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Chapter 3
The Role of the Root Microbiome
in the Utilization of Functional Traits
for Increasing Plant Productivity

Rahul Chandnani and Leon V. Kochian

Abstract It is now clear that the root microbiome, which consists of bacteria,
archaea, and fungi that colonize both the rhizosphere and the internal space of the
root, is one of the most complex ecosystems in nature and is very important for root
and plant health and function.

In this chapter we have focused on the role of the root microbiome functional
traits in improvement of nutrient acquisition and abiotic stress tolerance, with a focus
on drought stress, the biocontrol of root and shoot plant diseases, and the role of root-
associated microbes in both producing plant growth-promoting hormones and
impacting the plant hormone metabolism and signaling pathways to alter root
growth. Additionally, we have also endeavored to give the readers an introduction
into the rapid advances in this field, from the metagenomic analyses that now have
become relatively routine for the study of “what is there” in the root microbiome,
regarding microbial composition, diversity, and abundance, to nascent studies
beginning to study the plant and microbial molecular and physiological mechanisms
and processes that underlie how the microbiome is assembled, and how the
microbiome confers improved functional crop traits. Furthermore, given the incred-
ible complexity of this ecosystem, we discuss the recent research involving systems
biology analysis of the root microbiome, which will be critical in deciphering the
trait–function links and interactions between roots and soil microbes. Finally, we
also discuss the agricultural and genetic interventions that are being employed to
modify the root microbiome via inoculation of the seed and plant with potentially
beneficial soil microbes, as well as the studies looking at the role of plant genetic and
molecular variation in impacting the composition and function of the microbiome.
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3.1 Introduction

Diverse microbial communities are an integral part of plant and animal life. A root–
microbial ecosystem that consists of soil microbes that colonize and inhabit the soil
at the root surface, the rhizosphere, and live and function in the root, comprise what
plant biologists commonly refer to as the root microbiome.

The composition, diversity, and microbial species structure of the root
microbiome can be plant species-specific and contain both beneficial and harmful
microorganisms (Bressan et al. 2009; Lugtenberg and Kamilova 2009; Takeuchi
et al. 1996). Root microbiome composition is shaped by the host plant and, often to a
greater degree, the soil microflora, and many of the microorganisms in this biome are
beneficial for host plant and root health and function. Research findings have shown
that beneficial microbes in the root microbiome can increase the solubility and
uptake of soil macro- and micronutrients such as phosphorus, nitrogen, and iron
(Yadav et al. 2021).

Several soil-based abiotic stresses such as drought and salinity can impact the
composition of the root microbiome, resulting in microbiome shifts that may confer
increased tolerance to these stresses (Chen et al. 2017; Marasco et al. 2012; Vurukonda
et al. 2016; Giri et al. 2018). Beneficial microorganisms in the root microbiome can
also enhance plant growth and development by both synthesizing growth phytohor-
mones and altering plant hormone metabolism required for plant growth and thereby
increase root system growth and crop productivity (Arkhipova et al. 2005; Duca et al.
2018; Kudoyarova et al. 2014; Ping and Boland 2004; Prasad and Zhang 2022). On the
other hand, there are microbial species in the root microbiome that are harmful and can
negatively affect plant and human health such as disease-causing bacteria and fungi
(Takeuchi et al. 1996). A saying that “nothing is free” also stands true for root and soil
microbial interactions as plant roots and root exudates serve as a source of carbon and
sugars that are required for the survival, growth, and replication of the microorganisms
in the root microbiome (Bais et al. 2006; Foster 1986). Furthermore, specific root
exudates play roles as signaling molecules between the root and soil microbes,
influencing the microbial composition of the root microbiome. The root microbiome
is one of the largest and most complex biomes in nature and plays significant roles in
the maintenance and growth of plants.

The exponential growth of the human population and diminishing agricultural
lands and input resources (e.g., water, fertilizer) required for efficient agricultural
output, warrants novel and sustainable ways to achieve food security. Employment
of genetically narrow crop germplasm (seeds or tissue specific to a species, geno-
type, or population maintained for plant breeding purposes) and intensive selection
techniques in current breeding programs have enhanced the vulnerability to agricul-
tural pests and diseases (Hammons 1976). Significant recent advances in molecular-
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based plant breeding include tools such as genomic selection, which has been shown
to improve genetic gain via prediction of crop performance without phenotypic
analysis of novel germplasm. Further improvements to genomic selection is enabling
plant breeders to improve genetic gain while not losing genetic diversity (see, for
example, Daetwyler et al. 2015). However powerful these advances in plant breed-
ing are, they have yet to be intensively applied to the “hidden half” of the plant—the
root, and especially the root microbiome.

It is important now to focus on the role of the root microbiome in functional plant
traits to continue to improve crop resiliency and sustainability. For example, appli-
cation of inorganic fertilizers and pesticides has significantly improved crop yields
since the dawn of the Green Revolution. However, increasing pesticide and patho-
gen resistance, the increasing cost of fertilizers, and especially the finite availability
of phosphorous fertilizer, as well as environmental degradation due to leaching of a
significant portion of applied fertilizer into surface and ground waters, make these
approaches unsustainable in the future (Denholm et al. 1998; Savci 2012). To
address these complex problems, a systems approach integrating advances in preci-
sion fertilizer and water management with fundamental research innovations
resulting in more nutrient and water-efficient crop varieties is needed (Macintosh
et al. 2019). A critical component of the research aimed at improving crop nutrient
and water acquisition will be the investigations that enhance our understanding of
the development and function of the root microbiome. This will provide new
strategies for improving crop yields and agricultural sustainability through modifi-
cation of the root microbiome in part via use of biofertilizers that enhance the
availability and acquisition of essential mineral nutrients and also through
microbial-based biocontrol approaches to enhance disease and pest resistance.

