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Abstract

Climate change, with its extreme temperature, weather and precipitation patterns, is a
major global concern of dryland farmers, who currently meet the challenges of climate
change agronomically and with growth of drought-tolerant crops. Plants themselves
compensate for water stress by modifying aerial surfaces to control transpiration and
altering root hydraulic conductance to increase water uptake. These responses are
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complemented by metabolic changes involving phytohormone network-mediated
activation of stress response pathways, resulting in decreased photosynthetic activity
and the accumulation of metabolites to maintain osmotic and redox homeostasis.
Phylogenetically diverse microbial communities sustained by plants contribute to host
drought tolerance by modulating phytohormone levels in the rhizosphere and produc-
ing water-sequestering biofilms. Drylands of the Inland Pacific Northwest, USA, illustrate
the interdependence of dryland crops and their associated microbiota. Indigenous
Pseudomonas spp. selected there by long-term wheat monoculture suppress root
diseases via the production of antibiotics, with soil moisture a critical determinant of
the bacterial distribution, dynamics and activity. Those pseudomonads producing
phenazine antibiotics on wheat had more abundant rhizosphere biofilms and provided
improved tolerance to drought, suggesting a role of the antibiotic in alleviation of
drought stress. The transcriptome and metabolome studies suggest the importance
of wheat root exudate-derived osmoprotectants for the adaptation of these pseudomo-
nads to the rhizosphere lifestyle and support the idea that the exchange of metabolites
between plant roots and microorganisms profoundly affects and shapes the below-
ground plant microbiome under water stress.

1. Dryland agriculture and global climate change

Climate change is among the most important global concerns faced by

farmers in the 21st century. Most general circulation models forecast signif-

icant disturbances in land and ocean temperature, extreme weather events

and precipitation patterns (IPCC, 2007; Stockle et al., 2010). Droughts

are expected to increase in length and severity, which will adversely affect

agriculture and cause significant declines in crop production on a global

scale (Lesk, Rowhani, & Ramankutty, 2016). Even today the early effects

of climate change on agricultural and forest lands worldwide are apparent,

and these impacts will increase with time. Farmers know the weather is

unpredictable, but historically, they have depended on “climate predictability”

to knowwhen it is safe to plant and harvest and the type of pests they will need

to battle. With climate change, farmers are losing “climate predictability” as

100-year weather events like floods and droughts become common events,

record high temperatures occur yearly, affecting crop growth, flowering,

and increasing evapotranspiration demands, and pests increase in severity

or spread to new areas.

Dryland cropping systems located in semi-arid and arid parts of the world

are especially vulnerable to the negative effects of changing climate condi-

tions. Dryland systems are those where annual precipitation meets only

25–50% of potential evapotranspiration demands (Stewart & Peterson,

2015). They occupy over 40% of the land surface of the Earth and are
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subdivided, based on annual precipitation, into arid (200–250mm of annual

precipitation of rain and snowfall), semi-arid (200–500mm), and dry

sub-humid (500–700mm) regions (FAO, 2004). Drylands that occur in

areas with variable rainfall and frequent droughts are especially susceptible

to fluctuations in temperatures and precipitation associated with climate

change. Dryland soils have a deficit of moisture, are low in soil organic mat-

ter, and are prone to erosion, fertility loss, salinization, and desertification

(Reynolds et al., 2007). Despite multiple challenges, dryland areas are

inhabited by over half a billion people and are an economically important

source of pasture and natural vegetation for livestock, legumes, and some

cereals (Rodriguez, de Voil, & Power, 2016). The continuous growth of

the world population and the rise of per capita income are projected to

increase food demand by over 50% by 2050 (Vos & Bellu, 2019). Dryland

agriculture is essential in order to address this challenge to food security,

but it will require a more holistic view of agroecosystems, more sustainable

farming practices, the development of climate-resilient crops, and new tech-

nologies that incorporate better management of plant-associated microbiota

including not only pathogens, but also commensal and beneficial agents that

can contribute to crop health.

The difficulties of farming in water-limited agroecosystems are com-

monly addressed through a combination of agronomic practices and the

use of drought-tolerant and -resistant crops. Management practices that help

conserve water and increase water use efficiency include the adoption of

reduced tillage or no-till (Schillinger, Kennedy, & Young, 2007), perma-

nent soil cover by crop residues or cover crops (Kirkegaard et al., 2014),

and novel crop rotations (Whitbread, Davoren, Gupta, Llewellyn, &

Roget, 2015). For example, in the low-precipitation zone of the Inland

Pacific Northwest (IPNW) of the United States, crop production is limited

to a two-year rotation of wheat-summer fallow, which allows water to accu-

mulate in the soil profile during the year of fallow and is used by the crop in

the following year. Conservation tillage including no-till has now been

widely adopted to increase the retention of soil water and reduce soil erosion

by wind and water, yet these cropping systems, which improve the environ-

ment, are heavily dependent on inorganic fertilizers and chemical pesticides,

especially herbicides like glyphosate for weed control (Hansen et al., 2016).

Chemical pesticides continue to face intense public criticism. Furthermore,

the conversion from traditional tillage to no-till tends to initially exacerbate

soilborne diseases, resulting in greater crop yield losses than occur in crops

grown by using conventional management practices (Schroeder & Paulitz,

2006). A second way to improve the productivity of dryland cropping
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systems involves the development of cultivars with resilience to climate

stresses. In the past decade, the application of conventional breeding, field

selection, quantitative trait locus (QTL) mapping, genome-wide association

studies (GWAS), transcriptomics, and high-throughput phenotyping have

yielded impressive advances toward understanding drought resistance mech-

anisms in different crops (Gupta, Rico-Medina, & Cano-Delgado, 2020).

However, progress in breeding and the enhancement of crops and cultivars

adapted to growing under dryland conditions remains slow. Hundreds of

drought resistance genes and QTLs have been identified and mapped, but

very few have been integrated into commercial cultivars by breeding pro-

grams due to the low heritability, polygenic nature, and the high level of

genotype�environment interactions of relevant traits (Hu & Xiong, 2014).

Recent studies suggest that the plant microbiome positively influ-

ences plant fitness in response to stressors associated with climate change

(Coleman-Derr & Tringe, 2014). Plants foster large root-associated micro-

bial communities that enhance the ability of plants to resist biotic and abiotic

stresses by promoting nutrient uptake and plant development, suppressing

pathogens, inducing resistance mechanisms, degrading soil pollutants, and

modulating stress phytohormone levels (Adriaensen, Vralstad, Noben,

Vangronsveld, & Colpaert, 2005; Dimkpa, Weinand, & Asch, 2009; Glick,

2012; Kuiper, Lagendijk, Bloemberg, & Lugtenberg, 2004; Lundberg

et al., 2012; Marasco et al., 2012; Rolli et al., 2015; Timmusk et al., 2014;

Zolla, Badri, Bakker, Manter, & Vivanco, 2013). Plant-associated soil micro-

organisms can also alleviate the detrimental effects of drought and heat stress

(Lau & Lennon, 2012; Rodriguez et al., 2008). The exploitation of bene-

ficial microbial communities is a promising complementary strategy that

can be integrated with conventional management practices and breeding

efforts to improve crop performance under a changing global climate.

However, these novel strategies require a firm understanding of the phys-

iological and molecular processes underpinning the adaptation of plants

and their associated microbiomes to water stress. The topic of plant-

microbial interactions under drought has been addressed in several recent

reviews (De Vries, Griffiths, Knight, Nicolitch, & Williams, 2020;

Naylor & Coleman-Derr, 2018; Williams & de Vries, 2020). Here, we dis-

cuss key aspects of plant and microbial responses to water stress and then

focus on ecological and molecular aspects of the interaction between dry-

land cereals grown in semi-arid parts of the U.S. Inland Pacific Northwest

and the indigenous rhizosphere Pseudomonas bacteria that are key members

of their root microbiota.
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2. Plant responses to water stress

Water is critical for plant survival, and plants have evolved biochem-

ical and physiological defense mechanisms that are activated in response to

periods of drought. Depending on the species, these mechanisms may

include an accelerated lifecycle before the onset of water stress (drought

escape), the ability to store and maintain high water content during drought

(drought avoidance), or the ability to sustain growth and cope with low

tissue water content (drought tolerance) (Basu, Ramegowda, Kumar, &

Pereira, 2016). On a physiological level, drought-stressed plants induce

stomata closure and secrete cuticular wax, which decreases transpiration

and helps retain foliar water (Moshelion, Halperin, Wallach, Oren, &

Way, 2015). Another important physiological adaptation involves an

increased water uptake from the soil by altering root hydraulic conductance,

increasing expression of aquaporins and producing dehydrins, which are

stress proteins associated with responses to drought, salinity, and develop-

ment of cold hardiness and winter dormancy (Eldhuset et al., 2013; Liu,

Song, Li, Yang, & Li, 2017). Plants also reduce foliar growth, thereby

increasing the root/shoot ratio, and alter root system architecture in order

to maximize the capture of soil water and nutrients (Dinneny, 2019).

Plant responses to abiotic stresses are governed by networks of signaling

pathways that involve abscisic acid (ABA), jasmonic acid (JA), ethylene

(ET), and salicylic acid (SA). Among these phytohormones, ABA functions

as a growth inhibitor and key regulator in the adaptation to environmental

stress. It is strongly induced under drought and excessive salinity and helps

plants tolerate water deficit by inducing the closure of stomata and slowing

water loss via transpiration (Vishwakarma et al., 2017). JA and its derivatives

regulate multiple stress response and developmental processes. These com-

pounds accumulate in plant tissues during drought and, like ABA, help

conserve water by controlling the function of stomata (Hossain et al.,

2011; Wang, Song, Gong, Xu, & Li, 2020). Ethylene is also produced in

response to multiple abiotic stresses, including drought, salt, and flooding

(Kazan, 2015). This phytohormone regulates plant organ development

and, depending on the concentration and type of stressor, influences shoot

and root growth and the formation of aerenchyma (Dubois, Van den

Broeck, & Inze, 2018; Ni et al., 2018). ET acts as yet another regulator

of stomatal function, although its effect is modulated by ABA (Tanaka

et al., 2005). Although salicylic acid is known for its role in the induction
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of systemic acquired resistance to pathogens, this phytohormone also medi-

ates plant response to drought, salinity, high temperature, and heavy metals

(Hasanuzzaman et al., 2017). It has been suggested that the protective effect

of SA may involve the modulation of redox homeostasis and accumulation

of osmolytes in stressed plants (Herrera-Vasquez, Salinas, & Holuigue, 2015;

Jagendorf & Takabe, 2001).

