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Plant rhizospheres encompass a dynamic zone of interactions between microorganisms
and their respective plant hosts. For decades, researchers have worked to
understand how these complex interactions influence different aspects of plant growth,
development, and evolution. Studies of plant-microbial interactions in the root zone
have typically focused on the effect of single microbial species or strains on a plant
host. These studies, however, provide only a snapshot of the complex interactions that
occur in the rhizosphere, leaving researchers with a limited understanding of how the
complex microbiome influences the biology of the plant host. To better understand how
rhizosphere interactions influence plant growth and development, novel frameworks
and research methodologies could be implemented. In this perspective, we propose
applying concepts in evolutionary biology to microbiome experiments for improved
understanding of group-to-group and community-level microbial interactions influencing
soil nutrient cycling. We also put forth simple experimental designs utilizing -omics
techniques that can reveal important changes in the rhizosphere impacting the plant
host. A greater focus on the components of complexity of the microbiome and how
these impact plant host biology could yield more insight into previously unexplored
aspects of host-microbe biology relevant to crop production and protection.
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INTRODUCTION

With growing interest in host-microbe biology, a mixture of new and re-established terms have
been developed in recent years to describe complex associations of organisms that are heritable.
The concept of the “holobiont” and its “hologenome” (i.e., a host and all of its microbial symbionts,
and consequently, the collective genomes of the adaptive unit) (Rosenberg and Zilber-Rosenberg,
2016) signify the potential for natural selection to act, not only on the individual, but also on its
suite of associations with its microbial members. While much of the discussion on the holobiont–
hologenome theory has focused on animals and their microbiomes, the concept appropriately
extends to plants and their associated microbiomes.

There is an extensive history of research detailing the co-evolutionary forces dually acting on
plants and their microbial symbionts. For example, research on vesicular-arbuscular mycorrhiza
(VAM) has suggested that the highly beneficial symbiosis between the plant root and fungal
symbiont has driven the diversification of plant root morphology as well as VAM structure and
function (Brundrett, 2002). In addition, decades of legume research suggest that interactions,
such as plant sanctions against nitrogen-fixing rhizobia, are largely what help stabilize the easily
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compromised legume-rhizobium mutualism (Masson-Boivin
and Sachs, 2017). In more recent years, the advent of next-
generation sequencing and other -omics tools has generated
interest in better understanding how more complex associations
between plants and their microbiome, termed the “phytobiome”
(Leach et al., 2017), play a role in plant fitness, as well as plant
health, growth, and development.

Similar to animal microbiomes, different compartments of
a plant can harbor functionally and taxonomically distinct sets
of microbiomes—these include the phyllosphere microbiome
encompassing the aboveground parts of plants, root, and shoot
endophytes (microbiomes colonizing root and shoot tissues),
and the rhizosphere microbiome that inhabits soil surrounding
plant roots and adhering to root surfaces (Turner et al.,
2013). Although the rhizosphere is not a plant organ or a
physically intact compartment of the plant, this narrow band
of soil surrounding roots harbors a tremendous diversity of
microorganisms that are free-living or intricately linked to
their plant hosts (Mendes et al., 2013). The root zone is an
environment that is heavily enriched in compounds that are
secreted by both plants and microorganisms, and play a key
role in maintaining plant-microbe interactions (Badri et al.,
2009). The exudates include sugars, complex polysaccharides,
amino acids, proteins, and a multitude of secondary metabolites
(Badri et al., 2009). An important component of these
compounds includes signaling of host-microbe and microbe-
microbe interactions (Venturi and Keel, 2016). With hundreds
of different microbial taxa inhabiting a plant’s rhizosphere, the
possibilities of interactions shaping nutrient dynamics impacting
plant growth are expansive. In this perspective, we discuss the
background research on community evolution and genetics that
are applicable to rhizosphere controls on nutrient cycling. We
then propose conceptual ideas for experiments that explicitly
test group-level dynamics in rhizospheres that can be targeted to
alter nutrient capture and utilization processes impacting plant
performance.

