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There is significant interest in understanding the role of plant growth-promoting
rhizobacteria (PGPR) in alleviating different types of plant stress. Schizachyrium
scoparium (little bluestem) is a moderately drought tolerant, perennial bunchgrass native
to North America. The goal of this experiment was to evaluate whether the addition of a
bacterial root isolate in the Pseudomonas genus promoted the growth of S. scoparium
with changes in water availability. Pseudomonas are common rhizobacteria and have
been shown to improve plant growth. It was hypothesized that plants inoculated with
the PGPR strain would have greater growth and health, and would be less affected
by shifts in water availability. Pseudomonas strains were isolated from the roots of
native S. scoparium plants. After germination, S. scoparium seedlings were subjected
to four treatment groups: low water; high water; low water with PGPR; and high water
with PGPR. The experiment was run three times with plants at different starting ages;
14-, 28-, and 70-day-old plants. The effects of the water and PGPR treatments were
variable between the experimental trials. There were no significant effects of the water
treatments on plant growth in Trial 1 (14-day-old plants) or Trial 2 (28-day-old plants),
however, there was a significant negative effect of the high watering treatment on the
shoot length and biomass in Trial 3. High water availability was significantly associated
with greater plant health in Trial 1, but appeared to reduce plant health in Trials 2 and 3.
The PGPR treatment appeared to promote root growth and biomass in Trial 2, and was
associated with greater plant health in all three trials, especially when paired with the
low water treatment. Results from a permutational MANOVA indicate that plant growth
was significantly different between the trials due to differences in the starting age of the
plants and the duration of the experiments. Thus, methodological choices, such as plant
life history stage and experiment duration, may affect the response of plants to PGPR in
the rhizosphere. This research provides an insight into the interactions between PGPR
and water availability on the growth and health of native plants.

Keywords: PGPR, native grassland species, environmental stress, water limitation, rhizosphere manipulation,
rhizosphere microbes
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INTRODUCTION

Interactions with both the abiotic and biotic components
of a plant’s environment significantly impact its growth and
reproduction (Lambers et al., 2008; Suzuki et al., 2014). These
include abiotic resources, such as water, temperature, light, and
nutrients, as well as other organisms, including competitors,
herbivores, pathogens, and beneficial microorganisms. Root-
associated microorganisms, also known as rhizosphere
microorganisms, form complex, and often beneficial, interactions
with plants. They can promote plant growth by shifting biotic
conditions in soil, primarily through decreasing infection
by microbial pathogens (Cook et al., 1995; El-Sayed et al.,
2014). Rhizobacteria may also alter abiotic conditions in the
soil environment, for example, through increasing nutrient
availability (Richardson et al., 2009; Pii et al., 2015). Likewise,
rhizobacterial growth and activity is strongly affected by soil
environmental conditions (Schimel et al., 2007; Berg and Smalla,
2009; Philippot et al., 2013; terHorst et al., 2014; Xiao et al.,
2017), and plants appear to have a strong selective pressure on
the bacteria that colonize the rhizosphere through the production
of root exudates (Berg and Smalla, 2009; Ling et al., 2011; Patel
et al., 2015; Guyonnet et al., 2018). The complex interactions
between plants, rhizobacteria, and the abiotic environment are
critical to understanding the many factors affecting plant growth.

Plants have a suite of physiological and morphological
mechanisms to cope with abiotic (e.g., drought, flood, high
salt) and biotic (e.g., herbivory, attack from pathogens) stress
(Lambers et al., 2008). For example, either increasing or
decreasing water-use efficiency (the ratio of photosynthesis to
stomatal conductance) can improve plant fitness under drought,
depending on the timing of drought onset (Heschel et al., 2002;
Heschel and Riginos, 2005). Production of secondary metabolites
and many proteins can function as defense against herbivores
and pathogens (Walling, 2000; Wittstock and Gershenzon,
2002). Morphological examples include structural defense against
herbivory, such as spines and pubscence (Hanley et al., 2007), and
specialized tissues to promote gas exchange between the soil, root,
and shoot in flooded soil, an important trait for flood tolerance
(Mommer et al., 2006; Colmer and Voesenek, 2009). Recent
research has shown that interactions with beneficial rhizobacteria
can also confer resistance to various abiotic stressors such as
drought (Kang et al., 2014; Naylor and Coleman-Derr, 2018).

Plant responses to drought influence the function of the root
microbiome (Antoun, 2013; Badri et al., 2013). Microbes utilize
amino acids, plant hormones, and organic compounds directly
released from the plant roots (Henry et al., 2007; Antoun, 2013;
Canarini et al., 2016; Calvo et al., 2017). Often the root exudates
secreted by plants shift when a plant is under stress (Patel et al.,
2015; Naylor and Coleman-Derr, 2018). Stress, for example,
caused by high levels of solar radiation, nutrient deficiency, or
drought, stimulates the production of 1-aminocyclopropane-1-
carboxylate (ACC), a precursor for the plant stress hormone
ethylene (Lynch and Brown, 1997; Yang et al., 2009). Some strains
of rhizobacteria are able to degrade ACC using the enzyme ACC
deaminase, which minimizes the plant’s stress response (Glick,
2004; Zahir et al., 2008; Timmusk et al., 2011; Saikia et al., 2018).

Many different plant-derived nutrients promote rhizobacteria
growth and activity, which drives a feedback in which bacteria
solubilize essential plant nutrients, such as phosphorus and
potassium, which in turn drives overall plant productivity
(Micallef et al., 2009; Naylor and Coleman-Derr, 2018).

Plant growth-promoting rhizobacteria (PGPR) are usually
free-living rhizosphere bacteria that comprise a stable part
of the rhizosphere microbial community (Mayak et al., 2004;
Grönemeyer et al., 2012; Antoun, 2013; Timmusk et al., 2014).
PGPR form close associations with plants which lead to increases
in overall plant growth through the production of growth-
stimulating phytohormones and metabolites that promote plant
growth (Mayak et al., 2004; Belimov et al., 2009; Dimkpa et al.,
2009; Timmusk et al., 2014). In addition, PGPR outcompete
and suppress pathogens (Cook et al., 1995; Pierson and Pierson,
1996; Whipps, 2001). PGPR also help plants via the synthesis
of signaling molecules that trigger protective responses within
the plant (Cho et al., 2008; Marasco et al., 2012), which affects
plants’ susceptibility to stress. In addition, while undergoing
stress plants may excrete higher levels of organic acids, which
increases the recruitment of PGPR (Patel et al., 2015). The root
architecture of plants, under normal and stress conditions, may
also play an important role in recruiting PGPR to colonize
root surfaces (Saleem et al., 2018). The dynamics of how
rhizobacteria affect plants’ response to stress is highly dependent
on environmental factors.

Soil conditions exert a strong influence on the way in which
rhizobacteria shape plants’ response to certain stressors. In soils
with high levels of contaminants, PGPR decrease the negative
effects of toxins on plant growth by degrading the contaminants,
and by affecting the expression of plant genes encoding for stress
responses (Gurska et al., 2015; Zhang et al., 2017). Soil organic
matter concentrations also affect the degree to which PGPR
stimulate plant growth. Results from recent studies indicate that
soil organic matter and PGPR inoculation have a synergistic effect
on plant growth, especially for experiments involving organic
matter additions and amendments in degraded soils (Çakmakçi
et al., 2006; Mengual et al., 2014). Plants and rhizobacteria, as
well as their interactions, are strongly influenced by soil water
availability. For example, Lau and Lennon (2011) observed that
plant acclimation to drought stress was promoted by shifts
in rhizosphere microbial community structure. PGPR promote
plant acclimation to water limitation by degrading ACC, thereby
dampening plants’ stress response pathways (Saleem et al., 2007;
Zahir et al., 2008; Belimov et al., 2009; Saikia et al., 2018). In
addition, Sandhya et al. (2009) isolated multiple Pseudomonas
strains that produced exopolysaccharides which promoted the
growth of seedlings in response to drought stress (Sandhya et al.,
2009). For older plants, inoculation with PGPR may indirectly
alleviate drought stress by stimulating root growth and increasing
root surface area, thereby increasing water uptake by plants
(Marasco et al., 2013; Wang et al., 2014).

Bacteria in the Pseudomonas genus are one of the most
dominant and well characterized PGPR in literature, and their
role in improving stress tolerance amongst a variety of plant host
species has been well-documented (Podile and Kishore, 2006; de
Bruijin et al., 2007; Sandhya et al., 2010; Beneduzi et al., 2012;
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Gera Hol et al., 2013; Vurukonda et al., 2016; and others).
Pseudomonas is one of the most dominant PGPR genera found
natively in soils (Cook et al., 1995; El-Sayed et al., 2014; Wang
et al., 2014). Pseudomonas are able to colonize the roots of
several different plant species, and their root associations with
plants enhance root length, shoot length, and biomass under
a range of environmental conditions (Timmusk et al., 2014;
Oteino et al., 2015; Lally et al., 2017). Pseudomonas strains assist
plants undergoing stress by producing antibiotic compounds and
inducing plant immune defenses, which defend the plant from
pathogen attachment and invasion (Cook et al., 1995; Pierson
and Pierson, 1996; Chen et al., 2000). Experimental evidence has
documented the effectiveness of PGPR in the Pseudomonas genus
in promoting plant growth in response to water stress (Çakmakçi
et al., 2006; Zahir et al., 2008; Sandhya et al., 2009; Gurska et al.,
2015; Saikia et al., 2018). Pseudomonas strains, such as P. putida,
likely modulate plant physiology and plant tissue stoichiometry
during drought through the production of signaling molecules
that shift hormone and antioxidant production (Kang et al.,
2014). Thus, research investigating the interactions between
PGPR and plants has focused on different aspects of Pseudomonas
effects on plant growth under a range of conditions. However,
a majority of this research has evaluated PGPR effects on crop
plants, and there is relatively little known about PGPR effects on
wild species, especially grasses.