Drought, high salinity, and other abiotic stresses cause alterations in plant

carbon metabolism, the extent of which depends on the rate of the stress,

plant species, and tissue type (Cui et al., 2019). These changes are partially

caused by the decrease in photosynthesis due to inhibited biochemical and

photochemical processes (deactivation of RuBisCO, slow regeneration of

RuBP) and closed stomata that limit CO2 diffusion into the leaf mesophyll

(Bota, Medrano, & Flexas, 2004; Chaves, Flexas, & Pinheiro, 2009; Flexas &

Medrano, 2002). Other changes involve an osmotic adjustment that enables

plants to maintain cell turgor critical for growth and survival under water

stress (Turner, 2018). Osmoprotectants, or osmolytes, including soluble

sugars like trehalose and charged metabolites like glycine-betaine and pro-

line accumulate throughout plant tissues (Bohnert, Nelson, & Jensen, 1995).

They act as compatible solutes that lower the cell water potential and

promote water retention without interfering with normal metabolism.

Under severe or persistent osmotic stress, these metabolites stabilize cellular

components and help maintain redox balance by scavenging free radicals

(Couee, Sulmon, Gouesbet, & El Amrani, 2005; Miller, Suzuki, Ciftci-

Yilmaz, & Mittler, 2010). Drought enhances production of reactive

oxygen species (ROS) that interfere with cellular metabolism by damaging

lipids, proteins and other macromolecules (Helena & Carvalho, 2008).

The activation of enzymatic antioxidants helps to prevent acute cellular

damage and maintain redox homeostasis and membrane integrity (Pardo-

Hernandez, Lopez-Delacalle, & Rivero, 2020; Verma, Srivastava, Tiwari,

& Chakrabarty, 2019). This represents a crucial part of the plant defense

response to abiotic stress, and there is a correlation between the induction

of antioxidant pathways and peroxidases and the degree of drought tolerance

(You & Chan, 2015). Water-stressed plants also produce and accumulate

specialized free radical scavengers, such as flavonols and anthocyanins,

that mitigate oxidative stress in plants exposed to drought (Nakabayashi,

Mori, & Saito, 2014; Nakabayashi, Yonekura-Sakakibara, et al., 2014).

Finally, the exposure of different plant species to drought and other abiotic

stresses results in a rapid accumulation of the non-proteinogenic amino acid

γ-aminobutyric acid (GABA) (Shelp et al., 2012). Recent studies suggest
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that GABA is not just a metabolite but rather a signaling compound involved

in the maintenance of carbon and nitrogen metabolism, regulation of TCA

cycle, scavenging of ROS, and osmoregulation (Seifikalhor, Aliniaeifard,

Hassani, Niknam, & Lastochkina, 2019; Yong et al., 2017). Interestingly,

plant osmolytes, phytohormones and their precursors are actively metabo-

lized by soil bacteria, which suggests an avenue for stressed plants to select

their rhizosphere microbial communities. Conversely, plant-associated

microorganisms may alleviate detrimental effects of drought stress by mod-

ulating the levels of defense metabolites and phytohormones in the plant

rhizosphere (Kudoyarova et al., 2019).

3. Rhizosphere microbiome alleviates drought stress
in plants

Two lines of research provide experimental evidence that plant-

associated rhizobacteria have a key role in alleviating drought stress in plants.

The first group of studies tested the ability of individual strains to promote

plant growth under conditions of water deficit. A non-exhaustive list of

non-symbiotic species with documented ability to confer plant tolerance

to water stress includes numerous species of Pseudomonas and Bacillus

(reviewed by Ngumbi and Kloepper (2016)), Paenibacillus (Timmusk

et al., 2014), Variovorax (Garcia Teijeiro, Belimov, & Dodd, 2020),

Phyllobacterium (Bresson, Varoquax, Bontpart, Touraine, & Vile, 2013),

Achromobacter (Castillo, Escalante, Gallardo, Alemano, & Abdala, 2013;

Mayak, Tirosh, & Glick, 2004), Burkholderia (Fan et al., 2015), Enterobacter

(Naveed, Mitter, Reichenauer, Wieczorek, & Sessitsch, 2014), and

Alcaligenes (Naseem&Bano, 2014b).More recently, ameta-analysis of 52 pub-

lished papers evaluated the extent to which rhizobacteria influence root

and shoot mass and seed yield in plants under optimal as well as water-

stressed conditions (Rubin, van Groenigen, & Hungate, 2017). Most studies

included in that analysis focused on interactions between maize, wheat, sun-

flower, and lettuce with Pseudomonas, Azospirillum, Azotobacter, and Bacillus.

These studies were selected such that drought was imposed through irriga-

tion deficit rather than by manipulating salinity or including polyethylene

glycol to impose matric stress, as these techniques often led to confounding

errors. Results of the meta-analysis revealed that beneficial rhizobacteria

consistently promoted plant growth by increasing root mass, shoot mass

and seed yield (35%, 28%, and 19%, respectively) under well-watered

conditions. Under water stress, the effect was even more evident, with

7Rhizosphere plant-microbe interactions

ARTICLE IN PRESS



the percentage increase in root mass, shoot mass and reproductive yield

being 43%, 45%, and 40%, respectively (Rubin et al., 2017). These findings

agree with the results of an earlier meta-analysis that examined the effect

of microbial symbionts such as arbuscular mycorrhizal fungi on the growth

and yield of plants exposed to water stress ( Jayne &Quigley, 2014). Biomass

measurements revealed that plants colonized by mycorrhizae grew sig-

nificantly better and had a greater reproductive response compared to the

non-mycorrhizal control plants. The magnitude of the mycorrhizal effect

varied among annual and perennial plants, herbaceous and woody plants,

and depended on water stress levels. The results also indicated that C3 plants

responded less strongly than C4 plants. Similar beneficial effects were

observed in response to colonization of drought stressed plants with symbi-

otic rhizobia (Goicoechea, Antolı́n, & Sanchez-Diaz, 1997), certain strains

of the ascomycete Trichoderma (Estevez-Geffriaud, Vicente, Vergara-Diaz,

Narvaez Reinaldo, & Trillas, 2020) and endophytes from the order

Sebacinales, such as Piriformospora indica (Tsai et al., 2020).

Another clear line of evidence for the ability of rhizobacteria to influence

plant growth under water-limited conditions is provided by attempts to

engineer the rhizosphere microbiome for drought relief. In contrast to using

individual strains, these studies use an accelerated selection process to pro-

mote the assembly of microbial communities capable of enhanced plant

growth promotion under water stress. For example, Lau and Lennon

(2012) cultivatedmultiple generations ofBrassica rapa in drought-stressed soil

mesocosms. Soil microbial communities that evolved under continuous

water stress differed significantly from those maintained under well-watered

conditions. Plants grown in association with such a drought-adapted micro-

biome maintained greater fitness under water stress, which was manifested

as accelerated flowering and smaller drop in fruit production relative to

controls. A similar cycling approach was recently used by Jochum,

McWilliams, Pierson, and Jo (2019) to evolve a drought-adapted rhizo-

sphere microbial community in wheat. That host-mediated microbiome

engineering (HMME) experiment involved growing six continuous rounds

of wheat seedlings in the same drought-stressed soil. Soil communities

recovered at the end of the sixth HHME cycle significantly improved water

stress tolerance, which was evident from the increased biomass, root length,

and leaf surface area. The beneficial effect could be transferred by adding

1–0.1 part of the drought adapted soil to a regular soil and was destroyed

by autoclaving. A 16S rRNA-based analysis of the drought-adapted
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community revealed a significant decrease in alpha diversity accompan-

ied by shifts in the abundance of Betaproteobacteria, Acidobacteria, and

Gemmatimonadetes ( Jochum, McWilliams, Pierson, & Jo, 2019). Although

carried out under controlled conditions, both studies cited above demon-

strate how changes in the rhizosphere microbiome can accelerate plant

responses and adaptation to new abiotic stressors. These studies also open

a potential avenue for the development of microbial inoculants that will

be effective at improving plant tolerance to water deficit.

4. How rhizobacteria protect plants from drought stress

The molecular mechanisms by which rhizosphere microorganisms

protect plants from water stress are multifaceted and include the modulation

of plant hormone levels and the synthesis of osmolytes, antioxidants, and

humectants. Despite their hypothesized involvement, most of these micro-

bial traits are shared by multiple unrelated taxa and are nonspecific, especially

the ability of microorganisms to control pathogens and stimulate plant

growth and nutrient acquisition (Finkel, Castrillo, Herrera Paredes, Salas

Gonzalez, & Dangl, 2017). Most claims about the contribution of certain

microbial mechanisms to the alleviation of water stress come from correla-

tional studies carried under controlled conditions. There is limited evidence

that plant inoculation with beneficial microorganisms selected in the lab

provides advantages to drought-stressed plants in the field. The ability of

rhizobacteria to improve the nutritional status of plants has been covered

by several thorough reviews and will not be discussed here. Instead, we

will briefly address the ability of microorganisms to impart drought tolerance

by modulating phytohormones and producing osmoprotectants and

exopolysaccharides.