A NOVEL FRAMEWORK FOR
UNDERSTANDING RHIZOSPHERE
MICROBIOMES

While it appears overwhelming to study complex interactions
between a microbiome and its host plant, there is growing interest
in broadening the concept of heritability to be inclusive of a
host and its microbiome (van Opstal and Bordenstein, 2015).
It is conceivable that a plant’s rhizosphere microbiome is an
ecological unit with heritable traits, although it is explicitly
a physical extension of the host because it involves the soil
habitat surrounding roots and not an intact unit of a plant.
This concept of an “extended phenotype” is not new, but
is derived from the concept proposed by Dawkins (1982)
that states an organism’s phenotype should extend from its
cellular components to its environment. Examples of extended
phenotypes include manipulation of an organism’s physical
environment and alterations to behaviors, both of which can start
at the gene-level. Other concepts in evolutionary biology propose

a broader view that heritability is shaped at multiple levels beyond
the individual, such that natural selection acts on ecological units
beyond the individual. Perhaps one of the most salient among
them is the concept of multilevel selection, which is often referred
to as group selection.

Multilevel selection can be defined as natural selection acting
on whole groups of organisms in addition to individuals, as
initially proposed by Darwin (Wilson and Wilson, 2008). During
the latter half of the 20th century, many evolutionary biologists
applied this concept to study the evolution of organisms,
such as insects, small mammals, and humans (Wilson and
Wilson, 2008). While the framework typically has been used
to study animals, very little work has been done to examine
how the concept may extend to plants and their associated
microbiomes. Applying the concept to the plant rhizosphere
could help to elucidate the complex interactions occurring in
microbe-microbe and microbe-plant networks that can be acted
upon by natural and artificial selection at multiple levels. The
application of this concept to microbiome science may be
especially worthwhile given the types of selective pressures that
dictate microbial density-dependent rhizosphere processes, such
as nutrient cycling.

A key tenant of multilevel selection theory is that selection
not only acts on individuals, but can act on multiple levels of
organization across biological units to influence the observed
phenotype (Figure 1) (Wilson and Wilson, 2008). A classic
example includes cooperative sharing of a common resource
such as food within a group. Evolutionary biologists have long
questioned how cooperative resource sharing could arise within a
group, given that cooperation can lower one’s fitness according
to the classic selfish-gene view (Sachs et al., 2004). In the case
of resource sharing among members of a group, those who
utilize the resource in an uncooperative manner, sometimes
referred to as “cheaters,” can circumvent paying the price of
cooperation while reaping the benefits of utilizing the resource,
thereby increasing their own fitness (Riehl and Frederickson,
2016). Such a scenario could ultimately lead to a “tragedy of
the commons” (Waite and Shou, 2012). Studies of microbial
populations, however, have shown that groups of cooperative
individuals could arise and outcompete cheaters if certain
group-level selective pressures determine fitness outcomes at
the population or community level (MacLean and Gudelj, 2006;
Boyle et al., 2012; Allen and Nowak, 2013).

In the case of the plant rhizosphere, individual and group-level
selective pressures constantly interact to shape the phenotype of
the rhizosphere, although this is often overlooked when focusing
on classical symbiosis studies. If perceptions of symbiosis
expand to encompass multiple partnerships, including dozens
of microbial taxa, it is then suitable to test the effect of group
dynamics on nutrient cycling in the rhizosphere influencing plant
growth. A plant growing in nitrogen-limited soils could gain a
fitness advantage over competitors by enriching its rhizosphere
for microbial communities that enhance nutrient capture and
utilization capabilities (DeAngelis et al., 2009; Kao-Kniffin and
Balser, 2010; Panke-Buisse et al., 2015).

For example, actively growing roots could signal for
microorganisms that are capable of producing extracellular
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FIGURE 1 | Applying group-level concepts in evolutionary biology to the study of microbiomes. A key tenant of multilevel selection theory is that selection not only
acts on individuals, but can act on multiple levels of organization across biological units to influence the observed phenotype. For microbiota inhabiting rhizospheres,
selection can act on different levels of organization (including simultaneously) consisting of genes, individuals, cells, groups, and the holobiont (i.e., plant host with its
extended microbiome). The figure is adapted from Wilson and Wilson (2008).

enzymes that release nitrogen bound in soil organic matter
(Jacoby et al., 2017; Lemanceau et al., 2017). For prokaryotes,
these mineralization processes are density-dependent and need
a quorum of producers to sufficiently access key nutrients in
soil (DeAngelis et al., 2008). The groups of producers are
not kin-based and can be formed from taxonomically diverse
microbiota if they have the ability to biosynthetically produce
the specific enzymes that are secreted into the soil. In this
scenario, selection could favor microhabitats in rhizospheres
that promote coordinated group behaviors that enhance plant
access to nitrogen or phosphorus upon cell turnover, while
the microorganisms benefit from having an abundant supply
of carbon and other nutrients from plant roots (Figure 2).
While the example illustrates how group dynamics at multiple
levels of organization impact the fitness of the plant host,
the microbial community, and specific individuals or related
cells, the interaction has posed a significant challenge to test
experimentally until recent years.