It has been known for well over 100 years that certain root–microbe interactions,
specifically N2-fixing bacteria in legume root nodules as well as arbuscular mycor-
rhizae (AM), play key roles in root N and P acquisition from the soil (Beijerinck
1901; Frank 1885; Hellriegel and Wilfarth 1888). In recent years with the realization
that microbiomes associated with eukaryotic organisms play key roles in that
organism’s health, well-being, and function, research on the root microbiome is
clearly demonstrating that in addition to N2-fixing bacteria and AM, many other
free-living or more intimately root-associated bacteria and fungi play roles in
improving mineral nutrient availability in the rhizosphere and enhance biotic and
abiotic stress tolerance. One example of this is microbial-mediated solubilization in
the rhizosphere of sparingly soluble essential minerals such as P, Fe, and Zn
(Fabiańska et al. 2019; Gururani et al. 2013; Harbort et al. 2020; Hiruma et al.
2016; Weiß et al. 2016). However, the molecular basis and physiological mecha-
nisms underlying these improvements in plant function are still quite poorly under-
stood. To effect changes in the root microbiome as a strategy to improve crop
resiliency, improve yields using less inputs, and enhance agricultural sustainability,
it is of great importance to understand the genetic and functional (molecular and
physiological) mechanisms and regulation underlying the structure and function of
root microbiomes. Quite a few studies have been successful in the identification and
the use of plant growth-promoting bacteria from the soil and plant tissues to improve
crop production (Ji et al. 2014; Kloepper et al. 1980; Li et al. 2021).



58 R. Chandnani and L. V. Kochian

Certainly, the most significant advance in microbiome research over the past
decade has been the metagenomic analysis of microbiomes involving isolation of
microbial genomic DNA from bulk soil, the rhizosphere, and the root endosphere,
followed by amplification of specific highly variable regions of bacterial and fungal
genomes (16S rRNA for bacteria and the internal transcribed spacer [ITS]) region for
fungi. For a review, see Sczyrba et al. 2017. Next-generation sequencing of these
amplified bacterial and fungal gDNA regions and subsequent computational analysis
of the sequence is used to identify microbial operational taxonomic units, microbial
structure, and diversity. Furthermore, these types of studies have made it possible to
begin to probe possible functions of the root microbiome community and to postu-
late about gene-function links that may be useful in identifying or designing specific
root-associated microbes or communities of microbes that can be used in crop
improvement (Chen et al. 2017; Naylor and Coleman-Derr 2018; Shulse et al.
2019; Xu et al. 2018, 2021). Comparatively recent advances in genome-resolved
metagenomic and holo-omics approaches are finally enabling the researchers to
identify the changes in host plant metabolomes and possibly important causal
interactions between the root and microbes that could enhance nutrient uptake,
microbial phytohormone production resulting in root growth promotion, and greater
tolerance to abiotic and biotic stresses (Xu et al. 2021). In this chapter, we focus on
possible advantages the microbiome could confer to the root systems in terms of
acquiring resources for better plant growth, improving resistance to pathogens, and
microbiome gene-functional links that have been and can be exploited further for
these purposes.

3.2 Overview of the Root Microbiome

Dynamic and diverse groups of root-associated microorganisms, which include
plant-beneficial microbes, are recruited by plant roots via signaling between the
root and soil microbes (Hartman and Tringe 2019), to comprise the extremely
complex microhabitat, that is, the root microbiome. This ecosystem can have
impacts on plant health, growth, and function via direct or indirect pathways. The
root microbiome consists of bacteria and archaea, algae, fungi, and protozoa, with
bacteria being the most abundant component. The root microbiome can be quite
diverse, and can consist of microbiota with as many as 33,000 different bacterial and
archaea species (Mendes et al. 2011). Despite this amazing diversity, it has been
reported that there are primarily two bacterial phyla, Actinobacteria and
Proteobacteria, that dominate the global soil microbiome and root microbiome, for
example, in disease suppressive soils (Delgado-Baquerizo et al. 2018; Mendes et al.
2011).

The root microbiome is actively recruited by plant roots and specific microbial
communities are certainly influenced by the unique chemical composition of root
exudates (Berendsen et al. 2012; Doornbos et al. 2012). Plants acquire the majority
of their nutrients and water from the roots and, in return, low-molecular-weight
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organic compounds such as organic acids, sugars, phenolics, and amino acids are
secreted as root exudates (Antoun 2013). Published research findings have shown
that there can be an enrichment, for example, of unique organic acids in the root
exudates in different plant species that can play an important role in shaping the root
microbiome (Cotton et al. 2019; Hu et al. 2018; Huang et al. 2019; Tan et al. 2013;
Wang et al. 2021). Kamilova et al. (2006) demonstrated that tomato root-tip-specific
colonizing microbes had better growth and enrichment than other rhizobial
microbes, when tomatoes were grown on minimal media with citrate, a major tomato
root-tip organic exudate, as the primary carbon source. Furthermore, by introducing
the stable carbon isotope, 13CO2, into the rhizosphere of wheat, maize, rape, and
barrel clover plants, it was shown that there were differences in the sources of carbon
released from roots and used by different groups of microbes in the rhizosphere
(el Zahar Haichar et al. 2008).

Root exudate metabolites often play a beneficial role by modifying the
rhizobiome, which in turn can alter plant hormonal content and function. For
example, Hu et al. (2018) identified the secondary metabolite, benzoxazinoids,
which is released by maize roots and can shape the rhizobiome community. In
turn, this can favor plant defenses by increasing the production of the plant defense
hormone, jasmonic acid, conferring protection against herbivores. Differences in the
genotype of a plant species, which can significantly impact the composition of root
exudates, are another factor that not surprisingly influences the microbial composi-
tion of the root microbiome. It has been reported that transgenic Arabidopsis
thaliana plants expressing the sorghum CYP79A1 gene, resulted in the accumulation
of high levels of a derivative of the sulfur secondary metabolite, glucosinolate,
p-hydroxybenzylglucosinolate. This transgenic line exhibited significant alterations
in the profile of the root exudation of glucosinolate compounds, which altered the
microbial composition of root microbiome. This study showed that even small
modifications in root metabolism can have significant effects on root exudates and
the microbial composition of the root microbiome (Bressan et al. 2009).