As we have outlined above, abscisic acid (ABA) plays a key role in the

ability of plants to mount a defense response to water stress. Although the

production of ABA by bacteria has been described (Cohen, Bottini, &

Piccoli, 2008; Shahzad et al., 2017), this trait appears to be rare and, in

contrast to plants and fungi, the genetic basis for the synthesis of ABA in bac-

teria remains unknown. Bacterial catabolism of ABA (Hasegawa, Poling,

Mayer, & Bennett, 1984) is equally poorly characterized, but both the

breakdown and synthesis of this phytohormone have been attributed to

the ability of some rhizosphere microorganisms to alleviate drought stress

in plants (Belimov et al., 2014; Cohen et al., 2015; Cohen, Travaglia,
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Bottini, & Piccoli, 2009). Other studies have reported that the application of

beneficial rhizobacteria coincides with changes in the levels of endogenous

ABA in drought-stressed plants (Salomon et al., 2014; Zhang, Xie, et al.,

2008), although it is difficult to determine whether the effects were direct

or mediated by changes in other signaling networks.

Ethylene (ET) regulates multiple different aspects of plant growth and

development, and its levels are induced by wounding, pathogen infection,

flooding, extreme temperature, and drought (Kazan, 2015; Morgan &

Drew, 1997). ET mediates plant adaptation to stress by interfering with

auxin response factors, constraining growth and development, and expedit-

ing senescence. The ability to catabolize the immediate precursor of ET,

1-aminocyclopropane-1-carboxylate (ACC), is considered the key mecha-

nism by which rhizosphere bacteria exert beneficial effects on plants affected

by drought and other abiotic stresses (Glick, 2014). Specifically, microor-

ganisms secreting the enzyme 1-aminocyclopropane-1-carboxylate deami-

nase convert ACC to ammonia and α-ketobutyrate, thus lowering ethylene
levels and promoting growth in stressed plants (Glick et al., 2007). The

beneficial effect of ACC-deaminase producers on drought-stressed plants

has been documented in multiple crops treated by such diverse rhizobacteria

as Bacillus (Lim&Kim, 2013),Variovorax (Dodd, Jiang, Teijeiro, Belimov, &

Hartung, 2009), Burkholderia (Naveed et al., 2014), Achromobacter (Mayak

et al., 2004), and different species of Pseudomonas (Carlson et al., 2020;

Cheng, Park, & Glick, 2007; Niu, Song, Xiao, & Ge, 2018; Zahir,

Ghani, Naveed, Nadeem, & Asghar, 2009). This list is by no means exhaus-

tive because studies of this type are numerous and ACC-deaminase is highly

prevalent among divergent Proteobacteria, Firmicutes, and Actinobacteria

(Nascimento, Rossi, Soares, McConkey, & Glick, 2014).

Auxins such as indole-3-acetic acid (IAA) regulate plant growth and

development by influencing the elongation of shoots and roots, differenti-

ation of vascular tissues, the formation of lateral and adventitious roots, and

root gravitropism (Aloni, Aloni, Langhans, & Ullrich, 2006). It has been

suggested that over 80%of culturable rhizobacteria carry pathways for the syn-

thesis of IAA and have the capacity to produce auxins (Duca, Lorv, Patten,

Rose, & Glick, 2014; Patten & Glick, 1996; Spaepen & Vanderleyden,

2011). The production of IAA by microorganisms plays an important role

in plant–microbe signaling and symbiotic relationships of bacteria with

plants (Spaepen, Vanderleyden, & Remans, 2007). Several studies also sug-

gest that IAA-producing rhizobacteria can alleviate drought stress in plants.

For example, treatment of wheat and maize with IAA-producing strains of

10 Ankita Bhattacharyya et al.

ARTICLE IN PRESS



Bacillus and Enterobacter increased the drought tolerance in both plant species

( Jochum et al., 2019). In both cases, the application of bacteria significantly

increased root length, surface area and the number of root tips. Some

beneficial rhizobacteria seem to manipulate plant auxin levels indirectly.

For example, the treatment of Arabidopsis with Phylobacterium brassicacearum

modified root architecture and increased the length of lateral roots, which

coincided with improved drought tolerance (Bresson et al., 2013).

Subsequent work revealed that the effect was mediated not by the release

of microbial IAA, but rather by changes in auxin distribution and homeo-

stasis in the colonized plant. Interestingly, the effect of auxins on plant roots

is concentration-dependent in that low levels of endogenous IAA stimulate

the elongation of the primary root, while high levels inhibit this growth

and induce the formation of lateral roots and root hairs (Patten & Glick,

2002). Inoculation of plants with IAA-producing bacteria seems to mirror

this trend, and species with moderate levels of auxin have a beneficial effect,

while overproducers inhibit root growth and elongation (Xie, Pasternak, &

Glick, 1996).

Other suggested mechanisms for the alleviation of drought stress involve

the ability of microorganisms to balance osmotic pressure across cellular

membranes under hypertonic conditions by impacting plant levels of

compatible solutes (De Vries et al., 2020). In addition, the application of

beneficial rhizobacteria to water-stressed plants often coincides with the

induction of enzymatic antioxidants such as glutathione reductase, catalase

(CAT), superoxide dismutase (SOD), peroxidase, and ascorbate peroxidase

(APX). Both phenomena have been demonstrated in maize, tomato, rice,

beans and Arabidopsis exposed to different individual strains or simple con-

sortia of plant growth-promoting rhizobacteria (Vurukonda, Vardharajula,

Shrivastava, & Sk, 2016). For example, treatment of plants by different

Pseudomonas or Bacillus strains correlated with the accumulation of proline

(Ansary et al., 2012; Armada, Roldan, & Azcon, 2014) or choline and gly-

cine betaine (Zhang et al., 2010). Similar effects were observed in drought-

stressed maize and beans treated, respectively, with trehalose-overproducing

strains of A. brasilense (Rodriguez, Suarez, Caballero, & Itturiaga, 2009) and

Rhizobium etli (Suarez et al., 2008). Interestingly, the macroarray profiling of

root nodules inoculated with trehalose-overproducing R. etli revealed an

upregulation of multiple genes involved in nodulation, stress tolerance, car-

bon and nitrogen metabolism, suggesting that trehalose acts as a signaling

compound (Suarez et al., 2008). Similarly, changes in levels of plant antiox-

idant enzymes have been recorded in multiple studies, suggesting a link
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between the presence of rhizobacteria and activation of ROS scavenging

systems during water stress (Vurukonda et al., 2016). For example, the treat-

ment of plants with strains of Pseudomonas, Bacillus, Bradyrhizobium, or

Enterobacter coincided with a significant increase in the activity of APX,

SOD, CAT, and alleviation of water stress (Gururani et al., 2013; Tiwari,

Lata, Chauhan, & Nautiyal, 2016; Vardharajula, Zulfikar Ali, Grover,

Reddy, & Bandi, 2011; Wang et al., 2012). While the correlation between

the presence of rhizobacteria and changes in the levels of plant osmolytes and

antioxidant enzymes is well documented, the explicit mechanism behind

this phenomenon remains elusive. Relevant studies often use strains secret-

ing ACC-deaminase and/or auxins, and it is unclear whether the observed

effects are specific or reflect changes in the plant phytohormone status. It

also is unclear whether the observed changes depend on the type of the

microorganism and the host, their physiological status, and the impact of

these changes on the overall fitness of the plant in the field.

Microbial volatile organic compounds (VOCs) are small molecules

with low boiling point and high vapor pressure that are produced by many

rhizobacteria and diffuse via a gaseous phase. Recent studies suggest a key

role of these metabolites in the mediation of mutualistic interactions

between plants and their associated microbiomes (Garbeva & Weisskopf,

2020). Microbial VOCs are perceived by plants and exert a multitude of bio-

logical effects including growth promotion in the presence of salinity,

drought, and other abiotic stresses. For example, Cho et al. (2008) identified

2,3-butanediol as a key contributor to the ability of P. chlororaphisO6 to con-

fer tolerance to drought stress in Arabidopsis. The effect was abolished in

2,3-butanediol non-producing mutants of O6 and was mediated on the

plant side by salicylic acid, nitric oxide, and the synthesis of hydrogen per-

oxide (Cho, Kim, Anderson, & Kim, 2013). The capacity of Paraburkholderia

phytofirmans PsJN to confer tolerance to water stress in Arabidopsis was

mediated by exposure of the plant to volatile metabolites emitted by the

bacteria. Further studies revealed that volatile blends released by PsJN con-

tained 2-undecanone, 7-hexanol, and 3-methylbutanol, which collectively

provided growth promotion and stress tolerance levels similar to those of the

strain itself (Ledger et al., 2016). Similarly, a blend of VOCs released by

Pseudomonas simiae AU induced tolerance to salinity in soybean (Glycine

max) (Vaishnav, Kumari, Jain, Varma, & Choudhary, 2015). Although

the metabolites involved were not identified, the treatment decreased

plant Na+levels and increased the content of proline and chlorophyll.

Similar results were observed by Zhang, Kim, et al. (2008), who exposed

salt-stressed Arabidopsis to a mix of VOCs produced by B. subtilis GB03.
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They observed increased leaf surface area, root mass, and total K+ content, as

well as a reduction in Na+content concurrent with tissue-specific changes

in expression of the sodium transporter HKT1. Despite some in-depth stud-

ies, the effect of bacterial VOCs on plant abiotic stress tolerance remains

poorly understood. It has been proposed that plants perceive microbial

VOCs as a sign of pathogen attack and prime general defense responses,

which provides protection against both biotic and abiotic (i.e., drought)

forms of stress (Garbeva & Weisskopf, 2020).

Bacterial exopolysaccharides (EPSs) are complexmixtures of polysaccha-

rides, DNA, proteins, and lipids that have very high water content and pro-

tect microorganisms from desiccation (see Section 6) (Chang et al., 2007;

Schmid, Sieber, & Rehm, 2015). Hence, in some rhizobacteria the capacity

to alleviate water stress has been linked to the formation of rhizosphere

biofilms and the production of the hydrating EPS matrix that creates an

osmotically stable environment during drought. For example, the inocula-

tion of sunflower seedlings with the EPS-producing strain Pseudomonas sp.