There are many more components to nutrient cycling that are
microbially mediated, with potential group dynamics influencing
plant growth. For example, microorganisms such as rhizobia
and certain free-living diazotrophs can form groups that fix
atmospheric nitrogen through metabolic processes and make the
nutrient readily available for plant uptake (Santi et al., 2013;
Oldroyd and Dixon, 2014; Mus et al., 2016). In addition, certain
microbial taxa are known to mobilize phosphorus in the soil via
the production of extracellular compounds and enzymes, which
increases phosphorus availability for plant use (Vessey, 2003;
Adnan et al., 2017; Alori et al., 2017). Other important plant
nutrients, such as iron, can be made into plant available forms
by groups of unrelated microbial taxa, through the production
of compounds such as siderophores (Vessey, 2003; Radzki et al.,

2013). Coordinated groups of microorganisms may also enhance
plant nutrient uptake through more indirect mechanisms, such
as stimulating root growth via phytohormone production, which
can increase plant access to essential nutrients (Adesemoye and
Kloepper, 2009).

OBSERVING MULTIPLE LEVELS OF
SELECTION IN THE PLANT
RHIZOSPHERE

The application of multilevel selection theory to rhizosphere
processes, such as nutrient cycling, offers researchers an
opportunity to understand how multiple levels of selection shape
a plant’s microbiome. Experimental tests of group dynamics
in the rhizosphere impacting a plant phenotype are needed
to help us understand the role of complex associations of
microorganisms in determining plant growth, development,
and fitness. In this section, we propose three concepts for
experimental designs that could aid in elucidating the role of the
rhizosphere microbiome in impacting various plant phenotypes
via alterations in nutrient cycling processes.

Microbial Experimental Systems and
Network Analysis
Microbial experimental systems, have allowed researchers to
document shifts in population structure or adaptive changes
in organisms over time (Jessup et al., 2005). The experiments
were typically conducted under highly controlled conditions
involving paired comparisons of cultivated bacterial strains or
lower eukaryotes, to reveal outcomes of interactions. While
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FIGURE 2 | Enrichment of microbial groups in plant rhizospheres grown under nitrogen-limited soils. The illustrations depict a scenario in which bacteria form groups
within the rhizosphere, with members that produce a specific extracellular enzyme (e.g., N-Acetyl glucoseaminidase, NAGase) targeting a particular substrate (e.g.,
chitin). Nitrogen that was bound to soil organic matter comprised of chitin is mineralized and captured by nearby microorganisms. Upon microbial cell turnover, these
hotspots of inorganic nitrogen can be intercepted by actively growing plant roots. It is conceivable that plants and groups of microorganisms have formed complex
associations that can be adaptive under resource limitation. Applying multilevel selection theory to microbiome studies could reveal novel cross-kingdom signaling
mechanisms that challenge traditionally defined units of heritability.

the greatest utility of microbial experimental systems is the
ability to control for environmental and biological variables
that mask potential microbe-microbe interactions, hierarchies
of complexity can be introduced into the system to reveal
more dynamic interactions. In recent years, a small number
of these experimental systems were developed to evaluate
how changes in complex soil microbiomes can influence
the biology of a plant following generations of selection
for microbiota associated with the plant trait. For example,
work by Swenson et al. (2000) demonstrated that the above-
ground biomass of Arabidopsis thaliana could be enhanced
by artificially selecting for rhizosphere microbiomes that are
known to increase plant biomass production. In a similar
study using A. thaliana, flowering time was modified by
soil microbiota through repeated selections of rhizosphere
microbiomes, which was predicated based on the idea that
selection can be performed on a plant’s phenotype while the
agents of selection are comprised of the rhizosphere microbiome
(Panke-Buisse et al., 2015). The experiment resulted in taxonomic
and functional shifts in the microbiome across early versus
delayed flowering plants, but at the time of the study, group-
level behaviors were challenging to measure when studying soil
microbiomes.