The goal of this research was to evaluate the individual and
synergistic effects of a native Pseudomonas rhizobacterium and
water availability on the growth of the perennial bunchgrass
Schizachyrium scoparium (Michx.) Nash (little bluestem).
S. scoparium is native to grasslands throughout North America
and occurs in many different soils and ecosystems across a
wide precipitation gradient (Steinberg, 2002; Tober and Jensen,
2013; PRISM Climate Group, Oregon State University, 2015;
USDA-NRCS, 2019). Furthermore, S. scoparium experiences
periodic water limitation in its native range and is moderately
tolerant to drought conditions (Mueller and Weaver, 1942;
Maricle and Adler, 2011; Tober and Jensen, 2013; Maricle et al.,
2015). However, it has historically succumbed to prolonged
extreme drought (Weaver et al., 1935; Weaver and Albertson,
1939; Weaver and Albertson, 1943). S. scoparium accesses
most of its water in relatively shallow soil layers (∼5–50 cm,
Eggemeyer et al., 2009; Mueller et al., 2013), and its response
to water limitation is to resist the negative effects of drought
through physiological adjustments (Hake et al., 1984; Knapp,
1984; Maricle and Adler, 2011; Maricle et al., 2015). Due to
its adaptability to various soil conditions, S. scoparium serves
as an important forage species for livestock and wildlife,
and can be used in erosion control (USDA-NRCS, 2002). In
addition, the response of S. scoparium and other native grass
species to a range of environmental conditions, especially
with respect to water availability, is especially critical in
the face of global change. Climate projections for Central
Texas, where this study took place, forecast an increase in
extreme drought frequency over the coming decades (Chen
et al., 2012; Deng et al., 2018). Thus, it is beneficial to
understand the extent of S. scoparium’s tolerance to shifts
in water availability, as well as the potential for native PGPR

strains to affect the response of S. scoparium to changing
environmental conditions.

This research was designed to test the hypothesis that the
addition of a single PGPR Pseudomonas strain will cause a
significant positive effect on the growth of S. scoparium across
a range of water availability, and in plants of different ages.
Specifically, we predicted that the addition of a PGPR strain
at regular intervals will result in improved observable plant
health, longer root and shoot lengths, and greater plant biomass
compared to plants that did not receive the bacterial addition.
In addition, we predicted that the effect of PGPR addition
would vary with water availability. Importantly, this study also
evaluated the repeatability of these effects across three different
trials of a full-factorial greenhouse experiment, while varying the
starting age of plants among trials. Results from this research
show that supplementing the rhizosphere microbiome with a
native PGPR can increase plant growth. However, we observed
a high degree of variability in the response of S. scoparium
to PGPR addition between the trials. Our results illustrate the
importance of methodological choices, such as the starting age
of plants and experiment duration, in the responses of plants to
PGPR addition. Furthermore, most research on plant-microbe
interactions has been performed on semi to highly domesticated
agricultural plants (Cook et al., 1995; Chen et al., 2000; Belimov
et al., 2009; Marasco et al., 2013), which are often ecologically
distinct compared to many wild species (Milla et al., 2015).
Therefore, studying plant–microbe interactions in a wild species
represents an important contribution to understanding how
rhizobacteria affect plant growth and mediate response to stress
in natural ecosystems.

MATERIALS AND METHODS

Overview of Experimental Design
In order to test the effect of a native Pseudomonas rhizobacteria
on S. scoparium growth under both non-stress and stress
conditions, we used a two-way full factorial experimental design
with water availability and the addition of a Pseudomonas culture
as factors. The four treatment groups were: (1) well-watered
plants with the addition of uncultured, sterile Pseudomonas
broth (W); (2) plants watered at a reduced, or drought,
level with the addition of uncultured, sterile Pseudomonas
broth (D); (3) well-watered plants with the addition of a
Pseudomonas culture grown in Pseudomonas broth (BW);
and (4) watering at a reduced level and the addition of a
Pseudomonas culture grown in Pseudomonas broth (BD). Three
trials were conducted, with sixty plants for each trial and 15
individuals per treatment.

PGPR Isolation, Characterization, and
Growth
Wild samples of S. scoparium were collected from Blunn Creek
Nature Preserve in Austin, TX, United States (30◦13′57.59′′ N;
Longitude: 97◦44′52.20′′ W) in order to isolate native PGPR
Pseudomonas strains from its roots. For the first experimental
trial S. scoparium samples were collected on May 31, 2016. To
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isolate the strain used in the second and third experimental trials
S. scoparium samples were collected on February 26, 2017.

To isolate Pseudomonas strains, surrounding bulk soil was
removed from the roots. Then the roots were placed in 500 mL
of sterilized Pseudomonas broth containing 20 g/L enzymatic
digest of soybean or tryptone, 1.4 g/L magnesium chloride, 10 g/L
potassium sulfate, and 0.025 g/L Irgasan, for 1 h. The roots
were then removed from the broth, and the inoculated broth
was incubated shaking at 30◦C for 24 h. After 24 h, an aliquot
of the bacterial culture was transferred to a Pseudomonas agar
plate using the streak plate method, and was incubated at 30◦C
for 24 h. A single Pseudomonas isolate from this agar plate
was transferred to a fresh Pseudomonas agar plate in order to
obtain a pure culture. The isolates were visualized using the gram
staining method and 100× bright field microscopy. In addition,
the identity of the isolates as Pseudomonas was confirmed using
microscopy and the Gen III BIOLOG system (Hayward, CA,
United States1). The isolates were then used for plant inoculation
during the experiment (see section “Experimental Treatments:
Water Availability and PGPR”). Pseudomonas strain A was
isolated using these methods in May 2016. In January 2017 it
was not possible to revive this isolate from a glycerol stock stored
at −20◦C. As a result, Pseudomonas strain B was isolated using
a different S. scoparium collected from the same area of Blunn
Creek Nature Preserve in February 2017. Strain A was used for
Trial 1, in which the experiment started with 14-day-old plants
(Table 1). Strain B was used in Trials 2 and 3, which started with
28- and 70-day-old plants, respectively (Table 1). Following pure
culture isolation, strains were preserved as a glycerol stock by
adding 500 µl of bacterial culture with 500 µl of 50% sterilized
glycerol, and stored at 20◦C.

Following the isolation of strain A, a growth curve was
performed to characterize the rate at which the bacterium would
achieve its maximum cell density. The optical density (OD) was
measured at 600 nm using a spectrophotometer every hour for
10 h. Strain A approached its maximum OD, 0.489± 0.005, after
growing in Pseudomonas broth for 9 h at 30◦C. Similar methods
were used to characterize the growth of strain B. Strain B grew
more slowly, and thus the OD was measured at 600 nm for 24 h.
After 24 h strain B grew to its maximum OD of 0.389± 0.005. The
times at which these isolates reached their maximum ODs were

1www.biolog.com

used in the design of the bacterial addition treatments (see section
“Experimental Treatments: Water Availability and PGPR”).

Source of Plant Material for Greenhouse
Experiments
Schizachyrium scoparium seeds (Central Texas mix) were
purchased from Native American Seed (Junction, TX,
United States2). Seeds were stored in an air-conditioned
laboratory at room temperature until they were germinated for
the experimental trials.

Experimental Treatments: Water
Availability and PGPR
Drought and bacterial inoculations were conducted to
understand how drought and the addition of a Pseudomonas
isolate affect the growth of S. scoparium. There were two different
methods in which the treatments were allocated. Method one was
used for Trial 1 (14-day-old plants at the start of the experiment)
and Trial 3 (70-day-old plants). Method two was used for Trial 2
(28-day-old plants). For each trial, 60 seedlings were transplanted
into 1 gallon pots with a soil ratio of 3:1 potting soil and sand.
The seedlings were haphazardly chosen, initial root length and
shoot length were measured, and placed into the pots labeled
according to treatment.

Treatment Method One
The bacteria treatment (B) included 10 mL of a Pseudomonas
culture grown in Pseudomonas broth diluted with 10 mL of
DI water (20 mL total volume). Plants that did not receive the
bacterial addition treatment received sterile Pseudomonas broth
with DI water (20 mL) that had not been cultured to act as a
control. Plants that were well-watered (HW) were watered with
100 mL of water every other day. The low water treatment plants
(LW) did not receive any water in addition to the 20 mL of sterile
Pseudomonas culture or broth diluted with DI water every other
day. Table 1 includes a summary of the amount of total liquid
received by plants in each experimental trial.

The mean annual precipitation range of S. scoparium is 10–
60 inches of rain per year, according to Tober and Jensen (2013).
The mean annual range for the Central Texas S. scoparium mix
used in this study is 20–40 inches (see text footnote 2). Thus, the

2http://www.seedsource.com

TABLE 1 | A summary of the methodological differences between the trials.