There is a specific nomenclature used to define the microbiome on versus inside
the root. Root microbes residing inside the root tissue are known as endophytes
whereas the rhizomicrobiome is defined as microbes inhabiting the rhizosphere, the
thin layer of soil intimately associated with the root surface (Bulgarelli et al. 2012;
Edwards et al. 2015; Lundberg et al. 2012; Schlaeppi et al. 2014). Bulgarelli et al.
(2012) demonstrated that the endosphere microbiome is distinct and does not have
the same variation in microbial composition as does the rhizosphere, which is
certainly more strongly influenced by the microbial composition of the bulk soil
surrounding the root. Later, it was shown that the microbes residing on the surface of
roots, sometimes termed the rhizoplane microbiome, are also distinct from the other
two root microbiomes (the endomicrobiome and the rhizomicrobiome; Edwards
et al. 2015).
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3.3 Functional Traits to Enhance Plant Productivity

3.3.1 Biofertilizers that Impact Mineral Nutrient Availability
and Acquisition by Roots

3.3.1.1 Nitrogen Fixation

Nitrogen is one of the most important mineral nutrients required for plant growth and
can be a significant limiting factor to crop yields. Of course, nitrogen is essential for
synthesis of amino acids, proteins, and enzymes that are prerequisite for many plant
physiological processes (Novoa and Loomis 1981). Furthermore, nitrogen is the core
component of chlorophyll that is required for photosynthesis, which provides the
fixed carbon that underpins plant growth. Due to absence of large amounts of
bioavailable nitrogen in the soil, most agricultural crop production relies upon the
application of nitrogen fertilizers, usually as ammonia or urea. However, the
increasing costs of nitrogen fertilizers and the significant environmental costs asso-
ciated with the leaching of as much as 50–60% of N fertilizer before the plant roots
can absorb it, often lead to nitrate pollution of ground waters and pose a greater risk
to the environment (McCasland et al. 1985). Biological nitrogen fixation (BNF) is
the process by which N2 gas in the atmosphere is converted to NH3 by nitrogenase
enzyme activity in microbial diazotrophs, which are prokaryotes that have the ability
to fix N2 gas to ammonia (Kim and Rees 1994). BNF has the potential to be a
sustainable alternative to fulfill the nitrogen requirement of plants. However, only a
few species of plants have the ability to be colonized by nitrogen-fixing bacteria as
symbiotic microbes. There are two types of diazotrophs defined based on their
habitat: (1) symbiotic N2 fixers which live within root nodules of primarily legumi-
nous crop species, which include bacteria in the genera Rhizobium and Frankia; and
(2) non-nodular diazotrophic bacteria that can establish either associative or free-
living relationships with roots where the bacteria reside on or near the root surface
(epiphytes). Other species of non-nodular N2-fixing bacteria form endophytic rela-
tionships with a wide range of non-legumes, where the bacteria colonize inner plant
tissues and reside within root and even shoot tissues. These free-living diazotrophic
bacteria include species within the genera Azospirillum, Azoarcus, and
Herbaspirillum (Santi et al. 2013).

Most current root-nodulated crops obtain fixed nitrogen by the activity of a
molybdenum (Mo)-dependent nitrogenase complex (Boyd et al. 2011; Rubio and
Ludden 2008). It has been shown that only three genes—nifH, nifD, and nifK—are
required to encode the structural subunits of nitrogenase enzyme (Seefeldt et al.
2009; Yang et al. 2018). Mo-dependent nitrogenase (Nif) complexes are a
two-component enzyme system. The dinitrogenase reductase component is a
homodimeric iron (Fe) protein encoded by the NifH gene that donates electrons,
and a dinitrogenase or heterotetrameric Mo–Fe protein component encoded by
NifDK that contains the Fe–Mo cofactor that serves as the substrate reduction site,
accepting electrons from the Fe–S electron transfer protein, ferredoxin (Bulen and
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LeComte 1966). Apart from these two components, maturation of the nitrogenase
enzyme complex for its activity also involves some regulatory proteins encoded by
nifE, nifN, and nifB genes. Due to high similarity in 16S rRNA phylogeny and
conserved nature of nif sequences, this similarity has been quite useful in identifying
nitrogen-fixing bacteria from a soil sample. Quite a few studies have employed nifH
as a phylogenetic marker to identify bacterial strains that make functional contribu-
tions to N2 fixation (Boyd et al. 2011; Bürgmann et al. 2004; Coelho et al. 2009;
Seefeldt et al. 2009).

Our understanding of the mechanisms and regulation of nitrogenase N2 fixation
and the nature of how and why these diazotrophs form these symbiotic relationships
with the host plants open potential opportunities to enable non-leguminous crops to
benefit from BNF. As cereals are the most widely grown food crops and are the
source of the largest proportion of calories consumed by the human population, there
has been considerable engineering biology research investigating and developing the
tools to transfer nodule-based symbiotic nitrogen fixation to cereal crops (Burén
et al. 2017; Ryu et al. 2020). This approach has been taken in the Burén et al. (2017)
publication from the Voight Lab at MIT. The focus is to express the genes in the
bacterial nitrogenase-dependent nitrogen-fixing pathway genes in the mitochondria
or chloroplasts of eukaryotes, as these organelles have an ancient bacterial origin and
thus are better suited for expression of bacterial genes than the nucleus of plant cells.
In the Burén et al. (2017) publication, they have reengineered the 16 gene nitroge-
nase pathway from an N2-fixing bacterium to remove its native regulation and
replaced it with well-understood synthetic genetic parts. They have ultimately
been able to express an important and functional section of the bacterial N2-fixing
pathway in the mitochondria eukaryotic model system, Saccharomyces cerevisiae,
which is an important first step in generating a functional nitrogenase enzyme in
plant cells.

A second approach to enhancing crop N nutrition via N2-fixing soil microbes
involves research focusing on free-living N2-fixing bacteria. There are different
approaches that are being explored for this and one of them is to transfer nitrogen-
fixation ability from non-native diazotrophs to plant-host-colonizing rhizobacteria
by introducing genomic islands that can encode the nitrogenase activity into free-
living bacteria that readily colonize plant roots. Fox et al. (2016) demonstrated that
transfer of X940 genomic island from Pseudomonas A1501 to the aerobic root-
associated beneficial bacterium, Pseudomonas protegens Pf-5, followed by the
inoculation of maize and wheat plants with this genetically modified bacterium,
enabled the host plant’s root surface (rhizoplane) and rhizosphere to be colonized by
Pf-5, providing enough radiolabeled fixed nitrogen to the roots to confer higher grain
and biomass yields.

