] [PubMed]

Baltrus, D.A. Adaptation, specialization, and coevolution within phytobiomes. Curr. Opin. Plant Biol. 2017, 38, 109-116. [CrossRef]
[PubMed]

Foster, K.R.; Schluter, ].; Coyte, K.Z.; Rakoff-Nahoum, S. The evolution of the host microbiome as an ecosystem on a leash. Nature
2017, 548, 43-51. [CrossRef] [PubMed]

Sudrez, J.; Stencel, A. A part-dependent account of biological individuality: Why holobionts are individuals and ecosystems
simultaneously. Biol. Rev. 2020, 95, 1308-1324. [CrossRef] [PubMed]

Trivifio, V.; Suarez, J. Holobionts: Ecological communities, hybrids, or biological individuals? A metaphysical perspective on
multispecies systems. Stud. Hist. Philos. Sci. C 2020, 84, 101323. [CrossRef] [PubMed]

Carthey, A.].; Blumstein, D.T.; Gallagher, R.V.; Tetu, S.G.; Gillings, M.R. Conserving the holobiont. Funct. Ecol. 2020, 34, 764-776.
[CrossRef]

Sudrez, J.; Trivifio, V. What is a hologenomic adaptation? Emergent individuality and inter-identity in multispecies systems.
Front. Psychol. 2020, 11, 187. [CrossRef] [PubMed]

Finan, T.M. Evolving insights: Symbiosis islands and horizontal gene transfer. |. Bacteriol. 2002, 184, 2855-2856. [CrossRef]
[PubMed]

Berg, G.; Rybakova, D.; Fischer, D.; Cernava, T.; Verges, M.-C.C.; Charles, T.; Chen, X.; Cocolin, L.; Eversole, K.; Corral, G.H.
Microbiome definition re-visited: Old concepts and new challenges. Microbiome 2020, 8, 1-22.

Ofaim, S.; Ofek-Lalzar, M.; Sela, N.; Jinag, J.; Kashi, Y.; Minz, D.; Freilich, S. Analysis of microbial functions in the rhizosphere
using a metabolic-network based framework for metagenomics interpretation. Front. Microbiol. 2017, 8, 1606. [CrossRef]
[PubMed]

Randle-Boggis, R.J.; Helgason, T.; Sapp, M.; Ashton, P.D. Evaluating techniques for metagenome annotation using simulated
sequence data. FEMS Microbiol. Ecol. 2016, 92, fiw095. [CrossRef]

Nesme, J.; Achouak, W.; Agathos, S.N.; Bailey, M.; Baldrian, P.; Brunel, D.; Frostegard, A.; Heulin, T; Jansson, J.K.; Jurkevitch, E.
Back to the future of soil metagenomics. Front. Microbiol. 2016, 7, 73. [CrossRef]

Liu, H.; Macdonald, C.A.; Cook, J.; Anderson, I.C.; Singh, B.K. An ecological loop: Host microbiomes across multitrophic
interactions. Trends Ecol. Evol. 2019, 34, 1118-1130. [CrossRef] [PubMed]

Kumar, A.; Dubey, A. Rhizosphere microbiome: Engineering bacterial competitiveness for enhancing crop production. Adv. Res.
2020, 24, 337-352. [CrossRef]

Steen, A.D.; Crits-Christoph, A.; Carini, P.; DeAngelis, K.M.; Fierer, N.; Lloyd, K.G.; Thrash, J.C. High proportions of bacteria and
archaea across most biomes remain uncultured. ISME J. 2019, 13, 3126-3130. [CrossRef] [PubMed]

Martiny, A.C. High proportions of bacteria are culturable across major biomes. ISME J. 2019, 13, 2125-2128. [CrossRef]

Epstein, S. The phenomenon of microbial uncultivability. Curr. Opin. Microbiol. 2013, 16, 636—-642. [CrossRef]

Lewis, K.; Epstein, S.; D’onofrio, A.; Ling, L.L. Uncultured microorganisms as a source of secondary metabolites. ]. Antibiot. 2010,
63, 468-476. [CrossRef]

Stewart, E. Growing unculturable bacteria. J. Bacteriol. 2012, 194, 4151-4160. [CrossRef] [PubMed]

Rosenberg, E.; Zilber-Rosenberg, I. The hologenome concept of evolution after 10 years. Microbiome 2018, 6, 1-14. [CrossRef]