Trial Starting age Experiment duration Bacterial strain Amount of liquid
added per addition

Total amount of
liquid received during
the experiment

Equivalent inches of
rain/year

1 14 days 8 days A HW: 120
LW: 20

HW: 480 mL
LW: 80 mL

HW: 49 in
LW: 8 in

2 28 days 25 days B HW: 25
LW: 20

HW: 300 mL
LW: 240 mL

HW: 10 in
LW: 8 in

3 70 days 25 days B HW: 120
LW: 20

HW: 1560 mL
LW: 260 mL

HW: 49 in
LW: 8 in

HW indicates the High Water treatment while LW is an abbreviation for the Low Water treatment.
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high water treatment, which was approximately equivalent to 49
inches of rain per year (Table 1), is near the upper quadrant of
the mean annual precipitation tolerance of S. scoparium overall,
and above the range for Central Texas. By contrast, the low water
treatment was roughly equivalent to plants receiving eight inches
of rain per year, which is slightly below the minimum mean
annual precipitation for S. scoparium overall, but well below the
range for Central Texas S. scoparium.

Treatment Method Two
Plants receiving the bacterial addition treatment (B) received
10 mL of Pseudomonas culture grown in Pseudomonas broth
every other day. The plants that did not receive the bacterial
treatment received 10 mL of sterile Pseudomonas broth every
other day. Plants that were well-watered (HW) received 15 mL
of water every other day, whereas plants receiving the low
water treatment (LW) received 10 mL of water every other
day. The high water treatment for this trial was equivalent
to approximately 10 inches of rain per year, while the low
water treatment was equivalent to 8 inches of rain per year
(Table 1). Thus, the high and low water treatments were just
above and below the minimum mean annual precipitation for
S. scoparium overall, and well below the minimum for Central
Texas S. scoparium.

Trials
In Trial 1 S. scoparium seeds were germinated on May 18, 2016
on a sand bed and were misted daily. Sprouting occurred 2 weeks
after the seeds were placed on a sandbed. Plants were transplanted
into pots on June 11, 2016, and were misted daily until June 14,
2016 when the treatments began. Initial root length was recorded
at transplanting. At the start of the experimental treatments
the plants in Trial 1 were 14 days old. The treatments were
applied every other day during the experiment, and continued
until June 22, 2016. The total duration of treatment for this
trial was 8 days (Table 1). The final shoot and root lengths,
plant health, and biomass were measured on June 22, 2016. The
final root lengths were recorded by measuring the length of the
longest root in millimeters. Final plant health was recorded as
the presence/absence of leaf rolling and discoloration, with the
presence of these leaf conditions indicating reduced plant health.
The types of leaf discoloration observed included yellowing and
browning. In order to measure total biomass, the shoots of each
plant were separated from roots by cutting the plant at the shoot
base, and the roots were carefully harvested from the soil. Then,
the tissues were dried in an oven at 80◦C for 48 h, and weighed
on an analytical balance in milligrams.

For Trial 2 S. scoparium seedlings were germinated on May
1, 2017 on a sand bed while misting daily. Seedlings were
transplanted into pots May 22, 2017. Treatment method two
and strain B were used for this trial (Table 1). The plants used
for Trial 2 were 28 days old at the start of the treatments. The
experimental treatments were applied to the plants starting on
May 29, 2017, and occurred every other day until June 21, 2017.
Dead and alive leaf count were recorded on June 7, June 14, and
again at the end of the experiment on June 22, 2017. Final root
and shoot length, total shoot length measurements, and final leaf

counts were recorded on June 22, 2017. Similar to Trial 1, plant
biomass was measured by drying and weighing the entire plant
tissue (shoots and roots).

In Trial 3 S. scoparium seedlings were germinated on February
1, 2017 on a sand bed while misted daily. Seedlings were
transplanted into pots between March 22, 2017 and April 3, 2017.
Treatment method one and strain B were used for this trial
(Table 1). The plants used for Trial 3 were 70 days old at the
start of the treatments. The treatments began on April 12, 2017
and occurred every other day until May 6, 2017, with a treatment
duration of 24 days. The number of leaves alive and dead were
recorded May 3, 2017 and again at the end of the experiment
on May 10, 2017. Final root length and shoot length was also
measured on May 10, 2017. Similar to Trial 2, plant biomass was
measured by drying and weighing the entire plant tissue.

Statistical Analysis
In order to test the hypothesis that the effect of inoculation
with a PGPR strain would interact with water availability
to influence plant growth we compared final root length,
final shoot length, and biomass among the four treatments.
A two-way ANOVA was performed using R (R Core Team,
2017) separately for each trial to analyze the statistical
significance of differences in the following parameters
between the treatment groups: (1) final shoot length;
(2) final root length; and (3) final total biomass. Also,
for each trial, one-way ANOVA tests were paired with
Tukey’s Honest Significant Difference (HSD) Tests in order
to identify significant pairwise differences between the
treatment groups.

To determine whether the variation in plant parameters
between the three trials was due to methodological differences,
a hierarchical clustering analysis was conducted on root length,
shoot length, and biomass data using R (R Core Team, 2017).
Then the cutree function was employed on the dendrogram
generated from the hierarchical cluster analysis to determine if
the plant samples were clustering based on starting age, duration
of treatment, total water volume added during the experiment,
and/or bacterial strain. We then performed a permutational
multivariate analysis of variance (MANOVA) using the adonis
function in the vegan package of R project (Oksanen, 2013)
to determine if treatment had a significant effect on plant
growth overall, using final root length, final shoot length,
and final plant biomass as inputs to the model. In addition,
another permutational MANOVA was performed using the
adonis function to evaluate whether methodological differences
between the trials explained a statistically significant proportion
of the variability in the observed plant growth parameters across
all three trials. This second MANOVA was written such that the
permutations were constrained to within the treatment groups
using strata as an argument in the model (Oksanen, 2013).

To determine if PGPR addition and water availability affected
plant health, we tested whether leaf condition (rolling and
discoloration in Trial 1, proportion of leaves alive in Trials 2
and 3) varied significantly among the treatments. For Trial 1,
the format of the data was a 2 × 2 × 2 contingency table:
bacteria addition (yes/no) × water treatment (high/low) × leaf
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condition (rolling yes/no or discoloration yes/no). We used log-
linear modeling in R (loglm in the MASS package; R Core
Team, 2017) to test whether there was a significant association
among the number of plants with rolled or discolored leaves,
bacteria treatment, and water treatment. The step function was
used to select the best fitting model based on the Akaike’s
Information Criterion (AIC). Rolling and discoloration were
analyzed separately.

For Trials 2 and 3, we evaluated the effects of PGPR addition
and water availability on plant health (proportion of senesced
leaves over time) using a repeated measures ANOVA in R (R
Core Team, 2017). In addition, we evaluated the individual effects
and interaction between PGPR addition and water availability on
plant health at individual time points using a two-way ANOVA
in R (R Core Team, 2017).

RESULTS

Shoot Length Differences Between
Treatments and Experimental Trials
Results from two-way ANOVA tests indicate that watering
treatment did not have a significant effect on shoot growth in
Trials 1 and 2 (Figure 1). However, the watering treatment did
have a significant effect on the final shoot lengths of plants in
Trial 3 (p ≤ 0.05). In this trial, plants that received the low water
treatment (LW) had larger shoot lengths than plants in the high
water treatment (HW; Figure 1). Also, the plants that received
both the low water and PGPR treatments (LWB) had larger shoot
lengths than well-watered plants receiving additional bacteria
(HWB; Figure 1). The PGPR treatment did not have a significant
difference on final shoot length in any of the experimental trials.

Root Length Differences Between
Treatments and Experimental Trials
The water treatments did not have a significant effect on the
final root lengths of plants in any of the experimental trials
(Figure 2). However, results from a two-way ANOVA identified
that the PGPR treatment had a statistically significant effect on
root growth in Trial 2 (Figure 2; p ≤ 0.01). Based on a Tukey’s
HSD test, plants in Trial 2 that received the PGPR addition (LWB,
HWB) had significantly greater increases in root length compared
to plants that did not receive the bacterial addition (LW, HW;
p≤ 0.01). There were no significant effects of the PGPR treatment
on the root lengths for Trials 1 and 3.

Biomass Between Treatments and
Experimental Trials
Results from a two-way ANOVA indicate that the watering
treatment had a statistically significant effect on the final biomass
of plants in Trial 3, where plants were 70 days old at the start
of the experiment (Figure 3; p = 0.005). According to results
from a Tukey’s HSD test, the plants in the low water treatment,
with or without PGPR addition, had significantly higher mean
biomass than plants in the high water treatment group (Figure 3;
p ≤ 0.05). By contrast, the watering treatment did not have a

significant effect on final plant biomass in Trials 1 or 2, where
plants were much younger (14 and 28 days at the start of the
experiment, respectively) at the start of the experiment.

In Trial 2, the bacterial treatment had a statistically significant
effect on the final biomass of plants (two-way ANOVA; p = 0.05).
In this trial, plants that received the PGPR addition had
significantly higher biomass than plants that did not receive the
additional bacteria, regardless of the watering treatment (Tukey’s
HSD: p = 0.05). Based on the results from two-way ANOVA tests,
there were no other statistically significant effects of the bacterial
treatment on final plant biomass in Trials 1 or 3.