3.3.1.2 Phosphorus Bioavailability and Uptake

Phosphorus is the second most important mineral nutrient for the plant (after N), and
can be a major limiting factor in plant growth as P deficiency is important to a wide
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range of plant processes, including cell division, root and shoot development,
biomass production, photosynthesis, and reproduction (Hu and Schmidhalter 2005;
López-Arredondo et al. 2014; Razaq et al. 2017). Even if soils are not deficient in
total P, inorganic phosphate, which is the primary inorganic form of P absorbed by
plant roots, will readily bind to the Fe and Al oxides/hydroxides on the surface of soil
clay minerals, rendering them unavailable for root P absorption (López-Arredondo
et al. 2014). Root P acquisition is relatively inefficient, and only approximately
20–25% of the applied P fertilizer is taken up by the plant during the first season after
fertilizer application (Roberts and Johnston 2015). Much of the remaining phosphate
fertilizer is either fixed to soil minerals, or is lost as runoff into surface waters,
resulting in environmental damage including algal blooms in lakes and streams,
which are costly to remediate.

The availability of inorganic phosphate to plant roots also is highly dependent on
soil pH (Marschner 1995). In acidic soils (pH < 5.5), as mentioned above, the
phosphate anion binds to aluminum and iron in clay minerals, whereas at higher soil
pH values, insoluble calcium phosphate is formed that cannot be absorbed by roots
(Hinsinger 2001). Currently, more than half of the arable lands worldwide consist of
either acidic or alkaline soil and are deficient in inorganic phosphate (López-
Arredondo et al. 2014). Soil microbes can solubilize the phosphate bound to Fe
and Al in the soil, as they can release organic acids such as citric and malic acids
which are strong chelators of Fe and Al, which then will release the bound phosphate
into the soil solution for absorption by plant roots. Phosphorus also accumulates in
soil in relatively unavailable organic forms, thus being tied up in soil organisms and
plant litter. For example, phytic acid or phytate, an organic storage form of P,
accumulates in soil and plants and some rhizobacteria can release the enzyme,
phytase, which hydrolyzes phytate, releasing inorganic phosphate into the soil
solution where it also can be absorbed by roots (Ke et al. 2021; López-Arredondo
et al. 2014; Shulse et al. 2019). These P-solubilizing soil microbes open additional
avenues of research that may enable the development of sustainable microbial-based
strategies to improve phosphate availability, enhancing root P acquisition efficiency
in agricultural crops. Biofertilization is likely not sufficient to meet the complete
phosphorus requirement of crops. However, it clearly could be a strategy to signif-
icantly improve P bioavailability from applied phosphate fertilizer, increasing
farmer’s yields per unit of P fertilizer applied, and reduce the environmental costs
associated with remediating P pollution of waterways and ground water.

Research aimed at engineering rhizobacteria to increase P bioavailability was
recently conducted by Shulse et al. (2019). In this study, they demonstrated that
multiple rhizobacteria species (Pseudomonas and Ralstonia sp.), when transformed
with phytase genes, significantly increased the release of soluble phosphate from soil
phytate. In this study, a total of 6674 metagenomes were screened and 82 phyloge-
netically diverse phytase genes were selected and their sequences optimized for high
gene expression in three species of rhizobacteria. The researchers identified 12 strains
across three bacterial species that generated a significant increase in growth using
Arabidopsis thaliana grown on phytate as the sole phosphate source. However, to
take advantage of research findings such as the findings from Shulse et al. (2019)
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using genetically engineered soil microbes, it will be necessary to develop a more
comprehensive regulatory framework to foster the more facile movement of inven-
tions such as genetically modified soil microbes from the laboratory to the market-
place. This will likely require the development of real partnerships between
academia, government, and industry to produce a science-based regulatory system
which is predictable and straightforward to navigate.

In another study, to investigate the microbial community structure of the root
microbiome, metagenomic analysis of the root microbiome of Lotus japonicus, a
wild legume that has a history of reasonable growth and yield without phosphate
fertilizer, was done. It was found that specific bacterial phyla, including
Bacteroidetes, Betaproteobacteria, Chlorobi, Dehalococcoidetes, and
Methanobacteria, were specifically abundant in the root microbiome (Unno and
Shinano 2013). These rhizobacterial genera include bacterial strains that could
enhance phytic acid utilization, promoting plant growth using phytate as a P source.
Furthermore, several gene clusters possibly involved in phytic acid utilization,
including alkaline phosphatase and citrate synthase, were investigated by Chhabra
et al. (2013) who characterized the mineral phytate as well as phosphate solubiliza-
tion trait employing functional metagenomics of the barley rhizosphere. They
discovered that mineral phosphate solubilization screening of fosmid clones in
E. coli identified genes/operons related to phosphorus mineralization and uptake.
Further, Yadav et al. (2021) discovered that genes involved in gluconic acid
synthesis are involved in phosphate solubilization by creating transposon insertion
mutant libraries of Mesorhizobium ciceri Ca181, which is a symbiotic rhizobacteria
colonized with chickpea roots. Clearly, recent research in this area has identified
several rhizobacterial species that could play a role in root microbiome-induced
enhanced solubilization of P for root uptake from either fixed inorganic phosphate in
the soil or from organic P released from phytate.

