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FIGURE 5 | DESeq analysis of taxa differentially distributed in irrigated samples compared to non-irrigated at the three 2013 sampling time points. Analyses were

performed with a p-value maximum of 0.001. Comparisons were performed with respect to irrigated samples.

variables contributing to the observed shifts in the community
composition revealed that the separation between irrigated
and dryland treatments was due to changes in the water
potential (9 m) and pH. In contrast, the temporal changes in the
composition of the wheat rhizosphere microbiome were driven
by temperature and precipitation (Figure 4). These findings are

in agreement with the emerging consensus regarding abiotic
factors with marked effects on the variety and abundance of
soil microbial taxa (Lauber et al., 2009; Fierer, 2017). The
combination of the measured environmental factors explained
only part (38.2%) of the total change in the structure of
rhizosphere bacterial communities, and the remaining portion
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of the variation could be due to the complex interaction of
other abiotic and biotic factors (e.g., spatial heterogeneity,
soil disturbances, dispersal ability, competition, and niche
differentiation; Fierer, 2017). The temporal changes in the
rhizosphere microbiome are also likely to be driven by plant age
and shifts in the composition and amounts of rhizodeposits at
distinct stages of plant development. A recent study by Donn
et al. (2015) reported a strong effect of the vegetative plant stage
on motile, aerobic, or facultatively anaerobic taxa that are tightly
associated with wheat roots.

Although water strongly influences soil microorganisms,
surprisingly few studies have examined the effect of irrigation
on the structure of soil microbial communities across space or
time. A recent study by Hartmann et al. (2017) characterized the
impact of long-term irrigation on the soil microbiome of a semi-
arid pine forest in the Rhone Valley of Switzerland. Results of that
study revealed that a decade of irrigation in an ecosystem with
a history of water limitation caused a pronounced shift in the
microbiome from oligotrophic to more copiotrophic lifestyles.
The increased soil moisture and stimulated plant-derived inputs
promoted the occurrence of copiotrophic Proteobacteria and
displaced oligotrophic groups that are more tolerant of water
stress such as Actinobacteria, Gemmatimonadetes, Acidobacteria,
and Armatimonadetes (Hartmann et al., 2017). In contrast, our
results identified most taxa with strong positive and negative
responses to irrigation as Bacteroidetes and Proteobacteria,
and at the class level the largest group of rhizobacteria
influenced by irrigation was represented by Sphingobacteria
(Figure 5; Tables 3, 4). These discrepancies are not surprising
and can be attributed to some significant differences between
the two experimental systems and sampling procedures. Our
study was conducted in an intensively managed agroecosystem
dominated by the monoculture of wheat, whereas Hartmann
and colleagues studied a natural forest ecosystem located
in the European Alps and dominated by Scots pine (Pinus
sylvestris). Also, it is known that the proximity of plant
host strongly influences the composition of soil microbiome
(Lareen et al., 2016), and Hartmann and colleagues conducted
their analysis by extracting DNA from bulk soil, while we
specifically focused on microbial communities that are tightly
associated with the surface of wheat roots. Several non-
pseudomonad taxa that we identified as differentially responding
to irrigation have been previously shown to affect plant health
positively. Yin et al. (2013) demonstrated that Chryseobacterium
and Pedobacter from the IPNW wheat field soils produced
antifungal compounds and antagonized the mycelial growth of
R. solani AG-8 under in vitro conditions. Furthermore, several
isolates of C. soldanellicola significantly reduced the severity of
Rhizoctonia root rot of wheat in greenhouse assays. A synergistic
interaction within a mixture of strains of Brevundimonas,
Pseudomonas, and Pedobacter resulted in a significant growth
reduction of phytopathogenic fungi F. culmorum and R. solani
(de Boer et al., 2007). Strains of Promicromonospora and
Sphingobacterium have been found to promote plant growth
by secreting gibberellins and modulating the levels of stress-
induced ethylene via the production of 1-aminocyclopropane-
1-carboxylic acid deaminase (Kang et al., 2012; Feng et al.,

2017). Interestingly, although prominently associated with wheat
roots, the aforementioned taxa are dynamic and, in addition to
irrigation, differentially respond to other agronomical practices
such as organic farming, tillage regimens, and the use of different
wheat cultivars (Li et al., 2012; Mahoney et al., 2017; Yin et al.,
2017).

During the rest of the twenty-first century, all general
circulation models predict warmer temperatures and extreme
weather events around the globe (Stockle et al., 2010; Zhao and
Running, 2010; Seneviratne et al., 2012). As a consequence, crops
will increasingly be exposed to abiotic stresses caused by changes
in average temperatures, temperature extremes, and moisture
availability. Plant roots host distinct bacterial communities that
positively influence plant development, vigor, disease resistance,
productivity, and response to stressors associated with global
climate change (Adriaensen et al., 2005; Rodriguez et al., 2008;
Kawasaki et al., 2012; Lau and Lennon, 2012). Much attention
has been given to uncovering the mechanisms of water stress in
plants. In contrast, the complex effects of altered precipitation on
rhizobacteria remain poorly understood. Here, we characterized
the responses of biocontrol pseudomonads and the entire
wheat rhizosphere microbiome to overhead irrigation. To the
best of our knowledge, this is the first study that examined
this topic by conducting a long-term field experiment in an
agroecosystem with a strong history of water limitation. Our
results provide direct experimental evidence that soil water
status drives the development of populations of beneficial
antibiotic-producing rhizobacteria that contribute to the natural
suppression of soilborne diseases of cereal crops. We further
demonstrated that these rhizobacteria produce copious amounts
of phenazine-1-carboxylic acid that persists in the rhizosphere
of wheat over the course of the field season. Phenazines are
broad-host-range antimicrobials that inhibit the growth of
certain groups of bacteria and fungi (Mavrodi et al., 2006), serve
as a source of carbon and energy for others (Costa et al., 2015)
and affect the amount and composition of plant rhizodeposition
(Phillips et al., 2004), thus raising questions about the broader
role of these metabolites in the shaping of the belowground
wheat microbiome. More broadly, results of this long-term study
provide new insights into how the availability of water in a semi-
arid agroecosystem shapes the belowground wheat microbiome.
Our findings also suggest that soilborne pathogens in wheat fields
across the Inland Pacific Northwest, U.S.A. are kept in check by
the concerted action of multiple groups of rhizosphere bacteria,
and suggest that the dynamics of these beneficial rhizobacteria
may be strongly influenced by the interplay between soil
moisture and agricultural management practices. These
findings will aid in understanding the impact of agricultural
management practices and climate change on the dynamics
of the rhizosphere microbiome and soilborne pathogens in
cereal crops.
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