Comprehensive Influences on Plant
Growth Across Experimental Trials
The water and PGPR treatments had a statistically significant
effect on plant growth overall across the trials, as identified by
a MANOVA (adonis function: F = 7.6, R2 = 0.12, p ≤ 0.001).
However, plants in the three trials responded very differently to
the treatments. A hierarchical clustering analysis showed that the
plants (based on final root length, final shoot length, and plant
biomass data) form three clusters, but the plants did not cluster
based on experimental treatment. Instead, the plants clustered
based on experimental trial. Results from a MANOVA analysis
suggest that the experimental trial (Trials 1, 2, or 3), and the
experiment duration (8 or 25 days; Table 1) had statistically
significant effects on overall plant growth (F = 119.8, R2 = 0.5,
p ≤ 0.001). The addition of the other methodological variables,
such as the bacterial strain (A or B), the total amount of water
received during the experiment, and/or the amount of water
received per week during the experiment, did not increase the
R2 of the model output. The primary difference between each
of the three experimental trials was the starting age of the
plants (Table 1).

Treatment Effects on Plant Health
To determine whether PGPR addition and water availability
impacted the health of the S. scoparium seedlings in Trial 1,
we used log-linear modeling to test for an association between
leaf condition (rolling or discoloration), bacteria treatment, and
water treatment. PGPR addition and high water availability
were both positively associated with reduced incidence of
leaf rolling and leaf discoloration, indicating these treatments
improved seedling health (Figure 4). In the mosaic plots
in Figure 4, this is represented as the size of the boxes
for rolled vs. not rolled (Figure 4A) or discolored vs. not
discolored (Figure 4B) leaves for each combination of bacteria
and water treatment. The treatment group with no PGPR
addition and low water availability had the greatest proportion
of plants with rolled or discolored leaves, while the group
with PGPR addition and high water availability had the lowest
proportions (Figure 4). Groups with either PGPR addition
or high water had intermediate proportions (Figure 4). For
both leaf rolling and discoloration, the model that best fit
the data included two-way interactions between leaf condition
and water treatment and between leaf condition and bacteria
treatment, but no three-way interaction between leaf condition,
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FIGURE 1 | Mean final shoot length of plants, plus/minus one standard deviation, for the different water treatments (High and Low Water), and the PGPR treatments
(No PGPR Added, PGPR Added). There was a statistically significant difference in the final shoot length for plants in the high water versus low water treatment in Trial
3 (p ≤ 0.05).

bacteria treatment, and water treatment (leaf rolling best
model: AIC = 12.40, LR X2 = 0.400, df = 2, p = 0.819;
leaf discoloration best model: AIC = 14.59, LR X2 = 2.589,
df = 2, p = 0.24). In contrast, models without interactions
between leaf condition and bacteria or water treatment were
poorer fits to the data (leaf rolling simple model: AIC = 17.38,
LR X2 = 9.38, df = 4, p = 0.052; leaf discoloration simple
model: AIC = 18.12, LR X2 = 10.12, df = 4, p = 0.038).
These results indicate that water availability and Pseudomonas
addition each had significant additive effects on leaf condition,
but there were no interactive effects of water availability and
PGPR on leaf condition.

To evaluate the effects of the experimental trials on the
proportion of senesced leaves (plant health metric) over time
in Trials 2 and 3, we performed repeated measures ANOVA
tests. Results from this analysis indicated that in Trial 2 the
experimental treatments significantly affected the number of
senesced leaves (Figure 5; F = 4.7, p = 0.003), and the number
of senesced leaves significantly changed over time (Figure 5;

F = 89.5, p ≤ 10−12). Specifically, in Trial 2 the water treatment
significantly affected the proportion of leaves that senesced over
the course of the experiment (F = 0.2, p = 0.003), and there was a
significant interaction between the water and PGPR treatments
on leaf senescence over time (F = 0.1, p = 0.04). In Trial 3
there was also a significant difference in leaf senescence between
the experimental treatments (F = 3.5, p = 0.02), and over time
(F = 60.0, p ≤ 10−13), as well as a significant interaction
between the treatments and time (F = 2.74, p = 0.05; Figure 6).
Leaf senescence was significantly different between the watering
treatments over the course of the experiment in Trial 3 (F = 6.0,
p ≤ 0.03), whereas there was only a significant effect of the
PGPR treatment on leaf senescence at the end of the experiment
(Day 28; F = 5.4, p = 0.02). In both Trials 2 and 3, the greatest
average amount of leaf senescence was observed for plants in
the high water treatment that did not receive additional PGPR,
whereas the lowest average amount of senescence was recorded
for plants in the low water treatment that received the PGPR
addition (Figures 5, 6).

Frontiers in Microbiology | www.frontiersin.org 7 May 2019 | Volume 10 | Article 860

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00860 May 14, 2019 Time: 14:36 # 8

Vargas et al. PGPR and Drought Effects on Plants

FIGURE 2 | Mean final root length of plants, plus/minus one standard deviation, for the different water treatments (High and Low Water), and the PGPR treatments
(No PGPR Added, PGPR Added). There was a statistically significant difference in the final root length for plants that received the PGPR treatment versus those that
did not receive the addition of PGPR in Trial 2 (p ≤ 0.01).

DISCUSSION

Recently, there has been a considerable research focus on
understanding how abiotic stress influences plant growth, as well
as plant–microbial interactions, in cultivated plants, especially
high-value domesticated crop species (Ström et al., 2002;
Mayak et al., 2004; Zahir et al., 2008; Sandhya et al., 2010;
Timmusk et al., 2011; Grönemeyer et al., 2012; Kang et al.,
2014; Nadeem et al., 2014; Timmusk et al., 2014; Vurukonda
et al., 2016). However, it is likely that wild plants respond
differently to environmental pressures, such as water limitation,
than cultivated varieties due to inherent differences in adaptive
traits and selective pressures (El-Sayed et al., 2014; Milla et al.,
2015; Eida et al., 2018). In addition, evidence suggests that wild
plants have closer associations with their rhizobacterial partners,
and that rhizobacteria have a greater effect on plant growth
in native plant varieties compared to domesticated varieties
(Pérez-Jaramillo et al., 2018).

The primary goal of this study was to increase our
understanding of the effects of PGPR on the growth of
S. scoparium, a wild bunchgrass species native to North America.
We also evaluated whether the addition of a Pseudomonas PGPR
influences the growth and health of S. scoparium in response to
environmental stress, specifically differences in water availability,
and whether these effects would be repeatable across different
experimental trials. Since the starting age of the plants in each
trial was different (14, 28, and 70 days old), we were also able

to compare plant responses to PGPR and water availability
across life history stages. Overall, the experimental treatments
significantly affected plant growth (MANOVA: F = 7.6, R2 = 0.12,
p≤ 0.001). However, we observed significant differences between
the experimental trials in terms of plant growth responses to
PGPR addition and water availability, likely due to differences
in the starting age of the plants and experiment duration
(MANOVA: F = 119.8, R2 = 0.5, p≤ 0.001). While the treatments
had no significant effects on the growth of plants in Trial 1, there
were significant effects of the treatments on plant growth in Trial
2 (starting age of 28 days) and Trial 3 (starting age of 70 days),
however, plants responded differently to the treatments between
these two trials. Across the trials, the water treatments and PGPR
addition significantly affected plant health. Our results provide
insight into how factors such as plant age and methodological
choices affect the responses of a native plant species to PGPR and
water availability.

Variable Responses of S. scoparium to
Water Availability at Different Ages
Water limitation is likely a common form of environmental stress
for S. scoparium since it is adapted to seasonally dry habitats
across North America (Tober and Jensen, 2013; PRISM Climate
Group, Oregon State University, 2015; USDA-NRCS, 2019). We
observed variation in how S. scoparium responded to differences
in water availability between the experimental trials. For plants
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FIGURE 3 | Mean final biomass of plants, plus/minus one standard deviation, for the different water treatments (High and Low Water), and the PGPR treatments (No
PGPR Added, PGPR Added). In Trial 2 there was a statistically significant difference in the final biomass for plants that received the PGPR treatment versus those
that did not receive the addition of PGPR (p = 0.05). In Trial 3 there was a statistically significant difference in the final biomass for plants in the high water versus low
water treatment (p ≤ 0.05).

FIGURE 4 | The number of Trial 1 seedlings with or without rolled (A) or discolored (B) leaves for each bacteria + water treatment combination. N = 15 plants for
each bacteria + treatment combination; total N = 60 plants. Leaf condition observations were made at the end of the trial. Bacteria treatment and water treatment
were both significantly associated with leaf rolling and discoloration (see main text for statistical details).
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FIGURE 5 | Leaf senescence, as measured by the proportion of leaves that remained alive over the course of the experiment, in Trial 2. The experimental treatments,
especially the water treatments, significantly affected the number of senesced leaves (p = 0.003). Also, the number of senesced leaves significantly changed over
time (p ≤ 10−12).

FIGURE 6 | Leaf senescence, as measured by the proportion of leaves that remained alive over the course of the experiment, in Trial 3. There was a significant
difference in leaf senescence between the experimental treatments (p = 0.02), and over time (F = 60.0, p ≤ 10−13). The watering treatments had a significant effect
on leaf senescence throughout the experiment (p ≤ 0.03), while the PGPR treatment significantly affected leaf senescence at the end of the experiment (Day 28;
p = 0.02).

that were 14 days old at the start of the experiment (Trial
1), high water availability appeared to improve plant health,
indicated by a lower incidence of leaf rolling and discoloration.
Leaf rolling is a common stress response in grasses (Kadioglu

et al., 2012) and S. scoparium is known to roll its leaves during
drought (Knapp, 1984). In addition, the yellowing and browning
observed was indicative of stressed and dying tissue. In contrast,
for plants that were 70 days old at the start of the trial (Trial
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3), the same high water treatment appeared to reduce plant
health, indicated by more leaf death/senescence. High water
also had a negative effect on growth in Trial 3; plants in the
high water treatment had significantly shorter shoot lengths and
lower biomass. These observations indicate that the low water
treatment imposed drought stress on the young seedlings in Trial
1, but that high water was more stressful than low water for the
older plants in Trial 3.