Since then, advances in sequencing technology and
bioinformatic analysis have provided an opportunity to
examine networks of associations across multiple microbial
partners that may indicate coordination across taxa (Faust
and Raes, 2002). An experiment can be designed to test for
associations among microbial taxa relevant to group-level
processes, such as mineralization dynamics in the soil. Given
that certain plant community traits could be predictive of

soil microbiome composition (Leff et al., 2018), plant-soil
systems that show greater nutrient capture or use efficiency over
time could indicate more associations among microbial taxa,
including positive, negative, or neutral, that may aid in modeling
complex interactions of microbial partners in a soil system.
Network analysis involving soil microbiomes could indicate
specific taxa that co-occur consistently in an experimental
system, which could signal targets for assembling synthetic
microbial communities in rhizosphere studies (Großkopf
and Soyer, 2014). Top-down approaches involving the use
of microbial experimental systems for generating plant trait-
associated microbiomes, followed by bottom-up approaches
that use the resulting sequencing and bioinformatic data to
design synthetic microbial communities, could help identify
consortia that influence plant growth via alterations to nutrient
cycling. These consortia of isolates could then be tested in
various controlled environment and field settings, which would
yield insight into interactions that alter plasticity of plant host
traits.

Observing Microbiome Controls Over
Observed Phenotypes of the Plant Using
-Omics Techniques
Advances in sequencing technologies provide opportunities
to examine how microbiomes or individual strains of
microorganisms impact plant traits through changes in
plant gene expression (Schenk et al., 2012). While it is
widely acknowledged that soil microorganisms alter plant
developmental processes (van Loon, 2007), sequencing
techniques such as transcriptomics, offer researchers an
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opportunity to observe these alterations at previously unexplored
scales (Wolf, 2013). Microbial influences on its plant host can
be observed at the gene level using plant transcriptional analysis
methods, and then combined with network analysis to indicate
individual genes or entire metabolic pathways that are impacted
when a specific microbial partner or consortia of partners
interacts with its host. Experiments can be designed to observe
the effect of specific microorganisms on the development of plant
traits, while observing changes in a host’s transcriptome over
time. From these experiments, the effect of specific microbial
associations in the rhizosphere, including effects relevant to plant
nutrition requirements, could be determined.

In addition to plant transcriptomics, other -omics techniques
could be applied to plant-soil systems to better understand
how rhizosphere microbiomes influence host biology under
different conditions. For example, exometabolomics techniques
could be used to characterize microbial metabolite utilization
in the rhizosphere environment (Swenson et al., 2018). This
data could then be used to determine microbial exometabolic
niches in the rhizosphere, which may help link metabolite
composition to microbial community structure (Baran et al.,
2015). Other techniques, such as proteomics, could be applied
to the microbiome studies to determine how different functions
of the microbiome influence the plant host (White et al., 2017).
By integrating these multiple -omics techniques, researchers
can develop a more robust understanding of how rhizosphere
microorganisms influence soil processes and plant host biology
(White et al., 2017).

Genome-Editing Techniques to Uncover
Plant Host Controls Over Microbiome
Composition and Function
The development of genome-editing tools such as clustered
regulatory interspaced short palindromic repeats (CRISPR)-
Cas can be useful in modifying rhizosphere processes through
changes in plant structure and physiology (Bortesia and
Fischerab, 2015). The CRISPR-Cas method works by using
short RNA sequences to guide a Cas enzyme to a target site
for alteration (Nemudryi et al., 2014). Systematic alterations
in plant architecture or physiology could aid in mechanistic
studies of how plants control microbiome assembly and function
in the rhizosphere. For example, disruption of the mutualistic
interactions between microorganisms that aid in nutrient capture
and plants that provide carbon sources for microbial growth
could be designed through modification of root exudation
processes via genetic engineering and gene-editing (Ahkami
et al., 2017). Plants that no longer provide readily available
carbon sources to soil microorganisms involved in mineralization
dynamics may show a distinct microbial community that
specializes in more complex polysaccharides found in soil
organic matter. In addition, root exudation processes could
be modified to produce specific families of compounds in the
rhizosphere. Taxonomic shifts in the rhizosphere community
could then be documented with these shifts in root exudate
composition, revealing plant selection for specific microbial
taxa. Additionally, researchers could study plant selection for

functionally distinct microbial taxa by altering host physiology
via transcription factors, similar to the methods used by
Su et al. (2015). These alterations could cause functional
and taxonomic shifts in the rhizosphere, which could help
further our understanding of selection for specific groups of
microorganisms.