GAP-P45 significantly increased root-adhering soil, leading to better uptake

of water and nutrients and survival under drought stress (Sandhya, Ali,

Grover, Reddy, & Venkateswarlu, 2009). The treatment of maize seeds

with EPS-producing strains of Proteus, Pseudomonas, and Alcaligenes (along

with their exopolysaccharides) promoted plant growth and improved the

content of protein, sugar, proline, and antioxidant enzymes (Naseem &

Bano, 2014b). Other examples include the inoculation of chickpea with

salt-tolerant strains of Halomonas variabilis and Planococcus rifietoensis, which

promoted plant growth and improved the aggregation of rhizosphere soil

under high salinity (Qurashi & Sabri, 2012). Similarly, the inoculation of

quinoa seeds with halotolerant strains of Enterobacter and Bacillus improved

plant growth as well as osmotic and ionic stress under saline irrigation

(Yang et al., 2016). The accumulation of bacterial EPS strongly influences

soil moisture by retaining moisture within the polymeric matrix, promoting

the formation of soil aggregates and inhibiting evaporation by changing soil

water repellency (Guo et al., 2018). It is thought that these changes may

benefit drought- and salt-stressed plants by supporting the flow of water,

nutrients, and ions to the root system.

5. The belowground plant microbiome is shaped
by water stress

Drought has a strong impact on the structure of the root microbiome,

either by selection of microbial taxa that are tolerant to desiccation or by
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alteration of soil chemistry and rates of diffusion (Naylor & Coleman-Derr,

2018). Bacterial biomass has been seen to decrease in some water stressed

conditions (Hueso, Garcı́a, & Hernández, 2012) but not in others, where

it remained the same (Hartmann et al., 2017) or increased (Fuchslueger,

Bahn, Fritz, Hasibeder, & Richter, 2014), possibly due to prior exposure

of the bacteria to drought. There have been relatively few reports of the

impact of drought on bacterial phylogenetic diversity, although this pattern

may depend on the context of the drought; alpha diversity in plots exposed

to drought for the first time decreased by 40%, but there was no such

decrease in soils pre-exposed to the condition (Bouskill et al., 2013).

With the use of more refined methods, however, the composition of the

soil microbial community is being found to change substantially due to

drought. There was a significant enrichment in lineages of Gram-positive

bacteria (monoderms) such as Firmicutes and Actinobacteria, and fewer

Gram-negative phyla such as Proteobacteria and Bacteroidetes, within the root

and rhizosphere as compared to the surrounding soil (Naylor & Coleman-

Derr, 2018). Differences in results among studies could be dependent upon

the conditions at various study sites, as the relative abundance of Proteobacteria

and Acidobacteria has been seen to vary markedly in different studies but

shifts in their relative abundance have been small in most cases. In one inter-

esting exception to this generality, German forest ecosystems showed a

300% increase in the familyMicromonosporaceae, a much greater change than

in the rest of the parent phylum Actinobacteria (Felsmann et al., 2015).

Alterations in microbial community structure due to drought have

been revealed in studies directed at various individual host plant species.

Water-stressed conditions changed the overall root microbiome of rice

cultured in a greenhouse. Changes in the communities present in the rhizo-

sphere and the endosphere were consistent across cultivars and showed

an increase in the abundance of Actinobacteria and Chloroflexi, and fewer

Deltaproteobacteria and Acidobacteria (Santos-Medellı́n, Edwards, Liechty,

Nguyen, & Sundaresan, 2017). In water-stressed field-grown rice plants,

the root microbiome was developmentally immature; it changed consi-

derably during the vegetative phase of plant growth and remained relatively

constant afterwards. These results provide insight into the relationship

between microbial composition of the root and the growth phase of the host

plant (Edwards et al., 2018). Similar results were observed in studies con-

ducted in millet plants in which Actinobacteria were enriched on the roots

under drought conditions. The enrichment was observed along the entire

length of the roots, although the drought response was only expressed in
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areas that experienced the water stress (Simmons et al., 2020). In

drought-sensitive pepper plants cultivated in desert farms, the main taxa

associated with the root system were Actinobacteria, Proteobacteria and

Firmicutes, with 61% of the rhizosphere microbial community comprised

of Klebsiella spp. and 68% of the endosphere microbial community com-

prised of Bacillus spp. (Marasco et al., 2012).

While these studies focused mostly on single host species, other studies

with multiple hosts under drought conditions have observed similar results.

Research conducted on 18 grass lineages, for example, with wheat, rye, sor-

ghum, and tomato as an outgroup, showed a consistently large increase in

communities of Actinobacteria across all host groups (Naylor, DeGraaf,

Purdom, & Coleman-Derr, 2017). In contrast, another study conducted

with sorghum plants showed a substantial decrease in the abundance of

Actinobacteria, which could have been due to a number of confounding

factors including the degree of drought to which the plants were exposed

(Naylor & Coleman-Derr, 2018). Analysis of the root microbiomes of

30 angiosperm species in water-stressed conditions showed that the abun-

dance of Actinobacteria in the endosphere increased twofold, with a concom-

itant decrease in the abundance of Proteobacteria (Fitzpatrick et al., 2018).

Interestingly, a reverse trend was observed when ecosystems with a his-

tory of water limitation were subjected to irrigation. A long-term irrigation

experiment in a semi-arid pine forest in the Rhone Valley of Switzerland

revealed pronounced shifts in the soil microbiome from oligotrophic to

more copiotrophic taxa (Hartmann et al., 2017). The increased soil moi-

sture stimulated plant-derived inputs and increased levels of copiotrophic

Proteobacteria, which have higher rates of metabolic activity (Fierer et al.,

2007), while displacing oligotrophic Actinobacteria, Gemmatimonadetes,

Acidobacteria, and Armatimonadetes that are more tolerant of water stress.

This study indicates that the activity of microbes changes not only because

of irrigation, but also due to the difference in efficient carbon use among taxa

(Hartmann et al., 2017).

6. Microbial responses to water stress in the rhizosphere

Rhizobacteria exist in environments that regularly experience

dramatic changes in water activity ranging from extremely hypotonic, as

can occur after a massive rainfall, to extremely hypertonic, such as during

a prolonged drought. Bacteria employ diverse physiological mechanisms

to cope with deleterious effects of water stress that differ depending on

15Rhizosphere plant-microbe interactions

ARTICLE IN PRESS



the plant host and the other bacteria occupying plant-associated habitats.

Among rhizosphere pseudomonads, these mechanisms have been studied

in considerable detail in Pseudomonas putida, which responds to water

limitation by producing biofilms and accumulating compatible solutes

(Elbein, Pan, Pastuszak, & Carroll, 2003; Fernandez-Aunion et al., 2010;

Potts, 1994). Bacterial biofilms are structurally complex cellular assemblages

enclosed in an extracellular matrix comprised of proteins, exopolysaccharides,

and DNA (Bloemberg, 2007; Borlee et al., 2010; Watt, Hugenholtz,

White, & Vinall, 2006; Zachow, Fatehi, Cardinale, Tilcher, & Berg, 2010).

The exopolysaccharides (EPSs) can hold up to 10 times their weight in

water (Chenu & Roberson, 1996; Roberson & Firestone, 1992) and

are a major water-binding agent and reservoir under water-limiting con-

ditions (Sutherland, 2001). P. putida has genes for the production of four

different EPSs: alginate (alg), putida exopolysaccharide a (pea), putida

exopolysaccharide b (peb), and cellulose (bcs) (Nilsson et al., 2011;

Nielsen, Li, & Halverson, 2011). In saturated biofilms, alginate has a crit-

ical role in creating hydrated environments (Chang et al., 2007; Mann &

Wozniak, 2012), and its synthesis is upregulated under conditions of water

limitation (Nilsson et al., 2011; van de Mortel & Halverson, 2004). The

other EPSs also contribute to the formation of rhizosphere biofilms by

P. putida. Mutant testing has shown that Bcs and Pea contribute to hydration

and that Bcs and alginate, but not Pea, contribute to rhizosphere colonization

in gnotobiotic assays (Nielsen et al., 2011). A mutant devoid of all known

EPS components produced biofilms similar in structure to those of the paren-

tal strain in vitro, albeit with much reduced stability (Nilsson et al., 2011).

These results suggest that all four EPS components in P. putida contribute

to biofilm integrity and highlight the importance of the EPS in fitness under

environmental stress. Although nearly all pseudomonads are capable of syn-

thesizing alginate, individual species differ markedly in the other forms of

EPS they produce (Mann & Wozniak, 2012) and the exact role and relative

importance of these molecules in biofilm formation, stability, and stress tol-

erance must be determined for individual species and strains of bacteria.

Aside from forming biofilms, most rhizobacteria respond to water stress

by producing and/or taking up otherwise inert molecules that help them

balance osmotic pressure across the cellular membrane without compro-

mising protein folding or other cellular processes. These metabolites, collec-

tively termed compatible solutes, osmolytes, or osmoprotectants, include

certain polyols, sugars, amino acids, amino acid derivatives, and peptides

(Miller & Wood, 1996). When stressed osmotically, P. putida accumulates
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the osmolytes glycine betaine (GB), mannitol, glutamate, N-acetyl-

glutaminylglutamine amide (NAGGN) and trehalose (Galvao, de Lorenzo,

& Canovas, 2006). Genes involved in the synthesis and uptake of these

osmolytes have been identified and characterized in P. putida and in the

related species P. aeruginosa, an opportunistic human pathogen (Wargo,

2013) and in P. syringae, a plant pathogen (Chen & Beattie, 2008; Freeman

et al., 2013; Kurz, Burch, Seip, Lindow, & Gross, 2010). Interestingly, all

pseudomonads studied to date can utilize GB as an osmolyte but at the same

time they lack genes for the synthesis of this compound (Wargo, 2013). GB

and its precursor, choline, are thought to be relatively widespread in plants

(McNeil, Nuccio, & Hanson, 1999; Storey & Wyn Jones, 1975), and most

pseudomonads can convert choline to GB, and take it and GB into their

cells. However, there have been few if any studies of the exact role of

GB and other osmolytes in rhizosphere settings.