Differences in root system development between new
seedlings and older more established plants, as well as differences
between the local climate where these seeds were from and
the water treatments applied, may explain these contrasting
responses. According to the seed supplier, the S. scoparium
Central Texas mix is adapted to oak woods and prairies
with annual rainfalls of 20–40” (see text footnote 2). In this
experiment, the low water treatment in all three trials was
equivalent to 8” of rain per year, which is well below the Central
Texas range. High water in Trials 1 and 3 (49” of rain per
year) was above the range for the Central Texas mix. Resource
availability is generally critical for plant seedling establishment
(Lambers et al., 2008), and the stress response of S. scoparium
seedlings in low water from Trial 1 is consistent with their
native climate range. In addition, while S. scoparium seedlings
are moderately tolerant to drought compared to other prairie
species (Mueller and Weaver, 1942), water limitation can reduce
their growth (LaGory et al., 1982). Older plants with more
established root systems may be less sensitive to water limitation,
but we would still expect the low water treatment in Trial 3 to
be stressful. Furthermore, previous work on S. scoparium has
observed reductions in shoot production under water limited and
drought conditions (LaGory et al., 1982; Knapp, 1984; Maricle
et al., 2015). Why then, would the high water treatment be more
stressful for older plants? One explanation is that for older plants
with more developed root systems, water levels much higher
than the native precipitation range could sometimes be more
detrimental than periodic water limitation. Field experiments in
natural and transplanted S. scoparium populations indicate there
may be an optimum level of soil moisture, above which there
is no benefit (Knapp, 1984) and potentially even detrimental
effects on growth (Rozum, 2014). Collectively, this is consistent
with S. scoparium being tolerant of moderate, but not extreme
drought, and not adapted to highly mesic environments.

Some of S. scoparium’s responses (or lack thereof) to water
availability were more difficult to understand. First, despite effects
on seedling health in Trial 1, we did not observe reduced growth
of seedlings in low water. However, it is possible that the trial
duration (8 days) was too short to see significant differences in
biomass accumulation. Second, given that both water treatments
in Trial 2 were below the precipitation range for Central Texas
S. scoparium, it is unclear why the plants in the high water
treatment (which presumably would be less stressful), had more
leaf death/senescence than those in low water. In addition, there
was no main effect of water availability on growth in Trial 2,
despite a trial duration of 28 days. This lack of treatment effect
could reflect the relatively small difference in water volume
between treatments in Trial 2. Given that both treatments were
well below the native precipitation range, it is likely that neither
was optimal for S. scoparium growth.

The results from this experiment indicate that low and
high water availability can impose stress on Central Texas
S. scoparium, with effects on both plant health and growth.
S. scoparium’s native range spans a wide precipitation gradient,
including regions that experience periodic drought (Tober and
Jensen, 2013). Importantly, S. scoparium generally does not
access water in very deep soil layers (Eggemeyer et al., 2009;
Mueller et al., 2013), and thus responds to water limitation
through physiological adjustments to resist the negative effects
of drought (Hake et al., 1984; Knapp, 1984; Maricle and Adler,
2011; Maricle et al., 2015). Its physiological response to excess
water is less well studied. Collectively, this indicates that there
is an opportunity for interactions between S. scoparium and
rhizobacteria to mediate response to water stress.

Positive Effects of PGPR on
S. scoparium Growth and Health
Previous research has documented the plant growth promotion
of rhizosphere Pseudomonas strains for a variety of plants
growing under typical and stressed conditions (Sandhya et al.,
2010; Timmusk et al., 2014; Oteino et al., 2015; Lally et al., 2017;
Taketani et al., 2017; and others). In our study, surprisingly,
we did not observe a consistent effect of the PGPR addition
on plant growth across the three experimental trials. There was
a significant positive effect of PGPR addition on root growth
and biomass for plants that were 28 days old at the start of
the experiment (Trial 2), but we did not observe any plant
growth promotion in the other experimental trials. In fact,
root growth was significantly lower for plants that received
the PGPR addition for the oldest plants (70 day starting age;
Trial 3). In addition, we observed that PGPR addition did not
significantly affect shoot growth in any of the experimental
trials under high or low water conditions. Previous research
found that inoculation with PGPR strains in the Pseudomonas
genus promoted root growth more than shoot growth (Sandhya
et al., 2010). PGPR inoculum may have a greater effect on
root growth than shoot growth when the interactions between
PGPR strains and the plant are more localized and do not
translate into systemic physiological changes within the plant.
These localized interactions may be especially important under
stress conditions.

Under stress, root growth is suppressed when plants produce
compounds such as ethylene, and its precursor ACC, whereas
many PGPR strains can reverse stress-induced growth reduction
through the degradation of ACC (Yang et al., 2009). When
plants experience drought, the positive effects of PGPR on root
growth and biomass accumulation are especially pronounced
(Jaleel et al., 2007; Timmusk et al., 2014). Root development,
such as the growth of root hairs and lateral roots, may be
maintained despite water limitation because PGPR create water-
resistant matrices, thus allowing the root system to stay hydrated
(Sandhya et al., 2009; Timmusk et al., 2014; Timmusk et al.,
2015). In fact, environmental stress, such as drought, may
necessitate more coordinated functions between the plants and
rhizosphere microorganisms (Zang et al., 2014; Panke-Buisse
et al., 2015; Naylor and Coleman-Derr, 2018). Thus, interactions
between host plants and PGPR affect plants’ allocation of
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resources toward shoot and root growth under a range of
environmental conditions.

Plants host a diversity of microbes within their native
rhizosphere community and it is likely that colonization by
multiple PGPR strains provides additional benefit, in terms
of plant growth. Previous research has documented greater
boosts in plant growth in response to inoculation with multiple
PGPR strains (Mathivanan et al., 2014; Nadeem et al., 2014).
In our study, we did not use sterilized soil and thus, the
Pseudomonas isolate added during the PGPR treatments was
competing for access to the plant roots. This may explain why
we did not observe a more widespread effect of the PGPR
addition on plant growth across our experimental trials. There
is some evidence that there is a reduction in the influence
of PGPR inoculation on plant growth when the native soil
microbiome is intact due to competitive interactions (Çakmakçi
et al., 2006; Al-Khaliel, 2010). This is possibly due to the fact
that plants can be specific in the rhizobacterial partners they
recruit (Vacheron et al., 2013), and other bacterial strains may
be preferentially selected over the PGPR strain(s) added under
experimental conditions. Also, the majority of PGPR research has
been conducted with cultivated crop species, and it is possible
that wild plants may interact differently with PGPR. In fact,
the application of multiple PGPR strains in high concentrations
had no effect on the growth of several rare wild plant species
in the field, however, soil type strongly influenced plant growth
(Michaelis and Diekmann, 2018). Thus, the degree to which
PGPR inoculation may promote plant growth is likely dependent
on plant adaptations to environmental conditions, as well as the
competitive interactions between added PGPR strains and the
rhizosphere microbial community.

While in our study PGPR addition seemed to have variable
effects on plant growth, we did observe a measurable effect of
PGPR on plant health. In Trial 1, plants that received the PGPR
and high water treatments had the least amount of discoloration
and rolling, while in Trials 2 and 3 leaf senescence was lowest
for plants that received both the PGPR and low water treatments.
By contrast, in these Trials 2 and 3 the greatest leaf senescence
was measured for plants receiving only the high water treatment.
The majority of similar studies focus solely on the effects of PGPR
on shoot, root, or biomass yield, although a few studies have
characterized PGPR effects on leaf senescence. PGPR inoculation
was associated with a decline in leaf and flower senescence,
as well as a delay in fruit ripening in crop species, under
normal and drought conditions (Saleem et al., 2007; Ghanbari
Zarmehri et al., 2013). In switchgrass and Arabidopsis thaliana,
earlier leaf senescence was observed in plants inoculated with
PGPR, however, this was attributed to an expedition of plant
development in general, as opposed to a direct effect of PGPR
on plant health (Poupin et al., 2013; Wang et al., 2015, 2016).
Leaf senescence is often attributed to the production of ethylene
and ACC in response to stress. Thus it is possible that these
improvements in plant health, and declines in leaf senescence, are
due to PGPR strains degrading ACC through ACC deaminase.
These previous research studies have focused on cultivated and
model species, and our results suggest that PGPR may confer
similar plant health benefits for wild, uncultivated plant species.

Age-Dependent Effects of PGPR on
S. scoparium Growth
Plant age may play an important role in coordinating interactions
between plants and PGPR. Results from our research suggest that
younger plants may respond to water availability and the addition
of PGPR differently than older plants. Low water availability
may have a more detrimental effect on early seedlings (Trial 1)
compared to older plants that are more established and are in
a later stage of development. There is some evidence that older
plants display greater resistance to stress (Hong and Hwang,
1998). The growth of the oldest plants in our study (Trial 3)
also seemed to be relatively unaffected by PGPR inoculation
as compared to intermediate-aged plants (Trial 2), while the
growth of the youngest plants also did not appear to be affected
by the addition of PGPR. In Trial 1, it is likely that the short
experimental duration (Table 1) did not provide sufficient time
to observe an effect of the PGPR on growth. In addition, the
root microbiome membership is often more dynamic during
earlier stages of development (Micallef et al., 2009; Wagner
et al., 2016), which suggests the heightened importance of
competitive interactions for the establishment of PGPR on the
roots of young plants.