3.3.1.3 Increasing Soil Iron Bioavailability via Bacterial Siderophores

Iron is an essential micronutrient required for several significant cellular processes
including chlorophyll synthesis, photosynthesis, respiration, nitrogen fixation, and
hormone production in plants (Vert et al. 2002). Iron is available in the soil as ferric
(Fe3+) and ferrous (Fe2+) ions depending on soil pH, and soil aeration and redox
potential. In aerobic soils, ferric iron predominates, and it is quite insoluble across
most soil pH values, except in highly acidic soils. Hence, most of the soluble ferrous
iron exists as ligands chelated by compounds such as organic acids, phenolics,
humic acids, and bacterial siderophores (Guerinot and Yi 1994). Root microbes
play an important role in soil iron solubility and uptake by releasing siderophores,
which are low-molecular-weight organic Fe3+ chelators that form strong ligands via
high-affinity binding with Fe3+ ions (Das et al. 2007). These Fe3+ siderophore
complexes are taken up into bacterial cells by specific bacterial membrane trans-
porters under iron-limiting conditions (Neilands 1984). The major classes of
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compounds that function as bacterial siderophores include catecholates (also known
as phenolates), hydroxamates, and carboxylates (derivatives of citric acid).

Plants have also evolved their own mechanisms to acquire Fe3+ from the soil. In
dicots and non-gramineous monocots, they employ a root cell plasma membrane
ferric reductase to reduce extracellular chelated Fe(III) iron and the resulting Fe2+

ions are released by the ferric chelate and rapidly transported into the root cell by
iron-regulated transporter 1 (IRT1), a root cell plasma membrane Fe2+ transporter
(Guerinot and Yi 1994; Marschner 1995). Grass species use their own
phytosiderophore process, releasing non-protein amino acids in response to Fe
deficiency, which chelate ferric (Fe3+) ions in the soil and the Fe(III)-
phytosiderophore complex is transported in toto across the root cell plasma mem-
brane. Both types of plant Fe acquisition systems can absorb Fe chelated by bacterial
siderophores. Using the reductase-based system, dicots and non-grass monocots can
reduce the iron in the Fe(III)-siderophore complex at the root cell plasma membrane
and then the released Fe2+ ion is transported into root cells via the IRT1 transporter.
In grasses, it has been suggested that the uptake of Fe(III) complexes by bacterial
siderophores can occur by Fe exchange between siderophores and
phytosiderophores, or that the Fe-siderophore complex may be transported by the
plant root plasma membrane transporter specifically functioning to absorb Fe(III)-
phytosiderophore complexes (Bar-Ness et al. 1992; Crowley et al. 1988; Wang et al.
1993).

In addition to using bacterial siderophore release to enhance crop Fe acquisition
and nutrition, the agronomic use of siderophore-producing plant-beneficial microbes
can also be part of a strategy for biocontrol of plant pathogenic microbes. For
example, the fluorescent Pseudomonads contain a number of plant-beneficial bacte-
rial species. These fluorescent Pseudomonads release very high affinity Fe-binding
siderophores which cannot generally be used by pathogenic bacteria. Hence, by
decreasing the iron availability to phytopathogenic bacteria by chelating most of
iron, these Pseudomonads promote plant growth by acting as a biocontrol agent
against plant pathogens (Smarrelli and Castignetti 1986). Furthermore, fluorescent
Pseudomonas sp. is one of initial bacterial strains explored that produced
siderophores that have resulted in enhanced iron uptake in oat and mungbean
(Crowley et al. 1988; Sharma et al. 2003). Sharma et al. (2003) showed that
mungbean plants inoculated with a siderophore-producing Pseudomonas strain
GRP3, exhibited reduced chlorosis and increased chlorophyll content under low Fe
growth conditions. The rhizobacterial species, Rhizobium and Bradyrhizobuim, have
also been reported to produce siderophores under iron-deficient conditions (Nambiar
and Sivaramakrishnan 1987). Molecular microbiologists are dissecting the gene
pathways involved in regulating siderophore synthesis and release in response to
Fe-limiting conditions. One key regulator of these processes is the ferric uptake
regulator, or Fur protein, that regulates siderophore production in variable iron
conditions (Hassan and Troxell 2013). As the understanding of the regulation of
these processes advances, more molecular tools are becoming available that will
better facilitate the modification of rhizobacterial genomes, to enable agricultural
researchers to improve the root microbiome to enhance crop Fe nutrition in
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Fe-limiting soils, and to provide microbial-based biocontrol against certain species
of plant pathogenic bacteria.

3.3.2 Drought Tolerance

Drought stress is the most important abiotic stress limiting the yield of agricultural
crops worldwide (Daryanto et al. 2016; Zipper et al. 2016). Additionally, climate
change associated with global warming has exacerbated both the severity and
frequency of droughts with more dire impacts on food crops, and increases the
need for the identification of more sustainable approaches to improve crop perfor-
mance under drought, mitigating drought-induced yield losses. Applications of
beneficial rhizobacteria to both soils and via plant inoculation have been studied in
various crop species to investigate the role of soil microbes and the root microbiome
in enhanced resistance to drought stress, and have demonstrated some promising
prospects for coping with drought (Chen et al. 2017; Marasco et al. 2012;
Vurukonda et al. 2016). Beneficial rhizobacterial inoculants have been suggested
to enhance performance under drought in different ways. First is production of
enzymes that can catabolize stress-responsive phytohormones such as ACC deam-
inase enzyme that can degrade the ethylene precursor, ACC (1-aminocyclopropane-
1-carboxylic acid), and thereby reduce ethylene production which at high levels
inhibits root growth (Mayak et al. 2004). Another possible drought-resistance
strategy involving beneficial rhizobacteria involves alterations in the levels of
exopolysaccharides and the drought-associated amino acid, proline (Vardharajula
et al. 2011). Proline acts as an osmolyte and when its concentration increases in the
cell symplasm under drought, this creates a water potential gradient directed into the
cell and allows the water to flow into the cell even though the water potential outside
the cell has dropped due to drought. This confers the ability to increase the host
plant’s drought tolerance by increasing cellular osmotic and thus water potential,
thus maintaining cell water content under drought stress. Also, proline can play a
role in protecting cell membranes and other cell components against damage caused
by free radical production during drought. Exopolysaccharides produced by
rhizobacteria during drought stress can enhance soil aggregation and structure and
thereby retain soil water near the roots during drought stress (Khan et al. 2017;
Naseem and Bano 2014; Yoshiba et al. 1997).