While there has been considerable interest in characterizing microbial

biofilms and osmolytes in recent years, our understanding of physiological

responses to water stress in rhizobacteria remains poorly understood.

This is due in part to the fact that rhizobacterial populations are phylo-

genetically complex and the bacteria themselves have large and highly plastic

genomes, meaning that stress response traits are highly diverse. Furthermore,

because the physiological stress response pathways of most bacteria have

never been tested under ecologically relevant conditions (i.e., on plants

and in the presence of indigenous microflora), the physiological relevance

of water stress response pathways to rhizosphere fitness is still poorly under-

stood. Finally, almost all studies to date have been performed in vitro and

have not accounted for the exchange of metabolites among rhizobacteria

residing in the environment of a water-stressed plant.

7. The role of rhizodeposits in stress-driven selection
of the plant microbiome

It has become increasingly clear that stressed plants actively recruit

and shape their microbiomes by depositing photosynthetically fixed carbon

into the soil directly surrounding plant roots (de la Fuente Canto et al.,

2020). In return, plant-associated microorganisms positively influence the

fitness of the host in response to stressors associated with global climate

change (e.g., drought, salt, temperature, and soil pollution) (Adriaensen

et al., 2005; Kawasaki, Watson, & Kertesz, 2012; Lau & Lennon, 2012;

Rodriguez et al., 2008). How plants shape the rhizosphere microbiome is
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a subject of active research. The differential affinity of rhizobacteria toward

host plants is mediated by complex chemical crosstalk between micro-

organisms and the roots. As much as 40% of the carbon fixed by the

plant is released as root exudates and secretions, lysates, and mucilages

(Badri & Vivanco, 2009; Curl & Truelove, 1986; Lynch, 1990; Whipps,

1990). The release of these compounds, collectively termed rhizodeposits, is

actively controlled in response to the environment, and their composi-

tion varies greatly according to the plant species and its physiological

condition (De-la-Pena, Lei,Watson, Sumner, &Vivanco, 2008; Lynch, 1990;

Nguyen, 2003; Phillips, Fox, King, Bhuvaneswari, & Teuber, 2004). That the

presence and composition of exudates strongly impact soil microorganisms

is consistent with the idea that plants actively select and shape their root

microbiota (Zolla, Bakke, et al., 2013).

Primary root exudates include mixtures of simple and complex sugars,

amino acids, polypeptides and proteins, organic, aliphatic and fatty acids, ste-

rols and phenolics (Badri & Vivanco, 2009; Badri, Weir, van der Lelie, &

Vivanco, 2009; Nguyen, 2003) that serve as carbon and energy sources

for rhizobacteria, and corresponding catabolic pathways in the bacteria

are essential for competitive colonization of roots and disease suppression

(Kamilova, Validov, Azarova, Mulders, & Lugtenberg, 2005; Lugtenberg,

Dekkers, & Bloemberg, 2001; Lugtenberg & Kamilova, 2009). Root exu-

dates also contain signal molecules and secondary metabolites, the role of

which is only now beginning to be understood (Bais, Prithiviraj, Jha,

Ausubel, & Vivanco, 2005; Bais, Weir, Perry, Gilroy, & Vivanco, 2006;

Walker, Bais, Halligan, Stermitz, & Vivanco, 2003). The few analyses of

plant-induced gene expression by transcriptional profiling of rhizobacteria

in vitro (Mark et al., 2005) and in the rhizosphere (Barret et al., 2009;

Matilla, Espinosa-Urgel, Rodriguez-Herva, Ramos, & Ramos-Gonzalez,

2007; Ramos-Gonzalez, Campos, & Ramos, 2005; Silby & Levy, 2004)

have identified diverse genes that are differentially regulated by exposure

to roots or root exudates. Among the bacterial pathways expressed during

rhizosphere colonization are those that control the utilization of plant-

derived metabolites (Camacho-Carvajal, 2001; Lugtenberg & Kamilova,

2009; Simons et al., 1996, 1997), motility and chemotaxis (de Weert

et al., 2002; Lugtenberg & Kamilova, 2009), phase variation (Dekkers,

Phoelich, van der Fits, & Lugtenberg, 1998; Sanchez-Contreras et al.,

2002; van den Broek, Bloemberg, & Lugtenberg, 2005), outer membrane

integrity (de Weert et al., 2006; Lugtenberg & Kamilova, 2009); and the

ability to sequester limiting resources (Raaijmakers et al., 1995) and resist

18 Ankita Bhattacharyya et al.

ARTICLE IN PRESS



environmental stresses (Miller & Wood, 1996; Sarniguet, Kraus, Henkels,

Muehlchen, & Loper, 1995; Schnider-Keel, Lejbolle, Baehler, Haas, &

Keel, 2001; van Veen, van Overbeek, & van Elsas, 1997). In its spatial

and temporal properties, root colonization resembles biofilm formation,

and biofilm-related pathways have been implicated in adhesion to seeds,

roots and the process of rhizosphere colonization (Espinosa-Urgel, Salido,

& Ramos, 2000; Fuqua, 2010; Hinsa, Espinosa-Urgel, Ramos, & O’Toole,

2003; Martinez-Gil, Yousef-Coronado, & Espinosa-Urgel, 2010; Nielsen

et al., 2011; Yousef-Coronado, Travieso, & Espinosa-Urgel, 2008).

Importantly, root exudates strongly influence the expression of a wide variety

of plant growth promotion and biocontrol genes (Vacheron et al., 2013).

Drought stress increases the quantity and changes the composition of root

exudates (Boeuf-Tremblay, Plantureux, & Guckert, 1995; Grayston,

Campbell, Vaughan, & Jones, 1995; Henry, Doucette, Norton, &

Bugbee, 2007; Reid, 1974; Song, Han, Zhu, & Herbert, 2012; Walker,

Bais, Grotewold, & Vivanco, 2003), but how these changes influence

rhizobacteria is poorly understood.

8. Dryland wheat and Pseudomonas as a model for
studying rhizosphere plant-microbe interaction
under water stress

8.1 Inland Pacific Northwest: A unique dryland
wheat-producing region

The Inland Pacific Northwest (IPNW) of the USA includes central and

easternWashington, northeastern Oregon, and northern Idaho. At the heart

of this region is the Columbia Plateau, a 90,059-km2 (34,772mi2) area

covered with arid sagebrush steppe and native grasses that extends from east-

ern and central Washington into northern Oregon (Sleeter, 2012) (Fig. 1).

Soils of the IPNW are predominantly derived from windblown sediments

called loess (50–70% silt and less than 25% sand) that formed during inter-

glacial floods of the late Pleistocene (15,400–13,100 years ago) and early

Holocene (13,100 years ago-present) eras and were distributed by wind

erosion (Sweeney, Busacca, &Gaylord, 2005). The region also received vol-

canic ash from eruptions of the Mount Mazama (ca. 7700 years ago) and

Mount St. Helens (40 years ago). The band of ash from the eruption of

Mount St. Helens is still visible in the soil profile.

In the drier western parts of the region, soils are characterized by neutral

pH, less than 1% organic matter, higher percent sand and lower percent clay
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Fig. 1 Left, the low (150–300mmannually) precipitation zone of the Columbia Plateau of the Inland PNW (shaded) covers 1.6million cropland
hectares and is the largest contiguous cropping zone in the western U.S. Intermediate (300–450mm) and high (450–600) precipitation zones
are mostly to the east of the low-precipitation zone (left). Dryland wheat fields in April near Ritzville, WA (right).
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(Ownley, Duffy, &Weller, 2003). In contrast, in the eastern wet-cold areas,

soils are more acidic with greater than 2% organic matter and contain a

higher percent clay and less sand. Much of the IPNW is well suited to dry-

land crops and this geographic region has been farmed continuously for

135 years (Schillinger & Papendick, 2008). Small grains, especially winter

wheat, are the dominant crop in the IPNW, and Washington, Oregon,

and Idaho collectively produce over 18% of the U.S. wheat crop (Karimi,

Stockle, Higgins, & Nelson, 2018). Five different classes of wheat (i.e., soft

white, hard red winter, hard red spring, hard white, durum) are grown in the

IPNW, with most of the wheat acreage located in the low and intermediate

precipitation areas that receive annually between 250 and 400mm of precip-

itation in the form of snow and rain. Soft white wheat is the dominant type

of wheat grown and it is primarily exported to Asian markets. The IPNW is

unique in that it also produces club wheat, a subclass of soft white wheat

characterized by short thick compact club-shaped spikes that is highly

adapted to growth under dryland conditions, especially in a wheat-fallow

rotation.

The IPNW agroecosystem has six agroclimatic zones that differ in

soil depth, annual precipitation, and cumulative growing degree days

(Douglas, Rickman, Klepper, & Zuzel, 1992). Zone 1 (cold-moist) includes

high elevation areas with over 400mm of annual precipitation and less than

700 cumulative growing degree days per year. Most of this zone encom-

passes mountains and wilderness areas, and only 10–15% of it is cultivated.

Zone 2 (cool-moist) has 700–1000 growing degree days and a significantly

deeper and fertile soil profile than Zone 1. It includes the Palouse region

with its deep loess soils that contain considerable amounts of organic matter.

In fact, these conditions make the Palouse the most productive wheat grow-

ing area in the world. Zone 3 (cool-deep-moderately dry) has moderately

deep loess-derived soils with less organic matter than Zones 1 and 2. It marks

the transition to annual crop-fallow rotations and occasionally receives

350–400mm of annual precipitation, which is too little to support an annual

crop. Zone 4 (cool-shallow-dry) includes rocky scrubland and rangeland

areas with shallow (less than 1m) loess soils over basalt bedrock. It receives

between 250 and 400mm annual precipitation and has fewer than 1000

growing degree days. Zone 5 (cool-deep-dry) has deep soils and a near opti-

mum growing season, with cool to cold andmoist winters and warm and dry

summers but insufficient precipitation for annual cropping (150–300mm

annually). Therefore, the alternate winter wheat-summer fallow rotation

has been the dominant cropping system since the onset of farming in this
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region. About 90% of this zone is cultivated and includes most of the dryland

agriculture of Washington State and northern Oregon. It is notable that this

low-precipitation part of the IPNW of 1.6 million cropland hectares con-

stitutes the largest contiguous crop production region in the western U.S.