As plants age there are shifts in the secretion of root exudates
(Marschner et al., 2004; Jones et al., 2009; Chaparro et al.,
2014), which is an important mechanism through which plants
recruit and maintain associations with rhizobacteria (Berendsen
et al., 2012). Microbial species richness in the root microbiome
may decrease over the plant’s lifetime (Wagner et al., 2016),
and rhizosphere microbial communities often become more
specialized and distinct as plants age (Roesti et al., 2006; Micallef
et al., 2009). Thus, it is likely that the timing of PGPR inoculation
is critical to their effect on plant growth. In our study it is
possible that the oldest plants (Trial 3) had already established
associations with other microbes within the rhizosphere, and
the added PGPR strain was at a competitive disadvantage. The
intermediate-aged plants in Trial 2 may have had a less developed
microbiome at the start of the experiment, and the experiment
was also long enough for a PGPR association to affect growth.
In addition, the stress associated with the low water treatments
could have primed the plants for PGPR association. Plants secrete
different root exudates in response to environmental pressures,
and these exudates select for microorganisms with functions that
increase plant survival under stress (Marschner et al., 2004; Zang
et al., 2014; Panke-Buisse et al., 2015; Wagner et al., 2016). The life
history stage at which a plant experiences low water availability
may exert strong control over the synergy between the plant and
its rhizosphere microorganisms.

CONCLUSION

Our study demonstrates the complex factors that influence
the effects of PGPR inoculation on plant growth and plant
health. Plant age, experiment duration, and water availability
strongly influenced the response of S. scoparium to PGPR.
Our results demonstrate that plant health parameters, such
as leaf discoloration, rolling, and senescence, are helpful for
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understanding the effects of PGPR in alleviating stress. This
research was distinctive in that it studied the effects of PGPR
inoculation on plant growth in a wild plant species, which
potentially responds differently to PGPR associations than
highly domesticated crop species. Understanding the ways
in which native plants respond to PGPR under a range of
environmental conditions provides insight into the factors
affecting the dynamics of plant–microbe interactions in an era
of global change.

AUTHOR CONTRIBUTIONS

TB, RV, and AK conceived the idea for the study. TB, RV,
and AK designed the experiment for Trial 1. RV and AK
conducted the plant germination, the experimental set-up and
treatment applications, and the final plant measurements for
Trial 1. TB and RV conducted the bacterial isolation for all of the
experimental trials, and designed and conducted the experiments
for Trials 2 and 3. RV maintained and grew the bacterial cultures
for all three experimental trials. TB, RV, and AK conducted
data analysis and created figures for the manuscript. TB and
RV created tables for the manuscript. TB and RV wrote the
first three drafts of the manuscript; AK wrote sections of the

manuscript. TB, RV, and AK revised, edited, and approved the
final manuscript.

FUNDING

Funding for this research was provided by the Brother Romard
Barthel/J.D. Lewis Summer Research Fund and the St. Edward’s
University Department of Biological Sciences.

ACKNOWLEDGMENTS

We thank Dr. William Quinn at St. Edward’s University for
assistance with the greenhouse, and for insightful comments on
a preliminary draft of this manuscript. We also thank Jose Cantu
for research assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.00860/full#supplementary-material

REFERENCES
Al-Khaliel, A. S. (2010). Effects of arbuscular mycorrhization in sterile and non-

sterile soils. Trop. Life Sci. Res. 21, 55–70.
Antoun, H. (2013). “Plant-Growth-Promoting Rhizobacteria,” in Brenner’s

Encyclopedia of Genetics, eds S. Maloy and K. Hughes (San Diego, CA: Academic
Press), 353–355. doi: 10.1016/b978-0-12-374984-0.01169-4

Badri, D. V., Chaparro, J. M., Zhang, R., Shen, Q., and Vivanco, J. M. (2013).
Application of natural blends of phytochemicals derived from the root
exudates of Arabidopsis to the soil reveal that phenolic-related compounds
predominantly modulate the soil microbiome. J. Biol. Chem. 288, 4502–4512.
doi: 10.1074/jbc.M112.433300

Belimov, A. A., Dodd, I. C., Hontzeas, N., Theobald, J. C., Safronova, V. I., and
Davies, W. J. (2009). Rhizosphere bacteria containing 1-aminocyclopropane-
1-carboxylate deaminase increase yield of plants grown in drying soil via both
local and systemic hormone signalling. New Phytol. 181, 413–423. doi: 10.1111/
j.1469-8137.2008.02657.x

Beneduzi, A., Ambrosini, A., and Passaglia, L. M. P. (2012). Plant growth-
promoting rhizobacteria (PGPR): their potential as antagonists and biocontrol
agents. Genet. Mol. Biol. 35(Suppl.), 1044–1051. doi: 10.1590/s1415-
47572012000600020

Berendsen, R. L., Pieterse, C. M., and Bakker, P. A. (2012). The rhizosphere
microbiome and plant health. Trends Plant Sci. 17, 478–486. doi: 10.1016/j.
tplants.2012.04.001

Berg, G., and Smalla, K. (2009). Plant species and soil type cooperatively shape
the structure and function of microbial communities in the rhizosphere. FEMS
Microbiol. Ecol. 68, 1–13. doi: 10.1111/j.1574-6941.2009.00654.x

Çakmakçi, R., Dönmez, F., Aydı, A., and S̨ahin, F. (2006). Growth promotion of
plants by plant growth-promoting rhizobacteria under greenhouse and two
different field soil conditions. Soil Biol. Biochem. 38, 1482–1487. doi: 10.1016/j.
soilbio.2005.09.019

Calvo, O. C., Franzaring, J., Schmid, I., Müller, M., Brohon, N., and Fangmeier,
A. (2017). Atmospheric CO2 enrichment and drought stress modify root
exudation of barley. Glob.Chang. Biol. 23, 1292–1304. doi: 10.1111/gcb.13503

Canarini, A., Merchant, A., and Dijkstra, F. A. (2016). Drought effects on
Helianthus annuus and Glycine max metabolites: from phloem to root exudates.
Rhizosphere 2, 85–97. doi: 10.1016/j.rhisph.2016.06.003

Chaparro, J. M., Badri, D. V., and Vivanco, J. M. (2014). Rhizosphere microbiome
assemblage is affected by plant development. ISME J. 8, 790–803. doi: 10.1038/
ismej.2013.196

Chen, C., Bélanger, R. R., Benhamou, N., and Paulitz, T. C. (2000). Defense
enzymes induced in cucumber roots by treatment with plant growth-promoting
rhizobacteria (PGPR) and Pythium aphanidermatum. Physiol. Mol. Plant
Pathol. 56, 13–23. doi: 10.1006/pmpp.1999.0243

Chen, G., Tian, H., Zhang, C., Liu, M., Ren, W., Zhu, W., et al. (2012). Drought in
the Southern United States over the 20th century: variability and its impacts
on terrestrial ecosystem productivity and carbon storage. Clim. Chang. 114,
379–397. doi: 10.1007/s10584-012-0410-z

Cho, S. M., Kang, B. R., Han, S. H., Anderson, A. J., Park, J.-Y., Lee, Y.-H.,
et al. (2008). 2R,3R-butanediol, a bacterial volatile produced by Pseudomonas
chlororaphis O6, is involved in induction of systemic tolerance to drought in
Arabidopsis thaliana. Mol. Plant. Microbe. Interact. 21, 1067–1075. doi: 10.1094/
MPMI-21-8-1067

Colmer, T. D., and Voesenek, L. A. C. J. (2009). Flooding tolerance: suites of plant
traits in variable environments. Funct. Plant Biol. 36, 665–681. doi: 10.1071/
FP09144

Cook, R. J., Thomashow, L. S., Weller, D. M., Fujimoto, D., Mazzola, M., Bangera,
G., et al. (1995). Molecular mechanisms of defence by rhizobacteria against root
disease. Proc. Natl. Acad. Sci. U.S.A. 92, 4197–4201. doi: 10.1073/pnas.92.10.
4197

de Bruijin, I., de Kock, M. J., Yang, M., de Waard, P., van Beek, T. A., and
Raaijmakers, J. M. (2007). Genome-based discovery, structure prediction and
functional analysis of cyclic lipopeptide antibiotics in Pseudomonas species.
Mol. Microbiol. 63, 417–428. doi: 10.1111/j.1365-2958.2006.05525.x

Deng, K., Ting, M., Yang, S., and Tan, Y. (2018). Increased frequency of summer
extreme heat waves over texas area tied to the amplification of pacific zonal SST
gradient. J. Clim. 31, 5629–5647. doi: 10.1175/jcli-d-17-0554.1

Dimkpa, C., Weinand, T., and Asch, F. (2009). Plant-rhizobacteria interactions
alleviate abiotic stress conditions. Plant Cell Environ. 32, 1682–1694. doi: 10.
1111/j.1365-3040.2009.02028.x

Eggemeyer, K. D., Awada, T., Harvey, F. E., Wedin, D. A., Zhou, X., and Zanner,
C. W. (2009). Seasonal changes in depth of water uptake for encroaching trees
Juniperus virginiana and Pinus ponderosa and two dominant C4 grasses in a
semiarid grassland. Tree Physiol. 29, 157–169. doi: 10.1093/treephys/tpn019