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

Currently, there is a growing interest in developing a broader
understanding of host-microbe biology. Similar to human
and other animals, different plant compartments harbor
distinct microbiomes, which could evolve and adapt with
their host to influence the observed phenotypes. In essence,
fitness is both influenced by and shared among multiple
levels—the individual plant host and groups comprising its
microbiome. Thus, the application of evolutionary frameworks,
such as multilevel selection, to plant microbiomes could
be useful in developing a more robust understanding of
host-microbe interactions. Utilizing –omics techniques is key
to uncovering potential mechanisms underlying group-level
interactions in the rhizosphere. It is conceivable that cross-
kingdom signaling dominates rhizosphere processes, which
suggests that the definition of heritability should be inclusive
of an individual and its associated microbiome. The plant host
may influence the composition and function of the resulting
microbiome, but microorganisms have the ability to modify plant
traits.

An applied outcome of studying group-level dynamics
in the rhizosphere is the ability to incorporate concepts
of the holobiont into plant breeding. Selection efforts that
consider rhizosphere microbiomes as an extended phenotype
of a plant could help identify potential mechanisms that
enrich for subpopulations of the microbiome. These “plant-
cultivated” members of the rhizosphere could play essential
roles in supporting the development of specific phenotypes of
the plant that improve plant growth under biotic or abiotic
stress.

However, plant genetics may not play a significant role
in influencing the microbiome, but instead the plant may
be highly susceptible to microbiome effects on plant traits.
A greater understanding of how microbiomes influence the
observed phenotype of a plant can help to tease apart the effect
of environmental variables from biotic factors. For example,
in studies involving genotype by environment interactions (G
× E), phenotypic variation is assumed to be a result of
plant genetics influenced by varying environmental conditions
across field sites. In the near future, we expect that the
low cost of microbiome sequencing methods will result in
the adoption of rapid microbiome diagnostics revealing the
role of microbiome variability across field sites in influencing
plasticity of the plant phenotypes. In essence, there will
likely be a shift toward analysis of genotype by environment
by microbiome interactions (G × E × M) in the coming
years.
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Finally, we believe that the current industry focus on
examining single microbial isolate effects on plant traits will
be replaced with more emphasis on complex interactions
involving multiple players. The recent popularity of examining
synthetic communities comprised of multiple microbial strains
helps to advance microbiome science forward, but it would
be beneficial to move beyond cultivation-dependent methods.
Applying selective filters to reduce the diversity of complex
microbiomes associated with a plant trait could enable more
top-down and bottom-up approaches comprised of cultivation-
dependent and –independent multi-player interaction studies.
While teasing apart the complexity of the rhizosphere will
be incredibly challenging, such research could ultimately
help develop a better understanding of how rhizosphere
microbiomes influence plant growth, development, and
fitness.

AUTHOR CONTRIBUTIONS

Both authors listed have made direct and substantial
contributions to this work and have approved it for publication.

FUNDING

This material was based upon work supported by the National
Science Foundation Graduate Research Fellowship Program
under Grant No. DGE-1650441. Any opinions, findings, and
conclusions or recommendations expressed in this material are
those of the author(s) and do not necessarily reflect the views of
the National Science Foundation. This work was also supported
by an Agriculture and Food Research Initiative Grant (2016-
67013-24414) from the United States Department of Agriculture
National Institute of Food and Agriculture. JG received additional
support from the Cornell University McNair SUNY Diversity
Fellowship.

ACKNOWLEDGMENTS

We would like to thank James Giovannoni, Jed Sparks,
David Sloan Wilson, and Anurag Agrawal for their supportive
comments and ideas. We are grateful to the Research Topic
Editor and two anonymous reviewers for their suggestions that
improved the paper.

REFERENCES
Adesemoye, A. O., and Kloepper, J. W. (2009). Plant-microbes interactions

in enhanced fertilizer-use efficiency. Appl. Microbiol. Biotechnol. 85, 1–12.
doi: 10.1007/s00253-009-2196-0

Adnan, M., Shah, Z., Fahad, S., Arif, M., Alam, M., Khan, I. A., et al.
(2017). Phosphate-solubilizing bacteria nullify the antagonistic effect of soil
calcification on bioavailability of phosphorus in alkaline soils. Sci. Rep. 7:16131.
doi: 10.1038/s41598-017-16537-5

Ahkami, A. H., White, R. A., Handakumbura, P. P., and Jansson, C. (2017).
Rhizosphere engineering: enhancing sustainable plant ecosystem productivity.
Rhizosphere 3, 233–243.