(Schillinger & Papendick, 2008) (Fig. 1). Zone 6 (hot-very dry), located

in the rain shadow of the Cascade Mountains, has hot summers and receives

very low annual precipitation. It is unsuited for growing crops unless they

are irrigated.

Wheat farming in the low-precipitation region of the IPNW (Zone 5) is

challenging due to adverse environmental problems and pests. In the absence

of irrigation, wheat growers are restricted to planting winter wheat every

other year in a wheat-summer fallow rotation. Climate change is expected

to reduce the amount of water that accumulates in the soil profile during the

fallow year. The traditional fallowing requires several passes with tilling

equipment and the application of herbicides to eliminate volunteer wheat

and weeds that if not controlled, would quickly reduce stored water in

the soil profile needed for the next wheat crop (Schillinger, Papendick,

Guy, Rasmussen, & van Kessel, 2006). However, these practices exacerbate

soil erosion (Schillinger & Papendick, 2008). Conventional tillage turns

under crop residues and exposes the topsoil to the action of wind and water.

To reduce the environmental costs of conventional tillage, many IPNW

wheat growers in all zones are switching to some form of reduced tillage

or no-till and direct-seed systems. Conservation tillage and no-till systems

help to control wind erosion and airborne particulates, reduce operating

costs, retain soil moisture, increase soil organic matter and microbial activity

(Cook, 2006; Huggins & Reganold, 2008). No-till fields capture signifi-

cantly more soil carbon than conventionally tilled fields, thus serving as C

sinks for atmospheric CO2 (Ogle et al., 2019).

8.2 Interplay between environmental factors, pathogens
and beneficial microorganisms in the rhizosphere of
dryland wheat

Major barriers to greater adoption of reduced- or no-till farming by IPNW

wheat farmers are yield losses due to diseases caused by soilborne fungal

pathogens and parasitic nematodes. Soilborne diseases increase significantly

within the first few years of the transition from conventional to no-till and

direct seeding, resulting in significantly reduced yields (Schroeder & Paulitz,

2006). The primary diseases of dryland cereals include take-all, caused by

Gaeumannomyces graminis var. tritici (Ggt); root and crown rots caused by
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Fusarium culmorum and F. pseudograminearum, Rhizoctonia solani AG-8

and R. oryzae; and damping-off caused by a complex of Pythium spp.

(Paulitz, Smiley, & Cook, 2002). In addition, parasitic nematodes such as

root-lesion nematodes (Pratylenchus spp.) (Smiley, Yan, & Gourlie, 2014)

are now recognized as yield-limiting factors in dryland cropping systems.

Among these diseases, take-all is most severe on wheat in irrigated dryland

fields and in areas with higher precipitation (>450mm annually). However,

a form of the disease known as “dryland take-all” also occurs.G. graminis var.

tritici hyphae infect and rot the roots, blocking vascular tissues, reducing

water uptake and ultimately resulting in stunted or dead plants. A common

symptom of take-all is bleached empty spikes (white heads) due to choked

off water transport by the pathogen. In addition to take-all, cereals grown in

wet-cold parts of the IPNW are also affected by root rot and damping-off

caused by a complex of Pythium spp. (Paulitz & Adams, 2003). Pythium

rot root is considered the “common cold” of root diseases because the path-

ogens are ubiquitous in soils and always cause some level of damage to young

roots even when above-ground symptoms are not visible. Fusarium crown

rot, caused by Fusarium culmorum and F. pseudograminearum, is a chronic and

often severe problem of wheat in non-irrigated dryland fields. Symptoms

include lesions on subcrown internodes and premature death of spikes

(whiteheads) or the entire plant due to rotting crown tissue and lower stem

internodes caused by blocked water transport (Cook & Veseth, 1991).

Another serious disease of dryland wheat and barley is Rhizoctonia root

rot caused by R. solani AG-8 and R. oryzae. These pathogens attack the

root system, causing root rot and stunting that appears as uneven stands

in the field (Paulitz et al., 2002). During an acute phase of the disease called

“bare patch,” severely stunted or dead plants occur in irregular patches that

can range from only a few centimeters in size to tens of meters in diameter

(Weller et al., 1986) (Fig. 2). Rhizoctonia root rot and bare patch occur

primarily in no-till or reduced-till cropping systems (Macnish, 1985;

Rovira, 1986) and are greatly reduced by tilling the soil, but the reasons

for this are not fully understood. Tillage may break up hyphal networks

of the pathogen that develop in undisturbed soil and stubble or increase

the suppressive microbial activity of the soil microbiome. Rhizoctonia root

rot is also exacerbated when wheat is sown after weeds and volunteer wheat

from a previous crop are killed by herbicide treatment. Rhizoctonia rapidly

colonizes the dying plants and if the new crop is planted too soon afterwards,

pathogen inoculum that has built up on the dying roots can “bridge” to the

new crop, causing severe disease (Smiley, Ogg, & Cook, 1992). Thus, it is
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recommended that farmers wait at least 2 weeks after herbicide application

before sowing a new crop, which allows time for the Rhizoctonia inoculum

on those plants to decline.

Although soilborne pathogens represent a major constraint to wheat pro-

duction in the IPNW and worldwide, farmers must control these pathogens

primarily through management practices. Unlike with foliar pathogens,

commercial cultivars lack resistance or tolerance to most necrotrophic

soilborne pathogens such as Pythium and Rhizoctonia. Fungicides are com-

monly applied to seed, which is effective during the seedling phase but does

not protect the root system throughout the entire growing season

(Raaijmakers, Paulitz, Steinberg, Alabouvette, & Moenne-Loccoz, 2009).

Cultural methods such as conventional tillage or control of the so-called

green bridge can have significant environmental costs. The use of microbial

communities capable of suppressing pathogens is a sustainable, economical,

and environmentally friendly alternative strategy for managing soilborne

disease.

Disease-suppressive soils are those in which a susceptible plant is grown

in the presence of the pathogen and in an environment favorable for disease

to develop, but disease does not, or develops and then declines. Suppressive

soils are the best examples of how antagonistic microorganisms within

the soil and root microbiome serve as defenders against soilborne pathogens.

Such soils owe their activity to a combination of “general” and “specific”

suppression (Weller, Raaijmakers, Gardener, & Thomashow, 2002).

General suppression occurs in all soils and is the limited ability of the total

microflora to restrict pathogen attack through multi-trophic interactions.

In contrast, specific suppression, which is less common and much more

Fig. 2 Rhizoctonia bare patch of dryland wheat at the Ron Jirava Farm near Ritzville, WA
(left). Antagonistic activity of Pseudomonas spp. isolated from the rhizosphere of dryland
wheat against plant pathogens G. graminis var. tritici and R. solani AG-8 (right).
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powerful than general suppression, is linked to the buildup and activity of

individual or distinct groups of microorganisms that inhibit a specific soil-

borne pathogen via antibiosis, parasitism, competition, predation, induced

resistance, or a combination of mechanisms. A key characteristic of specific

suppression (but not general suppression) is transferability, the ability of a

small amount of suppressive soil added to a (non-suppressive) conducive soil,

to convert it to a suppressive state. Specific suppression is eliminated by heat

treatment or fumigation of the soil (Mazzola, 2002; Schlatter, Kinkel,

Thomashow, Weller, & Paulitz, 2017). “Induced” specific suppressiveness

is initiated and sustained by monoculture of a susceptible crop and is trig-

gered by a severe outbreak of a disease. Other examples of suppressive soils

are called “long-standing” because the origin of the specific suppression is

not known (Schlatter et al., 2017).

In the IPNW, there are two well-characterized examples of “induced”

specific suppression of root pathogens in wheat cropping systems. The first

is the decline of take-all disease in fields under irrigation and in the higher

rainfall zones (Weller et al., 2007, 2002). When wheat is grown in contin-

uous monoculture, the incidence and severity of take-all increase for several

years, and then spontaneously decline, even though inoculum of the path-

ogen persists and is easily isolated from the roots (Kwak & Weller, 2013).

The second example is suppression of Rhizoctonia root rot and bare patch

(Yin et al., 2013). Like take-all decline, Rhizoctonia decline requires several

years of wheat or barley monoculture, after which the bare patches decrease

to negligible levels and yields rebound. The basis of the suppressiveness

of take-all and Rhizoctonia decline are microbiological; they are transferable

to conducive soils and are eliminated by soil pasteurization (Schlatter et al.,

2017). Take-all and Rhizoctonia suppressive soils differ in the type of antag-

onists responsible for pathogen suppression. Take-all decline involves the

buildup of populations of bacteria in the Pseudomonas fluorescens complex

that produce the antibiotic 2,4-diacetylphloroglucinol (DAPG) in the

rhizosphere (Schlatter et al., 2017). However, further studies indicate that

additional, related microbes may assist in the buildup of DAPG producers

in the rhizosphere (M.K. LeTourneau & D.M. Weller, unpublished).