Frontiers in Microbiology | www.frontiersin.org 13 May 2019 | Volume 10 | Article 860

https://www.frontiersin.org/articles/10.3389/fmicb.2019.00860/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2019.00860/full#supplementary-material
https://doi.org/10.1016/b978-0-12-374984-0.01169-4
https://doi.org/10.1074/jbc.M112.433300
https://doi.org/10.1111/j.1469-8137.2008.02657.x
https://doi.org/10.1111/j.1469-8137.2008.02657.x
https://doi.org/10.1590/s1415-47572012000600020
https://doi.org/10.1590/s1415-47572012000600020
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1111/j.1574-6941.2009.00654.x
https://doi.org/10.1016/j.soilbio.2005.09.019
https://doi.org/10.1016/j.soilbio.2005.09.019
https://doi.org/10.1111/gcb.13503
https://doi.org/10.1016/j.rhisph.2016.06.003
https://doi.org/10.1038/ismej.2013.196
https://doi.org/10.1038/ismej.2013.196
https://doi.org/10.1006/pmpp.1999.0243
https://doi.org/10.1007/s10584-012-0410-z
https://doi.org/10.1094/MPMI-21-8-1067
https://doi.org/10.1094/MPMI-21-8-1067
https://doi.org/10.1071/FP09144
https://doi.org/10.1071/FP09144
https://doi.org/10.1073/pnas.92.10.4197
https://doi.org/10.1073/pnas.92.10.4197
https://doi.org/10.1111/j.1365-2958.2006.05525.x
https://doi.org/10.1175/jcli-d-17-0554.1
https://doi.org/10.1111/j.1365-3040.2009.02028.x
https://doi.org/10.1111/j.1365-3040.2009.02028.x
https://doi.org/10.1093/treephys/tpn019
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00860 May 14, 2019 Time: 14:36 # 14

Vargas et al. PGPR and Drought Effects on Plants

Eida, A. A., Ziegler, M., Lafi, F. F., Michell, C. T., Voolstra, C. R., Hirt, H., et al.
(2018). Desert plant bacteria reveal host influence and beneficial plant growth
properties. PLoS One 13:e0208223. doi: 10.1371/journal.pone.0208223

El-Sayed, W. S., Akhkha, A., El-Naggar, M. Y., and Elbadry, M. (2014). In vitro
antagonistic activity, plant growth promoting traits and phylogenetic affiliation
of rhizobacteria associated with wild plants grown in arid soil. Front. Microbiol.
5:651. doi: 10.3389/fmicb.2014.00651

Gera Hol, W. H., Bezemer, T. M., and Biere, A. (2013). Getting the ecology
into interactions between plants and the plant growth-promoting bacterium
Pseudomonas fluorescens. Front. Plant Sci. 4:81. doi: 10.3389/fpls.2013.00081

Ghanbari Zarmehri, S., Moosavi, S. G., Zabihi, H. R., and Seghateslami, M. J.
(2013). The effect of plant growth promoting rhizobacteria (PGPR) and zinc
fertilizer on forage yield of maize under water deficit stress conditions. Technol.
J. Eng. Appl. Sci. 3, 3281–3290.

Glick, B. R. (2004). Bacterial ACC deaminase and the alleviation of plant stress.
Adv. Appl. Microbiol. 56, 291–312. doi: 10.1016/S0065-2164(04)56009-4

Grönemeyer, J. L., Burbano, C. S., Hurek, T., and Reinhold-Hurek, B. (2012).
Isolation and characterization of root-associated bacteria from agricultural
crops in the Kavango region of Namibia. Plant Soil 356, 67–82. doi: 10.1007/
s11104-011-0798-7

Gurska, J., Glick, B. R., and Greenberg, B. M. (2015). Gene Expression of Secale
cereale (fall rye) grown in petroleum hydrocarbon (PHC) impacted soil with
and without plant growth-promoting rhizobacteria (PGPR), Pseudomonas
putida. Water Air Soil Pollut. Focus 226:308.

Guyonnet, J., Cantarel, A. A. M., Simon, L., and el Zahar Haichar, F. (2018).
Root exudation rate as functional trait involved in plant nutrient-use strategy
classification. Ecol. Evol. 8, 8573–8581. doi: 10.1002/ece3.4383

Hake, D. R., Powell, J., McPherson, J. K., Claypool, P. L., and Dunn, G. L. (1984).
Water stress of tallgrass prairie plants in central Oklahoma. J. Range Manag. 37,
147–151.

Hanley, M. E., Lamont, B. B., Fairbanks, M. M., and Rafferty, C. M. (2007). Plant
structural traits and their role in anti-herbivore defence. Perspect. Plant Ecol.
Evol. Syst. 8, 157–178. doi: 10.1016/j.ppees.2007.01.001

Henry, A., Doucette, W., Norton, J., and Bugbee, B. (2007). Changes in crested
wheatgrass root exudation caused by flood, drought, and nutrient stress.
J. Environ. Qual. 36:904. doi: 10.2134/jeq2006.0425sc

Heschel, M. S., Donohue, K., Hausmann, N., and Schmitt, J. (2002). Population
differentiation and natural selection for water-use efficiency in Impatiens
capensis (Balsaminaceae). Int. J. Plant Sci. 163, 907–912. doi: 10.1086/342519

Heschel, M. S., and Riginos, C. (2005). Mechanisms of selection for drought stress
tolerance and avoidance in Impatiens capensis (Balsaminaceae). Am. J. Bot. 92,
37–44. doi: 10.3732/ajb.92.1.37

Hong, J. K., and Hwang, B. K. (1998). Influence of inoculum density, wetness
duration, plant age, inoculation method, and cultivar resistance on infection
of pepper plants by Colletotrichum coccodes. Plant Dis. 82, 1079–1083.
doi: 10.1094/PDIS.1998.82.10.1079

Jaleel, C. A., Manivannan, P., Sankar, B., Kishorekumar, A., Gopi, R.,
Somasundaram, R., et al. (2007). Pseudomonas fluorescens enhances biomass
yield and ajmalicine production in Catharanthus roseus under water deficit
stress. Colloids Surf. B 60, 7–11. doi: 10.1016/j.colsurfb.2007.05.012

Jones, D. L., Nguyen, C., and Finlay, R. D. (2009). Carbon flow in the rhizosphere:
carbon trading at the soil–root interface. Plant Soil 321, 5–33. doi: 10.1007/
s11104-009-9925-0

Kadioglu, A., Terzi, R., Saruhan, N., and Saglam, A. (2012). Current advances in
the investigation of leaf rolling caused by biotic and abiotic stress factors. Plant
Sci. 182, 42–48. doi: 10.1016/j.plantsci.2011.01.013

Kang, S. M., Radhakrishnan, R., Khan, A. L., Kim, M. J., Park, J. M., Kim,
B. R., et al. (2014). Gibberellin secreting rhizobacterium, Pseudomonas
putida H-2-3 modulates the hormonal and stress physiology of soybean
to improve the plant growth under saline and drought conditions.
Plant Physiol. Biochem. 84, 115–124. doi: 10.1016/j.plaphy.2014.
09.001

Knapp, A. K. (1984). Water relations and growth of three grasses during wet
and drought years in a tallgrass prairie. Oecologia 65, 35–43. doi: 10.1007/
BF00384460

LaGory, K. E., LaGory, M. K., and Perino, J. V. (1982). Response of big and little
bluestem (Andropogon) seedlings to soil and moisture conditions. Ohio J. Sci.
82, 19–23.

Lally, R. D., Galbally, P., Moreira, A. S., Spink, J., Ryan, D., Germaine, K. J., et al.
(2017). Application of Endophytic Pseudomonas fluorescens and a bacterial
consortium to Brassica napus can increase plant height and biomass under
greenhouse and field conditions. Front. Plant Sci. 8:2193. doi: 10.3389/fpls.2017.
02193

Lambers, H., Chapin, F. S. III, and Pons, T. L. (2008). Plant Physiological Ecology,
2nd Edn. New York, NY: Springer.

Lau, J. A., and Lennon, J. T. (2011). Evolutionary ecology of plant-microbe
interactions: soil microbial structure alters selection on plant traits. New Phytol.
192, 215–224. doi: 10.1111/j.1469-8137.2011.03790.x

Ling, N., Raza, W., Ma, J., Huang, Q., and Shen, Q. (2011). Identification and
role of organic acids in watermelon root exudates for recruiting paenibacillus
polymyxa sqr-21 in the rhizosphere. Eur. J. Soil Biol. 47, 374–379. doi: 10.1016/
j.ejsobi.2011.08.009

Lynch, J., and Brown, K. M. (1997). Ethylene and plant responses to nutritional
stress. Physiol. Plant. 100, 613–619. doi: 10.1034/j.1399-3054.1997.1000324.x

Marasco, R., Rolli, E., Ettoumi, B., Vigani, G., Mapelli, F., Borin, S., et al. (2012).
A drought resistance-promoting microbiome is selected by root system under
desert farming. PLoS One 7:e48479. doi: 10.1371/journal.pone.0048479

Marasco, R., Rolli, E., Vigani, G., Borin, S., Sorlini, C., Ouzari, H., et al. (2013). Are
drought-resistance promoting bacteria cross-compatible with different plant
models? Plant Signal. Behav. 8:e26741. doi: 10.4161/psb.26741

Maricle, B. R., and Adler, P. B. (2011). Effects of precipitation on photosynthesis
and water potential in Andropogon gerardii and Schizachyrium scoparium in a
southern mixed grass prairie. Environ. Exp. Bot. 72, 223–231. doi: 10.1016/j.
envexpbot.2011.03.011

Maricle, B. R., Caudle, K. L., and Adler, P. B. (2015). Influence of water availability
on photosynthesis, water potential, leaf δ13C, and phenology in dominant C4
grasses In Kansas, USA. Trans. Kans. Acad. Sci. 118, 173–193. doi: 10.1660/062.
118.0301

Marschner, P., Crowley, D., and Yang, C. H. (2004). Development of specific
rhizosphere bacterial communities in relation to plant species, nutrition and
soil type. Plant Soil 261, 199–208. doi: 10.1023/b:plso.0000035569.80747.c5

Mathivanan, S., Chidambaram, A. L. A., Sundramoorthy, P., Baskaran, L., and
Kalaikandhan, R. (2014). Effect of combined inoculations of plant growth
promoting rhizobacteria (PGPR) on the growth and yield of groundnut (Arachis
hypogaea L.). Int. J. Curr. Microbial. App. Sci. 3, 1010–1020.