Allen, B., and Nowak, M. A. (2013). Cooperation and the fate of microbial societies.
PLoS Biol. 11:e1001549. doi: 10.1371/journal.pbio.1001549

Alori, E. T., Glick, B. R., and Babalola, O. O. (2017). Microbial phosphorus
solubilization and its potential for use in sustainable agriculture. Front.
Microbiol. 8:971. doi: 10.3389/fmicb.2017.00971

Badri, D. V., Weir, T. L., van der Lelie, D., and Vivanco, J. M. (2009). Rhizosphere
chemical dialogues: plant-microbe interactions. Curr. Opin. Biotechnol. 20,
642–650. doi: 10.1016/j.copbio.2009.09.014

Baran, R., Brodie, E. L., Mayberry-Lewis, J., Hummel, E., Da Rocha, U. N.,
Chakraborty, R., et al. (2015). Exometabolite niche partitioning among
sympatric soil bacteria. Nat. Commun. 6:8289. doi: 10.1038/ncomms
9289

Bortesia, L., and Fischerab, R. (2015). The CRISPR/Cas9 system for plant genome
editing and beyond. Biotechol. Adv. 33, 41–52.

Boyle, R. A., Williams, H. T., and Lenton, T. M. (2012). Natural selection for costly
nutrient recycling in simulated microbial metacommunities. J. Theor. Biol. 312,
1–12. doi: 10.1016/j.jtbi.2012.07.018

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

Dawkins, R. (1982). The Extended Phenotype. Oxford: Oxford University Press.
DeAngelis, K. M., Brodie, E. L., DeSantis, T. Z., Andersen, G. L., Lindow, S. E.,

and Firestone, M. K. (2009). Selective progressive response of soil microbial
community to wild oat roots. ISME J. 3, 168–178. doi: 10.1038/ismej.2008.103

DeAngelis, K. M., Lindow, S. E., and Firestone, M. K. (2008). Bacterial quorum
sensing and nitrogen cycling in rhizosphere soil. FEMS Microbiol. Ecol. 66,
197–207. doi: 10.1111/j.1574-6941.2008.00550.x

Faust, K., and Raes, J. (2002). Microbial interactions: from networks to models. Nat.
Rev. Microbiol. 10, 538–550. doi: 10.1038/nrmicro2832

Großkopf, T., and Soyer, O. S. (2014). Synthetic microbial communities. Curr.
Opin. Microbiol. 18, 72–77.

Jacoby, R., Peukert, M., Succurro, A., Koprivova, A., and Kopriva, S. (2017). The
role of soil microorganisms in plant mineral nutrition—current knowledge and
future directions. Front. Plant Sci. 8:1617. doi: 10.3389/fpls.2017.01617

Jessup, C. M., Forde, S. E., and Bohannan, B. (2005). Microbial experimental
systems in ecology. Adv. Ecol. Res. 37, 273–307. doi: 10.1016/S0065-2504(04)
37009-37001

Leach, J. E., Triplett, L. R., Argueso, C. T., and Trivedi, P. (2017). Communication
in the Phytobiome. Cell 169, 587–596. doi: 10.1016/j.cell.2017.04.025

Leff, J. W., Bardgett, R. D., Wilkinson, A., Jackson, B. G., Pritchard, W. J., De
Long, J. R., et al. (2018). Predicting the structure of soil communities from
plant community taxonomy, phylogeny, and traits. ISME J. 12, 1794–1805.
doi: 10.1038/s41396-018-0089-x

Lemanceau, P., Barret, M., Mazurier, S., Mondy, S., Pivato, B., Fort, T., et al.
(2017). “Plant communication with associated microbiota in the spermosphere,
rhizosphere and phyllosphere,” in How Plants Communicate with Their Biotic
Environment, ed. G. Beards (London: Academic Press Ltd.), 101–133.