Additionally, inoculation of plants with certain rhizobacteria can alter hormone-
mediated drought responses including changes in root system architecture via
modulation of phytohormones to increase lateral root growth and biomass, thereby
enhancing the host plant’s ability to acquire water from soils under drought
(Arzanesh et al. 2011; Shakir et al. 2012; Zahir et al. 2008). Another example of
this type of rhizobacterial drought response was a report about rhizobacterial-
induced drought-resistance mechanisms that involved the production of volatile
metabolites that led to a systemic response inducing stomatal closure and reduced
water loss during drought stress. This systemic response appears to involve the
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volatile compound inducing interplay between ABA, jasmonic acid, and ethylene
(Cho et al. 2008).

Although a few published studies have shown that colonization of roots with
certain types of rhizobacteria resulted in improved plant performance under drought,
the functional physiological and molecular mechanisms that drive the recruitment of
a drought-responsive microbiome and the host plant responses remain poorly under-
stood. Research based on 16S rRNA sequencing and metagenomic analysis has shed
light on dynamic changes in the composition and function of the root microbiome
under drought, by enrichment of bacterial phyla such as Actinobacteria, primarily in
the root endosphere, but also in the rhizosphere (Edwards et al. 2015; Naylor and
Coleman-Derr 2018; Naylor et al. 2017; Xu et al. 2018). In the Xu et al. (2018)
study, a research approach integrating genome-resolved metagenomics,
transcriptomics, and plant root metabolomics was conducted in sorghum during
response to drought. The authors found that drought increased the abundance and
activity of monoderm bacteria (Actinobacteria, Firmicutes, and Chloroflexi), which
only have a single outer cell membrane and have thick cell walls. They also found
that drought increased the production of certain metabolites in the root, including
certain carbohydrates (especially glycerol-3-P) and amino acids, and that the
monoderm bacteria showed a concomitant increase in the expression of transporters
for these metabolites. Furthermore, inoculation of sorghum roots with monoderm
isolates suggested that increased abundance of monoderm bacteria in the root
microbiome increased plant growth during drought. These findings suggest that
production of specific root metabolites by drought and their transfer to monoderm
bacteria may play a role in reshaping the microbiome bacterial composition, to
enhance plant growth under drought. These findings indicate that it may be possible
to develop agricultural and/or genetic interventions that reshape the root microbiome
to enhance crop performance under drought in agricultural crops.

3.3.3 Biocontrol of Plant Diseases

Crop diseases caused by pathogens (bacteria and fungi) can result in up to 30% yield
loss in economically important crops (Soko et al. 2018; Tirnaz and Batley 2019).
Hence, the impact of plant pathogens on crop production is a major challenge to
global food security. For decades, chemical control measures have been applied to
control plant diseases; however, the lack of rapid rates of breakdown of these
chemicals into relatively safer constituents makes this approach detrimental to the
environment (Gilden et al. 2010). Additionally, rapid trends in the evolution of
pesticide resistance in plant pathogens have warranted the search for alternative and
environmentally sustainable approaches, such as biocontrol (Lucas et al. 2015),
which could be part of a broader strategy integrating biocontrol with plant genetics
and breeding, better agronomic practices, and new classes of pesticides. Therefore,
as the emphasis on environmentally friendly biocontrol strategies increases, over the
past 20 years there have been an increasing number of publications on the use of
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beneficial bacteria to help control plant pathogens (Akgül and Mirik 2008; Girish
and Umesha 2005; Mishra and Arora 2018; Sang et al. 2008). Even more recently,
root and soil microbiome metagenomic studies have been published and these types
of studies should ultimately increase our understanding of how the root microbiome
operates as a system to protect especially against root diseases (Wille et al. 2019).
For example, Lee et al. (2008) demonstrated the biocontrol of root diseases
employing Bacillus subtilis extracted from rhizosphere soil to control Phytophthora
blight of pepper caused by Phytophthora capsici, when seeds of pepper plants were
inoculated with Bacillus subtilis before planting. There have been reports of several
types of antibiotics produced by rhizobacteria that have been used to control plant
root pathogens such as: pyrrolnitrin, phloroglucinols, phenazines, cyclic
lipopeptides, and hydrogen cyanide (Haas and Défago 2005). Some of these antibi-
otics have been characterized functionally, including bacterial cyanide production
and soil antifungal activity against root fungal pathogens that are both mediated by
the GacA/GacS quorum sensing system in Pseudomonas sp. (Heeb and Haas 2001).
The GacA/GacS two-component system is involved in the synthesis and release of
secondary metabolites that have antifungal activity. The same GacA/GacS system is
used by the beneficial rhizobacterium Pseudomonas fluorescens F113, and is respon-
sible for HCN synthesis that enables P. fluorescens F113 to control the pathogenic
fungal species, Pythium ultimum, which causes damping off disease in important
agricultural crops (Aarons et al. 2000).

Another example of quorum sensing involved in production and release of
antifungal compounds was shown in a study on the PhzR/PhzI system in the plant-
beneficial bacterium, Pseudomonas chlororaphis 30-84. The PhzR/PhzI quorum
sensing system regulates the synthesis and release of phenazine derivatives that
are antibiotics with antifungal activity. The synthesis of phenazine is mediated by
PhzR, whereas PhzI encodes for acyl-homoserine-lactone (AHL) synthase. AHL is
the signal that activates PhzR to synthesize phenazine, which is then released into the
soil. Using this two-component system, Pseudomonas chlororaphis 30-84 was
effective at controlling the serious fungal disease, Take-all, in wheat (Chin-A-
Woeng et al. 2003; Pierson and Pierson 1996; Zhang and Pierson 2001).