Rhizoctonia decline involves multiple antagonistic copiotrophs includ-

ing members of the Flavobacteriaceae, Oxalobacteraceae, Chitinophagaceae,

and Pseudomonadaceae. Also implicated is a possible role for Pedobacter,

Variovorax, and nitrogen-fixing Rhizobium. Significantly, both of these

examples of suppressive soils involve members of the Pseudomonas fluorescens

complex, which includes numerous highly competitive copiotrophic rhizo-

sphere colonists capable of suppressing a wide range of pathogens.
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8.3 Soil moisture, population levels and activity of indigenous
antibiotic-producing rhizosphere Pseudomonas

Pseudomonas spp. are ubiquitousGammaproteobacteria that utilize a wide array

of organic compounds, produce diverse secondary metabolites and antibi-

otics, colonize eukaryotic hosts, and inhibit plant and animal pathogens

(Moore et al., 2006; Schroth, Hildebrand, & Panopoulos, 2006; Yahr &

Parsek, 2006). Multilocus sequence and phylogenomic analyses have

divided Pseudomonas into 14 lineages and over 180 species (Hesse et al.,

2018), and no doubt the number of new species will continue to increase.

The P. fluorescens lineage contains the largest number of species, comprising

8–10 phylogroups (Garrido-Sanz et al., 2017, 2016; Hesse et al., 2018;

Mulet, Lalucat, & Garcia-Valdes, 2010) and a high proportion of strains with

plant growth-promoting and biocontrol activity (Zboralski & Filion, 2020).

Pseudomonas spp. colonizing roots of IPNW wheat belong primarily to the

P. fluorescens lineage and protect wheat against biotic and abiotic stresses. For

example, strains of P. fluorescens and P. brassicacearum, responsible for take-all

decline, belong to the P. corrugata phylogroup and are abundant on wheat

grown under irrigation or in zones with high precipitation (Mavrodi,

Mavrodi, Parejko, Thomashow, & Weller, 2012). They are rarely found

on wheat in fields that receive under 380mm of annual precipitation.

They carry the phlACBDEF locus that functions in regulation, synthesis,

and export of 2,4-diacetylphloroglucinol (DAPG), the antibiotic that

has a major role in the suppression of G. graminis var. tritici (Bangera &

Thomashow, 1999; Bonsall, Weller, & Thomashow, 1997; Raaijmakers &

Weller, 1998). P. brassicacearum is especially noteworthy because it is found

in all IPNW soils in which take-all has been suppressed and it can be a minor

pathogen of both tomato and wheat at doses above 106 colony-forming units

per gram of tissue (Yang, Mavrodi, Mavrodi, Thomashow, &Weller, 2019).

Wheat cultivars differ significantly in their response to P. brassicacearum and

those with the greatest tolerance are the best protected against take-all by

the bacterium.

A second group of pseudomonads in the P. fluorescens phylogroup colo-

nize dryland wheat and belong to the species P. synxantha, P. orientalis, and

P. aridus (Biessy et al., 2019; Parejko, Mavrodi, Mavrodi, Weller, &

Thomashow, 2013). They are widespread in low-precipitation wheat-

summer fallow (WW-SF) fields of agroclimatic Zone 5 and carry genes

for the synthesis of the antibiotic phenazine-1-carboxylic acid (PCA), which

is linked with their ability to control take-all (Mavrodi, Mavrodi, Parejko,

Bonsall, et al., 2012; Mavrodi et al., 2010; Thomashow & Weller, 1988)
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(Fig. 2). Their abundance in dryland wheat also suggests a role for them in

the natural suppression of Rhizoctonia root rot ( Jaaffar, Parejko, Paulitz,

Weller, & Thomashow, 2017; Mavrodi, Mavrodi, Parejko, Bonsall, et al.,

2012) and Fusarium crown rot. Interestingly, a recent metagenome

analysis of dryland wheat collected at Washington State University’s

Lind Dryland Research Station demonstrated that, in addition to PCA-

producing P. fluorescens-like strains, arid IPNW soils contain an abundance

of phenazine-producing bacteria of the P. chlororaphis phylogroup (Dar,

Thomashow,Weller, &Newman, 2020). That study also revealed that most

sampled plants harbored Streptomyces spp. with gene clusters predicted to

synthesize multiple chemically diverse phenazines. Unlike PCA-producing

pseudomonads which favor the plant rhizosphere, these phenazine-

producing streptomycetes and other actinobacteria also were abundant in

bulk soil.

Mavrodi, Mavrodi, Parejko, Bonsall, et al. (2012) and Mavrodi,

Mavrodi, Parejko, Thomashow, et al. (2012) reported that 80–100% of

winter wheat plants collected from 61 commercial farm fields in the low

precipitation zone were colonized by PCA-producing pseudomonads.

These pseudomonads were not only widely distributed throughout the

region but also maintained high populations sizes (105–106 CFU/g of root)

and produced copious amounts (up to 1.6 μg/g of root) of PCA in the

rhizosphere of wheat and barley (Mavrodi, Mavrodi, Parejko, Bonsall,

et al., 2012). Surprisingly, they were scarce or non-detectable in irrigated

fields or neighboring higher precipitation areas that received greater than

380mm of annual precipitation. Thus, soil moisture was the major factor

modulating the development of PCA-producing populations on roots of

wheat. The abundance of PCA producers was inversely related to annual

precipitation (or irrigation), suggesting that these rhizobacteria are adapted

to the cereals growing in low precipitation areas. A subsequent 3-year field

study that compared microbiomes of wheat growing in adjacent irrigated

and dryland plots at the WSU Lind Dryland Research Station supported

these results (Mavrodi et al., 2018). That 16S amplicon sequencing ana-

lysis revealed that the availability of water in a dryland agroecosystem

strongly affected the belowground wheat microbiome, including multiple

taxa within Bacteroidetes and Proteobacteria. Differences in the composition

of the rhizosphere microbiomes from irrigated and dryland wheat plots

strongly correlated with changes in the water potential and soil pH,

whereas seasonal shifts correlated with precipitation and temperature.

The study also demonstrated that irrigation of dryland wheat negatively
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affected PCA-producing Pseudomonas, resulting in reduced population sizes,

plant colonization frequencies, and amounts of PCA recovered the roots.

These observations confirm the hypothesis that soil moisture acts as a critical

environmental factor to influence the dynamics and activity of indigenous

Pseudomonas rhizobacteria that contribute to the natural suppression of

soilborne pathogens of wheat in the IPNW.

8.4 Microbial phenazines contribute to the ability of
rhizosphere Pseudomonas to alleviate water stress in wheat

The plant-driven selection of phenazine-producing Pseudomonas spp. in

response to limited soil moisture and over a wide area of the IPNW suggests

that dryland wheat gains benefits other than plant defense from these

rhizobacteria. To address this possibility, Yuan, Pan, Boak, Pierson, and

Pierson (2020) challenged wheat treated with another phenazine producer,

P. chlororaphis 30-84, under osmotic stress or water replete conditions.

Seedlings colonized with strain 30-84 or its phenazine-deficient and

phenazine-overproducing mutant variants exhibited growth promotion

under water-replete conditions, but under salt stress, the effect was depen-

dent on the wheat variety and the capacity of the bacteria to produce phen-

azines. In addition, reactive oxygen species and catalase activity were

increased in leaf tissues only when salt-stressed plants were treated with

phenazine-producing derivatives of P. chlororaphis 30-84. In a related exper-

iment (Mahmoudi, Yu, Liu, Pierson, & Pierson, 2019), seedlings inoculated

with strain 30-84 or its phenazine-overproducing variant exhibited less

severe water deficit symptoms after a week of water withdrawal than did

noninoculated plants or plants treated with a phenazine-deficient mutant.

Following a recovery period, plants treated with phenazine producers also

had significantly higher survival rates. A second cycle of water withdrawal

reduced the survival of control plants to�10%, whereas the survival of plants

colonized by phenazine producers remained at 50%. In addition, in a 10-day

severe water deficit experiment, plants treated with the phenazine-

overproducing variant demonstrated threefold better survival than did

the control group. Colonization by the phenazine producers resulted in

wheat plants with higher relative water content and more robust root sys-

tems a greater number of root tips. Together, these findings indicate that

phenazine-producers significantly improved the tolerance of wheat to

drought stress.

One mechanism underpinning water-deficit avoidance by wheat colo-

nized by phenazine producers may lie in the ability to of the bacteria to
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modulate biofilm formation. In P. chlororaphis (Maddula, Pierson, & Pierson,

2008) and especially P. aeruginosa (Ramos, Dietrich, Price-Whelan, &

Newman, 2010) phenazines stimulate biofilm formation by acting as alter-

native electron acceptors (Dietrich et al., 2013), promoting the release of

extracellular DNA (Das & Manefield, 2012), and indirectly affecting levels

of the second messenger cyclic di-GMP and production of extracellular

polysaccharide (EPS) (Okegbe et al., 2017). Previous studies have demon-

strated that the secretion of microbial exopolysaccharides improves soil

structure and increases retention of water in the rhizosphere, promoting

plant growth (Chang et al., 2007; Naseem & Bano, 2014a). Similar mech-

anisms may underpin the ability of phenazine-producing strains of

Pseudomonas to alleviate water stress in dryland wheat. LeTourneau et al.

(2018) used a combination of bioreporters, stable isotope probing and

nano-scale resolution secondary ion mass spectrometry (NanoSIMS) to

investigate the effect of soil moisture in the rhizosphere of wheat on the

dynamics of PCA production and formation of biofilms by P. synxantha

2-79 (formally P. fluorescens 2-79). The study revealed that phenazine gene

expression and levels of PCA positively correlated with soil moisture in

the rhizosphere of wheat. The presence of PCA affected the turnover of

microbial biomass in the rhizosphere and rates of incorporation of bacterial
15N into wheat roots. Under water-limiting conditions, the phenazine-

producing strain P. synxantha 2-79 formed more robust biofilms and

secreted more EPS that did its phenazine-deficient mutant. These results

suggest the formation of rhizosphere biofilms and the secretion of extracel-

lular matrices that retain moisture around plant roots play an important role

in the ability of phenazine-producing Pseudomonas to alleviate water stress in

dryland wheat.