Kao-Kniffin, J., and Balser, T. C. (2010). Soil microbial composition and nitrogen
cycling in a disturbed wet prairie restoration (Wisconsin). Ecol. Restor. 28,
20–22. doi: 10.3368/er.28.1.20

MacLean, R. C., and Gudelj, I. (2006). Resource competition and social conflict
in experimental populations of yeast. Nature 441, 498–501. doi: 10.1038/
nature04624

Masson-Boivin, C., and Sachs, J. L. (2017). Symbiotic nitrogen fixation by rhizobia-
the roots of a success story. Curr. Opin. Plant Biol. 44, 7–15. doi: 10.1016/j.pbi.
2017.12.001

Mendes, R., Garbeva, P., and Raaijmakers, J. M. (2013). The rhizosphere
microbiome: significance of plant beneficial, plant pathogenic, and human
pathogenic microorganisms. FEMS Microbiol. Rev. 37, 634–663. doi: 10.1111/
1574-6976.12028

Mus, F., Crook, M. B., Garcia, K., Garcia Costas, A., Geddes, B. A., Kouri, E. D.,
et al. (2016). Symbiotic nitrogen fixation and the challenges to its extension
to nonlegumes. Appl. Environ. Microbiol. 82, 3698–3710. doi: 10.1128/aem.
01055-16

Nemudryi, A. A., Valetdinova, K. R., Medvedev, S. P., and Zakian, S. M. (2014).
TALEN and CRISPR/Cas genome editing systems: tools of discovery. Acta Nat.
6, 19–40.

Oldroyd, G. E. D., and Dixon, R. (2014). Biotechnological solutions to the nitrogen
problem. Curr. Opin. Biotechnol. 26, 19–24. doi: 10.1016/j.copbio.2013.08.006

Frontiers in Microbiology | www.frontiersin.org 6 July 2018 | Volume 9 | Article 1516

https://doi.org/10.1007/s00253-009-2196-0
https://doi.org/10.1038/s41598-017-16537-5
https://doi.org/10.1371/journal.pbio.1001549
https://doi.org/10.3389/fmicb.2017.00971
https://doi.org/10.1016/j.copbio.2009.09.014
https://doi.org/10.1038/ncomms9289
https://doi.org/10.1038/ncomms9289
https://doi.org/10.1016/j.jtbi.2012.07.018
https://doi.org/10.1046/j.1469-8137.2002.00397.x
https://doi.org/10.1038/ismej.2008.103
https://doi.org/10.1111/j.1574-6941.2008.00550.x
https://doi.org/10.1038/nrmicro2832
https://doi.org/10.3389/fpls.2017.01617
https://doi.org/10.1016/S0065-2504(04)37009-37001
https://doi.org/10.1016/S0065-2504(04)37009-37001
https://doi.org/10.1016/j.cell.2017.04.025
https://doi.org/10.1038/s41396-018-0089-x
https://doi.org/10.3368/er.28.1.20
https://doi.org/10.1038/nature04624
https://doi.org/10.1038/nature04624
https://doi.org/10.1016/j.pbi.2017.12.001
https://doi.org/10.1016/j.pbi.2017.12.001
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1128/aem.01055-16
https://doi.org/10.1128/aem.01055-16
https://doi.org/10.1016/j.copbio.2013.08.006
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01516 July 10, 2018 Time: 17:1 # 7

Garcia and Kao-Kniffin Microbial Group Dynamics in Plant Rhizospheres

Panke-Buisse, K., Poole, A. C., Goodrich, J. K., Ley, R. E., and Kao-Kniffin, J. (2015).
Selection on soil microbiomes reveals reproducible impacts on plant function.
ISME J. 9, 980–989. doi: 10.1038/ismej.2014.196

Radzki, W., Gutierrez Mañero, F. J., Algar, E., Lucas García, J. A., García-
Villaraco, A., and Ramos Solano, B. (2013). Bacterial siderophores efficiently
provide iron to iron-starved tomato plants in hydroponics culture. Antonie Van
Leeuwenhoek 104, 321–330.

Riehl, C., and Frederickson, M. E. (2016). Cheating and punishment in cooperative
animal societies. Philos. Trans. R. Soc. Lond. B Biol. Sci. 371:20150090.
doi: 10.1098/rstb.2015.0090

Rosenberg, E., and Zilber-Rosenberg, I. (2016). Microbes drive evolution of
animals and plants: the hologenome concept. mBio 7:e01395-15. doi: 10.1128/
mBio.01395-15

Sachs, J. L., Mueller, U. G., Wilcox, T. P., and Bull, J. J. (2004). The evolution of
cooperation. Q. Rev. Biol. 79, 135–160.