In other publications, Bacillus amyloliquefaciens SQR9 has been reported to
control Fusarium wilt disease in cucumber, and Fusarium head blight in wheat
has been shown to be controlled by use of Bacillus amyloliquefaciens AS 43.3 (Cao
et al. 2011; Dunlap et al. 2013). It has been shown that regulation of bacterial
chemotaxis can impact biocontrol effectiveness. For example, Weng et al. (2013)
reported on a mutation in the AbrB gene in Bacillus amyloliquefaciens SQR9 that
regulates chemotaxis and biofilm formation around root, which resulted in the
enhancement of Bacillus amyloliquefaciens SQR9 chemotaxis and biofilm forma-
tion, thereby improving root colonization and biocontrol efficacy. Dunlap et al.
(2013) showed that whole-genome sequencing and analysis of Bacillus
amyloliquefaciens AS 43.3 identified a number of biosynthetic gene clusters (ribo-
somal and non-ribosomal) for synthesis of secondary metabolites that act as antibi-
otics such as surfactin, difficidin, and plantazolicin. Finally, recent advances in
genome-resolved metagenomics have enabled researchers to identify novel soil
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bacteria that can be resources for genes involved in the synthesis of important
secondary metabolites (Crits-Christoph et al. 2018). In Crits-Christoph et al.
(2018), the authors reconstructed hundreds of near-complete genomes of bacteria
isolated from a natural grassland soil ecosystem and identified members of
understudied bacterial phyla such as Acidobacteria, Rokubacteria,
Gemmatimonadetes, and Verrucomicrobia that contain novel gene clusters encoding
important plant-beneficial bacterial biosynthetic pathways. In this study, they found
members of these phyla contained genes that encode diverse polyketides and
non-ribosomal peptides, and these classes of compounds include many antibiotics,
antifungals, and siderophores that thus could be used as novel beneficial
rhizobacteria.

3.3.4 Plant Hormone-Producing Bacteria

Optimal situation-dependent levels of plant hormones such as indole-3-acetic acid
(IAA), gibberellic acid (GA), the direct precursor of the hormone ethylene,
1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, ethylene, and cytokinin
are required for adequate plant growth due to their significant roles in all the stages of
plant growth development from embryogenesis to seed development (Chen et al.
2014; Davies 2010). Certain taxa of plant growth and performance promoting
bacteria enhance root and/or shoot growth by inducing alterations in plant hormonal
homeostasis that can lead to improved overall plant growth, root growth, abiotic
stress tolerance, and, ultimately, improved yield (Duca et al. 2018; Miransari 2014;
Vessey 2003). Although quite a few species of rhizobacteria have been reported to
produce phytohormones, Pseudomonas and Bacillus spp. have been studied more
extensively than other bacterial species with regard to microbial biosynthesis of
plant hormones (Duca et al. 2018; Patten and Glick 2002b; Shilev 2013; Vessey
2003).

3.3.4.1 Indole-3-Acetic Acid (IAA)

Plant root exudates often contain tryptophan, a precursor in the biosynthesis of the
predominant class of auxin compounds, indole-3-acetic acid (IAA) via the
indolepyruvic acid pathway (Patten and Glick 2002a). Root soil colonization in tea
(Camellia sinensis) with the IAA-producing rhizobacteria, Bacillus megaterium DE
BARY TRS-4, resulted in significantly improved tea plant growth and decreased level
of the fungal disease, brown root rot (Chakraborty et al. 2006). Gene sequences and
genetic pathways for IAA biosynthesis have been identified in Pseudomonas
sp. UW4 in Duan et al. (2013), and later this information was used by Duca et al.
(2018) to transform Pseudomonas sp. UW4, overexpressing four native IAA bio-
synthesis genes: ami, nit, nthAB, and phe. Overexpression of all four genes individ-
ually in Pseudomonas sp. UW4, resulted in significant increases in bacterial IAA
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concentrations. Canola seed inoculation with one of the four bacterial
overexpression lines and subsequent canola growth demonstrated that all four
overexpression lines had greater root growth in plants 10 days post inoculation.
The Pseudomonas sp. UW4 nit overexpression line had the greatest stimulation in
root growth (Duca et al. 2018). The authors also measured the activity of ACC
(1-aminocyclopropane-1-carboxylic acid) deaminase in the transgenic and wildtype
bacterial lines and found significant decreases (30–70%) in enzyme activity in the
overexpression lines. As this enzyme decreases the amount of ACC, the direct
precursor to ethylene, they speculated that the root growth increase could be due
to a direct effect of IAA or one of the other auxin compounds released from the
transgenic overexpression lines colonizing canola roots, or reduction in root ACC
and ethylene by the increased levels of ACC deaminase could also increase root
growth.

Low levels of auxin are often associated with lower plant growth; however,
excessively high auxin levels can affect shoot and root growth adversely (Thimann
1939). Therefore, there have been a number of studies on bacterial genes and genetic
pathways that enhance degradation of IAA and their impact on plant growth
(Costacurta and Vanderleyden 1995; Patten and Glick 1996; Spaepen et al. 2007).
Leveau and Gerards (2008) identified and characterized a putative IAA degrading
iac gene cluster by using the Pseudomonas putida 1290 strain originally isolated
from pear tree foliage (Leveau and Lindow 2005). The iac gene cluster was shown to
introduce IAA degradability in the P. putida KT2440 sp., which does not have the
ability to degrade IAA, demonstrating the likeliness that some of the genes in this
operon are involved in IAA catabolism (Leveau and Gerards 2008). Subsequently,
Scott et al. (2013) conducted insertional inactivation of each of the genes in the iac
cluster, and expression of the altered gene cluster in E. coli were combined with
MS-based auxin metabolite analysis to demonstrate that iac-based degradation of
IAA involved the first gene in the cluster, iacA, and transcript profiling of a knockout
of another gene in the cluster, iacR, which encodes for a repressor of iacA expres-
sion, and this repression is overcome by exposure to IAA. As high levels of IAA also
inhibit Pseudomonas putida 1290 growth as they can with regard to plant growth,
the presence of this IAA degradation pathway in Pseudomonas putidamight allow it
to better colonize root tips where higher levels of root-synthesized IAA might occur.