8.5 Molecular mechanisms behind the adaptation
of rhizosphere Pseudomonas to dryland wheat

The ongoing research in our groups aims to understand at the molecular

level how rhizobacteria maintain physiological activity and tight mutualistic

interactions with their plant hosts in dry soils. We use as model P. synxantha

2-79, a well-described biocontrol agent that was isolated from a field in

Washington State that had been cropped to wheat for 14 consecutive years

(Weller & Cook, 1983). This strain produces the antibiotic phenazine-

1-carboxylic acid, which underpins its ability to suppress soilborne diseases

of wheat, including the take-all pathogen G. graminis var. tritici (Weller &

Cook, 1983), Pythium aristosporum (Thomashow & Weller, 1988), and
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R. solani AG-8 ( Jaaffar et al., 2017). 2-79 belongs to a complex of beneficial

P. fluorescens-like bacteria that flourish in dryland wheat fields of the

semi-arid Pacific Northwest, USA (Parejko et al., 2013). The analysis of

the P. synxantha 2-79 genome has revealed the presence of multiple water

stress response pathways that function in (i) de novo synthesis of microbial

osmoprotectants, (ii) the uptake and catabolism of plant-derived quaternary

amine osmoprotectants and their precursors, and (iii) pathways involved in

the aggregation and formation of biofilms. Specifically, the 2-79 genome

encodes two routes for the de novo synthesis of the osmoprotectant treha-

lose (Fig. 3). The first pathway consists of the maltooligosyltrehalose

synthase TreY and maltooligosyltrehalose trehalohydrolase TreZ, which

Fig. 3 Putative water stress response, biofilm and surface attachment pathways
predicted in the genome of P. synxantha 2-79. Moving from the perimeter toward
the center: circle 1, clusters of genes of potential importance for water stress response
(red), biofilm formation and surface attachment to plant roots (black); circles 2,
blastn comparison against the genome of Pseudomonas sp. R1-43-08; circle 3, blastn
comparison against P. fluorescens SBW25; circle 4, blastn comparison against P.
brassicacearum Q8r1-96; circle 5, blastn comparison against P. fluorescens Q2-87; circle
6, blastn comparison against P. fluorescens Pf0-1; circle 7, blastn comparison
against P. protegens Pf-5; circle 8, blastn comparison against P. chlororaphis 30-84; circle
9, percentage G + C in a 2000-bp window. The inner scale designates the coordinates in
kilobase pairs.
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form trehalose via degradation of cytosolic glucans (Chandra, Chater, &

Bornemann, 2011). The second pathway consists of the trehalose synthase

TreS, which catalyzes a reversible conversion of maltose to trehalose.

The strain also can produce the osmoprotectant N-acetyl glutaminyl gluta-

mine amide (NAGGN) through the concerted action of the N-acetylating

and peptide bond–forming amidotransferase GgnA and the GNAT super-

family N-acetyltransferase GgnB.

The 2-79 genome encodes an extensive set of pathways that function

in the uptake and catabolism of quaternary amine compounds (QACs).

Genome analysis suggested that QACs are taken up by two distinct classes

of membrane proteins: (i) ATP-binding cassette (ABC) transporters, which

use ATP to actively transport substrates, and (ii) transporters of the betaine-

carnitine-choline (BCCT) family that are energized by proton symport.

2-79 has two QAC-specific ABC transporters (CbcWV and OpuC) and

three BCCT family transporters (BetT1, BetT2, and BetT3). The genome

encodes pathways involved in the catabolism of choline, glycine betaine

(GB), carnitine, choline-O-sulfate, and sarcosine, as well several regulatory

genes (including gbdR) that govern the transport and utilization of QACs

and detoxification of the catabolic byproducts. Finally, the genome of

2-79 contains multiple genes that are predicted to function in the formation

of biofilms. The strain carries a 12-gene alg operon that is involved in the

synthesis of the capsular exopolysaccharide alginate, as well as a cluster of

11 co-transcribed genes that function in the production of the aggregative

exopolysaccharide Psl (Mann &Wozniak, 2012). The genome also contains

a 15-gene cluster that encodes multiple polysaccharide biosynthesis and

modification enzymes. We preliminarily termed the locus eps and included

it in our experiments. In addition to 2-79, this locus is present in several

other P. fluorescens strains but absent from P. aeruginosa, P. syringae, or

P. putida. The presence of a putative O-antigen ligase suggests that eps genes

may not be involved in the production of an aggregative exopolysaccharide,

but rather function in the modification of O-antigen.

We hypothesized that the abundance of beneficial 2-79-like pseudomo-

nads in the rhizosphere of dryland cereals grown across the IPNW reflects

the fact that their metabolic make-up is adapted to carbon and nitrogen

resources exuded by roots under low moisture conditions. To test this

hypothesis, we produced sterile root exudates of Brachypodium distachyon,

a temperate grass used as a model species for economically important mono-

cot plants that include wheat, barley, rye and oats, and also biofuel grasses

(Vogel et al., 2010) (Fig. 4). The metabolomic profiling of root exudates
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revealed the presence of over 140 different plant-derived metabolites, 85 of

which were identified as various carbohydrates, sugar alcohols, amino acids,

organic, terpenoids, phenolics and heterocyclic compounds. Most impor-

tantly, we confirmed that root exudates contain the quaternary ammonium

compounds (QACs), trehalose, mannitol, sorbitol, proline, and glutamine,

which act as compatible solutes in plants or microorganisms (Yancey, Clark,

Hand, Bowlus, & Somero, 1982).We also used PhenotypeMicroarray PM1

and PM2 plates (Biolog) to profile P. synxantha 2-79 for the utilization of

190 different carbon sources. Results of that analysis identified 82 organic

compounds that supported the growth of this strain as carbon and/or nitro-

gen source. We further matched the metabolic profile of 2-79 against the

list of plant-derived metabolites from root exudates. Interestingly, 37 carbon

and nitrogen sources from the Phenotype Microarray panel were also

present in the root exudates and catabolized by P. synxantha 2-79.

The transcriptome responses of P. synxantha 2-79 to plant exometa-

bolites were further analyzed by subjecting cultures grown in the presence

of root exudates to RNA-seq analysis. The exposure to exudates resulted in

the induction and repression of, respectively, 77 and 153 genes. Based on the

cross-genome comparisons, these differentially expressed genes were almost

equally distributed between the core (50%) and non-core (46.9%) parts of

the genome, whereas the strain-specific singleton genes constituted on aver-

age only 3.1%. The differentially expressed 2-79 genes were also subjected to

Blast2Go analysis and Gene Ontology (GO) annotation. Metabolic process,

catalytic activity, and membrane were the most common annotation terms

Fig. 4 Collection of sterile root exudates from hydroponically grown seedlings of the
model monocot plant B. distachyon Bd21.
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across of the three primary GO term categories (i.e., biological process,

molecular function, and cellular component). Within the biological process

category, metabolic process, cellular process, localization, response to stim-

ulus, and regulation were over-represented. Within the molecular function

category, the most significant proportion was assigned to catalytic activity,

binding, and transporter activity categories. Within the cellular component,

the majority were assigned to membrane, membrane part, cell, and cell part

categories. Genes downregulated in response to root exudates were those

involved in the uptake and metabolism of sulfur compounds (sulfonates

and taurine) and encoding a prophage. Some notable upregulated path-

ways function in metal ion homeostasis (iron, copper) and the uptake and/or

catabolism of carbohydrates (fructose, xylose, trehalose, arabinose, myo-

inositol), phenolics, and quaternary ammonium compounds (QACs),

including glycine betaine (GB).

In many species of soil- and water-dwelling bacteria (including

Pseudomonas) glycine betaine (GB) is derived from choline and functions

as a key osmoprotectant (Wargo, 2013). The genome analysis revealed

that P. synxantha 2-79 does not synthesize choline de novo but is well

equipped to import it and to either catabolize or convert it to GB. Our

results also suggest that root exudates serve as a primary source of choline

for 2-79. We further established that the quaternary amines GB, choline

and carnitine efficiently protect 2-79 from water stress. The important role

of plant-derived QACs for the survival of 2-79 in a water-stressed rhizo-

sphere was evident from thefact that a mutant devoid of all QAC transporters

was less competitive in the colonization of Brachypodium than the wild-type

strain. Collectively, our results demonstrate the importance of root exudate-

derived osmoprotectants for microbial adaptation to the rhizosphere lifestyle

and support the idea that the exchange of metabolites between plant roots

and microorganisms profoundly affects and shapes the belowground plant

microbiome under water stress.

9. Conclusions

Current levels of agricultural productivity must increase by 50% by the

year 2050 to meet the calorie demands of a projected world population of at

least 9 billion people. Climate change is undoubtedly the most important

challenge facing farmers globally as we move toward this goal because

general circulation models forecast a grim picture of significant changes in

temperature, extreme weather events and precipitation patterns. Extremes
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in weather already are evident in the form of 100-year floods that now

occur every few years, more intense and frequent forest fires, rising sea levels,

and record annual temperature extremes. Farmers know the weather is

unpredictable, but they traditionally depend on a stable climate that has

guided their decisions about what crops and cultivars to plant, planting

and harvest dates and management of agricultural pests. The impact of an

increasingly unstable climate will be most impactful on dryland cropping

systems that comprise over 40% of the world’s arable land. Typically, dryland

cropping systems receive enough annual precipitation to meet only a quarter

to half of the water demands of the crops grown. Rising temperatures and

reduced precipitation during the growing season will push significant areas

beyond the range of arability without supplemental irrigation, and water

itself is already a limited resource. There is a critical need for research over

the next 30 years and beyond to meet the challenges of climate change in

dryland cropping systems. In particular, a better understanding of complex

feedbacks between plants and associated microbes is crucially important for

our ability to harness the rhizosphere microbiome for maximizing yields and

crop resilience to drought, salinity, and other forms of abiotic and biotic

stress. This knowledge will contribute to the development of a more holistic

view of agroecosystems, as well as more sustainable farming practices focused

on water conservation, biological approaches to control insects, pathogens

and weeds, accelerated development of climate-resilient crops, and new

technologies that incorporate better management of plant-associated micro-

biota, especially commensal and beneficial microbes that contribute to crop

health.
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