Santi, C., Bogusz, D., and Franche, C. (2013). Biological nitrogen fixation in
non-legume plants. Ann. Bot. 111, 743–767. doi: 10.1093/aob/mct048

Schenk, P. M., Carvalhais, L. C., and Kazan, K. (2012). Unraveling plant-microbe
interactions: can multi-species transcriptomics help? Trends Biotechnol. 30,
177–184. doi: 10.1016/j.tibtech.2011.11.002

Su, J., Hu, C., Yan, X., Jin, Y., Chen, Z., Guan, Q., et al. (2015). Expression of barley
SUSIBA2 transcription factor yields high-starch low-methane rice. Nature 523,
602–606. doi: 10.1038/nature14673

Swenson, W., Wilson, D. S., and Elias, R. (2000). Artificial ecosystem selection.
Proc. Natl. Acad. Sci. U.S.A. 97, 9110–9114. doi: 10.1073/pnas.150237597

Swenson, T. L., Karaoz, U., Swenson, J. M., Bowen, B. P., and Northen, T. R.
(2018). Linking soil biology and chemistry in biological soil crust using isolate
exometabolomics. Nat. Commun. 9:19. doi: 10.1038/s41467-017-02356-9

Turner, T. R., James, E. K., and Poole, P. S. (2013). The plant microbiome. Genome
Biol. 14:209. doi: 10.1186/gb-2013-14-6-209

van Loon, L. C. (2007). Plant responses to plant growth-promoting rhizobacteria.
Eur. J. Plant Pathol. 119, 243–254. doi: 10.1007/s10658-007-9165-1

van Opstal, E. J., and Bordenstein, S. R. (2015). Rethinking heritability of the
microbiome. Science 349, 1172–1173. doi: 10.1126/science.aab3958

Venturi, V., and Keel, C. (2016). Signaling in the rhizosphere. Trends Plant Sci. 21,
187–198. doi: 10.1016/j.tplants.2016.01.005

Vessey, J. K. (2003). Plant growth promoting rhizobacteria as biofertilizers. Plant
Soil 255, 571–586. doi: 10.1023/a:1026037216893

Waite, A. J., and Shou, W. (2012). Adaptation to a new environment allows
cooperators to purge cheaters stochastically. Proc. Natl. Acad. Sci. U.S.A. 109,
19079–19086. doi: 10.1073/pnas.1210190109

White, R. A., Rivas-Ubach, A., Borkum, M. I., Köberl, M., Bilbao, A., Colby, S. M.,
et al. (2017). The state of rhizospheric science in the era of multi-omics: a
practical guide to omics technologies. Rhizosphere 3, 212–221.

Wilson, D. S., and Wilson, E. O. (2008). Evolution "for the good of the group". Am.
Sci. 96, 380–389. doi: 10.1511/2008.74.1

Wolf, J. B. W. (2013). Principles of transcriptome analysis and gene expression
quantification: an RNA-seq tutorial. Mol. Ecol. Resour. 13, 559–572.
doi: 10.1111/1755-0998.12109

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

Copyright © 2018 Garcia and Kao-Kniffin. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 7 July 2018 | Volume 9 | Article 1516

https://doi.org/10.1038/ismej.2014.196
https://doi.org/10.1098/rstb.2015.0090
https://doi.org/10.1128/mBio.01395-15
https://doi.org/10.1128/mBio.01395-15
https://doi.org/10.1093/aob/mct048
https://doi.org/10.1016/j.tibtech.2011.11.002
https://doi.org/10.1038/nature14673
https://doi.org/10.1073/pnas.150237597
https://doi.org/10.1038/s41467-017-02356-9
https://doi.org/10.1186/gb-2013-14-6-209
https://doi.org/10.1007/s10658-007-9165-1
https://doi.org/10.1126/science.aab3958
https://doi.org/10.1016/j.tplants.2016.01.005
https://doi.org/10.1023/a:1026037216893
https://doi.org/10.1073/pnas.1210190109
https://doi.org/10.1511/2008.74.1
https://doi.org/10.1111/1755-0998.12109
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Microbial Group Dynamics in Plant Rhizospheres and Their Implications on Nutrient Cycling
	Introduction
	A Novel Framework for Understanding Rhizosphere Microbiomes
	Observing Multiple Levels of Selection in the Plant Rhizosphere
	Microbial Experimental Systems and Network Analysis
	Observing Microbiome Controls Over Observed Phenotypes of the Plant Using -Omics Techniques
	Genome-Editing Techniques to Uncover Plant Host Controls Over Microbiome Composition and Function

	Concluding Remarks and Future Directions
	Author Contributions
	Funding
	Acknowledgments
	References