3.3.4.2 Cytokinin

Cytokinin is an essential phytohormone of paramount importance for plant growth
regulatory processes and cell division (Skoog and Armstrong 1970). Cytokinin
production has been reported by quite a few rhizobacteria such as members of the
genera Azospirillum, Rhizobium, Pseudomonas, and Bacillus (Cacciari et al. 1989;
García de Salamone et al. 2001; Grover et al. 2021; Timmusk et al. 1999). It has been
shown that inoculating plants with cytokinin-producing rhizobacteria can enhance
plant growth and yield (Arkhipova et al. 2005; Kudoyarova et al. 2014; Ping and
Boland 2004; Wang et al. 2018). Wang et al. (2018) showed that inoculation of
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Arabidopsis cytokinin receptor knockout mutants with cytokinin-producing Bacillus
sp. LZR216 alters shoot growth and root system architecture, significantly stimulates
lateral root number and length, and inhibits tap root length, while increases leaf
surface area and shoot biomass. Bacillus sp. LZR216 treatment upregulated the gene
expression of the Arabidopsis cytokinin signaling genes AHK3/AHK4, AHP1/AHP3,
and ARR4/5/7/10/12/15 in root tips, suggesting that root-cytokinin-regulated genes
may play a role in interactions and signaling between the root and cytokinin-
producing bacteria such as Bacillus sp. LZR216.

3.3.4.3 ACC Deaminase Activity and Ethylene

Ethylene and its precursor 1-aminocyclopropane-1-carboxylate (ACC) play impor-
tant roles not only in plant developmental but also in plant defense and symbiotic
programs. Thus, it is likely that ethylene and ACC play a central role in the
regulation of bacterial colonization and formation of root and shoot microbiomes.
A number of rhizobacteria can produce significant amounts of the enzyme,
1-aminocyclopropane-1-carboxylate (ACC) deaminase, enabling rhizobacteria to
degrade the ACC produced and exuded by plant roots and thereby reduce ethylene
levels in roots (Glick et al. 1998; Jacobson et al. 1994). ACC is an immediate
precursor to ethylene biosynthesis from methionine in plants (Adams and Yang
1979), and triggering of a surge in ethylene production can lead to root growth
inhibition (Jackson 1991). Although the catalyzing function of ACC deaminase was
first studied in free-living Pseudomonas spp., subsequently its activity was identified
in many other bacteria including rhizobacteria from the genera Rhizobium, Bacillus
pumilus, and Rhodococcus, and Burkholderia phytofirmans sp. Nov. (Glick 2005).
The ACC deaminase gene, acdS, is well characterized in the beneficial rhizobacteria,
Pseudomonas putida UW4, and it has been shown to be transcriptionally regulated
by an acdR gene that encodes the leucine-responsive regulatory protein (Lrp). Lrp
proteins have been found immediately upstream of many bacteria ACC deaminase
genes, suggesting transcriptional regulation of these deaminase genes by Lrp’s is a
key feature in the regulation of bacterial ACC deaminases. On the other hand, the
nifA gene, which is a master regulator of nitrogen fixation, has also been identified as
a regulator of an acdS gene in Mesorhizobium loti MAFF303099 (Kaneko et al.
2000). These results suggest evolution of parallel pathways of regulation of acdS
gene in different classes of proteobacteria that form symbiotic relationships with
plant roots.

ACC deaminases in rhizobacteria, which apparently enable the bacteria to mod-
ulate the levels of root ethylene in the host organ and increase or decrease root
growth where the bacteria reside, likely indicate this enzyme plays an important role
in root–rhizobacterial interactions. The ability to enzymatically modify root ethylene
levels is also a potential tool for agricultural researchers attempting to modulate the
composition and function of the root microbiome. But in order to effectively use this
information to facilitate root-microbiome-mediated enhancement of crop functional



3 The Role of the Root Microbiome in the Utilization of Functional. . . 71

traits, it will be necessary to more deeply and completely understand the relationship
between ACC deaminase containing rhizobacteria and the plant root.

3.4 Conclusions

3.4.1 Genome-Level Investigations of the Root Microbiome
and Holo-Omics Are Required to Fully Exploit
Microbiome Functional Traits

Plant growth and performance promoting microbes (PGPPM) in the root
microbiome have the potential to be used as important alternative strategies to
plant breeding or agronomic methods to enhance crop productivity, by enhancing
nutrient acquisition, producing plant growth hormones, and enhancing disease and
pest resistance. The genome of the root microbiome can be thought of as a second
plant genome that needs to be decoded to provide the knowledge necessary to use
natural and genetically modified root microbes to improve crop yields by enhancing
root mineral nutrient and water acquisition, abiotic and biotic stress tolerance, and
root system growth and vigor via altered plant hormone homeostasis (Fig. 3.1).
Despite having great potential for the utilization of microbial functional traits,
efficient root colonization with beneficial microbes is certainly one of the major
challenges in enabling modification of root microbiomes to enhance crop functional
traits. There have been major advances in this research area that ranges from the use
of microbe-specific structural and functional markers to multi-omics approaches that
combine two or more omics technologies such as metagenomics, transcriptomics,
metabolomics, and proteomics to study the root microbiome at the genome level.
However, functional studies of the root and its associated microbiome are still in
their infancy, as scientists are developing and improving techniques to study the
microbiome. As these types of studies advance and mature, they will enable the next
steps, which will be to study the root microbiome as a functional ecosystem, using
approaches such as deep-sequencing-based genome-resolved metagenomics, holo-
omics, and microbiome/crop pan genome approaches. Using more systems-based
approaches will be necessary to gain a deeper understanding of the detailed genetic,
biochemical, and physiological networks underlying complex PGPPM-mediated
processes and interactions of the root microbiome with the host plant roots and
exudates, required for the microbial recruitment and root colonization resulting in
enhancement of important crop functional traits. It is imperative that more of our
efforts now focus on understanding the functional aspects of root–microbe interac-
tions, which will be necessary to more effectively and efficiently use root
microbiome modifications as a sustainable tool in our crop improvement toolbox
to enhance plant resiliency and productivity, to help ensure global food security.
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Fig. 3.1 Sustainable improvement in crop productivity via root microbiome-related functional
traits. Genomic DNA or RNA is extracted from the root microbiome for meta-genomic and meta-
transcriptomic analyses. Plant metabolites are extracted from the root and/or collected as root
exudates (very difficult to currently do for roots in soil) for metabolomic analysis. The holo-
omics approaches involves combining and analyzing the different meta-omics data from root
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