http://doi.org/10.1016/j.tplants.2019.01.008
http://www.ncbi.nlm.nih.gov/pubmed/30738790
http://doi.org/10.1016/j.micres.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29551213
http://doi.org/10.12688/f1000research.14385.1
http://doi.org/10.3390/su12135446
http://doi.org/10.1038/s41467-018-05122-7
http://www.ncbi.nlm.nih.gov/pubmed/30013066
http://doi.org/10.1086/688675
http://www.ncbi.nlm.nih.gov/pubmed/27788343
http://doi.org/10.1038/ncomms5087
http://doi.org/10.3389/fpls.2017.02229
http://doi.org/10.1016/j.apsoil.2017.10.028
http://doi.org/10.1111/j.1574-6976.2008.00123.x
http://doi.org/10.1007/s13752-019-00322-w
http://doi.org/10.1016/j.tplants.2018.03.013
http://www.ncbi.nlm.nih.gov/pubmed/29655918
http://doi.org/10.1146/annurev-micro-022620-014327
http://www.ncbi.nlm.nih.gov/pubmed/32530732
http://doi.org/10.1016/j.pbi.2017.04.023
http://www.ncbi.nlm.nih.gov/pubmed/28545003
http://doi.org/10.1038/nature23292
http://www.ncbi.nlm.nih.gov/pubmed/28770836
http://doi.org/10.1111/brv.12610
http://www.ncbi.nlm.nih.gov/pubmed/32406121
http://doi.org/10.1016/j.shpsc.2020.101323
http://www.ncbi.nlm.nih.gov/pubmed/32788054
http://doi.org/10.1111/1365-2435.13504
http://doi.org/10.3389/fpsyg.2020.00187
http://www.ncbi.nlm.nih.gov/pubmed/32194470
http://doi.org/10.1128/JB.184.11.2855-2856.2002
http://www.ncbi.nlm.nih.gov/pubmed/12003923
http://doi.org/10.3389/fmicb.2017.01606
http://www.ncbi.nlm.nih.gov/pubmed/28878756
http://doi.org/10.1093/femsec/fiw095
http://doi.org/10.3389/fmicb.2016.00073
http://doi.org/10.1016/j.tree.2019.07.011
http://www.ncbi.nlm.nih.gov/pubmed/31422890
http://doi.org/10.1016/j.jare.2020.04.014
http://doi.org/10.1038/s41396-019-0484-y
http://www.ncbi.nlm.nih.gov/pubmed/31388130
http://doi.org/10.1038/s41396-019-0410-3
http://doi.org/10.1016/j.mib.2013.08.003
http://doi.org/10.1038/ja.2010.87
http://doi.org/10.1128/JB.00345-12
http://www.ncbi.nlm.nih.gov/pubmed/22661685
http://doi.org/10.1186/s40168-018-0457-9

Microorganisms 2021, 9, 675 12 of 12

112.

113.

114.

115.

116.

117.

Goulet, T.L.; Erill, I.; Ascunce, M.S.; Finley, S.J.; Javan, G.T. Conceptualization of the holobiont paradigm as it pertains to corals.
Front. Physiol. 2020, 11, 1156. [CrossRef] [PubMed]

Singh, Y.; Ahmad, J.; Musarrat, J.; Ehtesham, N.Z.; Hasnain, S.E. Emerging importance of holobionts in evolution and in probiotics.
Gut Pathog. 2013, 5, 1-8. [CrossRef]

Ravanbakhsh, M.; Kowalchuk, G.A.; Jousset, A. Targeted plant hologenome editing for plant trait enhancement. New Phytol.
2020, 229, 1067-1077. [CrossRef] [PubMed]

Thiergart, T.; Duran, P; Ellis, T.; Vannier, N.; Garrido-Oter, R.; Kemen, E.; Roux, F.; Alonso-Blanco, C.; Agren, J.; Schulze-Lefert, .
Root microbiota assembly and adaptive differentiation among European Arabidopsis populations. Nat. Ecol. Evol. Dev. 2020, 4,
122-131. [CrossRef] [PubMed]

Sessitsch, A.; Pfaffenbichler, N.; Mitter, B. Microbiome applications from Lab to Field: Facing complexity. Trends Plant Sci. 2019,
24,194-198. [CrossRef] [PubMed]

Parnell, ].].; Berka, R.; Young, H.A ; Sturino, ].M.; Kang, Y.; Barnhart, D.; DiLeo, M.V. From the lab to the farm: An industrial
perspective of plant beneficial microorganisms. Front. Plant Sci. 2016, 7, 111. [CrossRef] [PubMed]


http://doi.org/10.3389/fphys.2020.566968
http://www.ncbi.nlm.nih.gov/pubmed/33071821
http://doi.org/10.1186/1757-4749-5-12
http://doi.org/10.1111/nph.16867
http://www.ncbi.nlm.nih.gov/pubmed/32772380
http://doi.org/10.1038/s41559-019-1063-3
http://www.ncbi.nlm.nih.gov/pubmed/31900452
http://doi.org/10.1016/j.tplants.2018.12.004
http://www.ncbi.nlm.nih.gov/pubmed/30670324
http://doi.org/10.3389/fpls.2016.01110
http://www.ncbi.nlm.nih.gov/pubmed/27540383

	Introduction 
	The Plant Holobiont and Its Functional Phytomicrobiome 
	The Endosymbiosis of Prokaryotes and the Rise of Plant Holobionts 
	The Phytomicrobiome and the Transition of Plant Holobionts to Terrestrial Environments 
	Beneficial Microbes Help Plant Holobionts Acquire Nutrients 
	Microbial Phytohormone Production Promotes Plant Holobiont Growth and Stress Resistance 
	Phytomicrobiomes as Biocontrol Agents 


	The Evolution of Plant Holobionts 
	Unculturable Microbes: The Hidden Fraction of the Plant Holobiont 
	Conclusions 
	References