Mayak, S., Tirosh, T., and Glick, B. R. (2004). Plant growth-promoting bacteria
that confer resistance to water stress in tomatoes and peppers. Plant Sci. 166,
525–530. doi: 10.1016/j.plantsci.2003.10.025

Mengual, C., Schoebitz, M., Azcón, R., and Roldán, A. (2014). Microbial inoculants
and organic amendment improves plant establishment and soil rehabilitation
under semiarid conditions. J. Environ. Manag. 134, 1–7. doi: 10.1016/j.jenvman.
2014.01.008

Micallef, S. A., Shiaris, M. P., and Colón-Carmona, A. (2009). Influence of
Arabidopsis thaliana accessions on rhizobacterial communities and natural
variation in root exudates. J. Exp. Bot. 60, 1729–1742. doi: 10.1093/jxb/erp053

Michaelis, J., and Diekmann, M. (2018). Effects of soil types and bacteria inoculum
on the cultivation and reintroduction success of rare plant species. Plant Ecol.
219, 441–453. doi: 10.1007/s11258-018-0807-5

Milla, R., Osborne, C. P., Turcotte, M. M., and Violle, C. (2015). Plant
domestication through an ecological lens. Trends Ecol. Evol. 30, 463–469.
doi: 10.1016/j.tree.2015.06.006

Mommer, L., Lenssen, J. P., Huber, H., Visser, E. J., and De Kroon, H.
(2006). Ecophysiological determinants of plant performance under flooding: a
comparative study of seven plant families. J. Ecol. 94, 1117–1129. doi: 10.1111/
j.1365-2745.2006.01175.x

Mueller, I. M., and Weaver, J. E. (1942). Relative drought resistance of seedlings of
dominant prairie grasses. Ecology 23, 387–398. doi: 10.2307/1930125

Mueller, K. E., Tilman, D., Fornara, D. A., and Hobbie, S. E. (2013). Root
depth distribution and the diversity–productivity relationship in a long-term
grassland experiment. Ecology 94, 787–793. doi: 10.1890/12-1399.1

Nadeem, S. M., Ahmad, M., Zahir, Z. A., Javaid, A., and Ashraf, M. (2014). The
role of mycorrhizae and plant growth promoting rhizobacteria (PGPR) in
improving crop productivity under stressful environments. Biotechnol. Adv. 32,
429–448. doi: 10.1016/j.biotechadv.2013.12.005

Naylor, D., and Coleman-Derr, D. (2018). Drought stress and root-associated
bacterial communities. Front. Plant Sci. 8:2223. doi: 10.3389/fpls.2017.02223

Frontiers in Microbiology | www.frontiersin.org 14 May 2019 | Volume 10 | Article 860

https://doi.org/10.1371/journal.pone.0208223
https://doi.org/10.3389/fmicb.2014.00651
https://doi.org/10.3389/fpls.2013.00081
https://doi.org/10.1016/S0065-2164(04)56009-4
https://doi.org/10.1007/s11104-011-0798-7
https://doi.org/10.1007/s11104-011-0798-7
https://doi.org/10.1002/ece3.4383
https://doi.org/10.1016/j.ppees.2007.01.001
https://doi.org/10.2134/jeq2006.0425sc
https://doi.org/10.1086/342519
https://doi.org/10.3732/ajb.92.1.37
https://doi.org/10.1094/PDIS.1998.82.10.1079
https://doi.org/10.1016/j.colsurfb.2007.05.012
https://doi.org/10.1007/s11104-009-9925-0
https://doi.org/10.1007/s11104-009-9925-0
https://doi.org/10.1016/j.plantsci.2011.01.013
https://doi.org/10.1016/j.plaphy.2014.09.001
https://doi.org/10.1016/j.plaphy.2014.09.001
https://doi.org/10.1007/BF00384460
https://doi.org/10.1007/BF00384460
https://doi.org/10.3389/fpls.2017.02193
https://doi.org/10.3389/fpls.2017.02193
https://doi.org/10.1111/j.1469-8137.2011.03790.x
https://doi.org/10.1016/j.ejsobi.2011.08.009
https://doi.org/10.1016/j.ejsobi.2011.08.009
https://doi.org/10.1034/j.1399-3054.1997.1000324.x
https://doi.org/10.1371/journal.pone.0048479
https://doi.org/10.4161/psb.26741
https://doi.org/10.1016/j.envexpbot.2011.03.011
https://doi.org/10.1016/j.envexpbot.2011.03.011
https://doi.org/10.1660/062.118.0301
https://doi.org/10.1660/062.118.0301
https://doi.org/10.1023/b:plso.0000035569.80747.c5
https://doi.org/10.1016/j.plantsci.2003.10.025
https://doi.org/10.1016/j.jenvman.2014.01.008
https://doi.org/10.1016/j.jenvman.2014.01.008
https://doi.org/10.1093/jxb/erp053
https://doi.org/10.1007/s11258-018-0807-5
https://doi.org/10.1016/j.tree.2015.06.006
https://doi.org/10.1111/j.1365-2745.2006.01175.x
https://doi.org/10.1111/j.1365-2745.2006.01175.x
https://doi.org/10.2307/1930125
https://doi.org/10.1890/12-1399.1
https://doi.org/10.1016/j.biotechadv.2013.12.005
https://doi.org/10.3389/fpls.2017.02223
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00860 May 14, 2019 Time: 14:36 # 15

Vargas et al. PGPR and Drought Effects on Plants

Oksanen, J. (2013). Multivariate analysis of ecological communities in R: vegan
tutorial. R. Doc. 43, 11–12. doi: 10.1016/0169-5347(88)90124-3

Oteino, N., Lally, R. D., Kiwanuka, S., Lloyd, A., Ryan, D., Germaine, K. J., et al.
(2015). Plant growth promotion induced by phosphate solubilizing endophytic
Pseudomonas isolates. Front. Microbiol. 6:745. doi: 10.3389/fmicb.2015.
00745

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

Patel, J. S., Singh, A., Singh, H. B., and Sarma, B. K. (2015). Plant genotype,
microbial recruitment and nutritional security. Front. Plant Sci. 6:608.
doi: 10.3389/fpls.2015.00608

Pérez-Jaramillo, J. E., Carrión, V. J., de Hollander, M., and Raaijmakers, J. M.
(2018). The wild side of plant microbiomes. Microbiome 6:143.

Philippot, L., Raaijmakers, J. M., Lemanceau, P., and Van Der Putten, W. H. (2013).
Going back to the roots: The microbial ecology of the rhizosphere. Nat. Rev.
Microbiol. 11, 789–799. doi: 10.1038/nrmicro3109

Pierson, L. S., and Pierson, E. A. (1996). Phenazine Antibiotic production
in Pseudomonas aureofaciens: role in rhizosphere ecology and pathogen
suppression. FEMS Microbiol. Lett. 136, 101–108. doi: 10.1016/0378-1097(95)
00489-0

Pii, Y., Mimmo, T., Tomasi, N., Terzano, R., Cesco, S., and Crecchio, C. (2015).
Microbial interactions in the rhizosphere: beneficial influences of plant growth-
promoting rhizobacteria on nutrient acquisition process. a review. Biol. Fertil.
Soils 51, 403–415. doi: 10.1007/s00374-015-0996-1

Podile, A. R., and Kishore, G. K. (2006). “Plant growth-promoting rhizobacteria,”
in Plant-Associated Bacteria, ed. S. S. Gnanamanickam (Berlin: Springer),
195–230. doi: 10.1007/1-4020-4538-7_6

Poupin, M. J., Timmermann, T., Vega, A., Zuñiga, A., and González, B. (2013).
Effects of the plant growth-promoting bacterium Burkholderia phytofirmans
PsJN throughout the life cycle of Arabidopsis thaliana. PLoS One 8:e69435.
doi: 10.1371/journal.pone.0069435

PRISM Climate Group, Oregon State University (2015). 30-Year Normal
Precipitation: Annual. Period 1981-2010. Available at: http://prism.oregonstate.
edu/normals/ (accessed February 2019).

R Core Team (2017). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Richardson, A. E., Barea, J., McNeill, A. M., and Prigent-Combaret, C. (2009).
Acquisition of phosphorus and nitrogen in the rhizosphere and plant growth
promotion by microorganisms. Plant Soil 321, 305–339. doi: 10.1007/s11104-
009-9895-2

Roesti, D., Gaur, R., Johri, B. N., Imfeld, G., Sharma, S., Kawaljeet, K., et al.
(2006). Plant growth stage, fertiliser management and bio-inoculation of
arbuscular mycorrhizal fungi and plant growth promoting rhizobacteria affect
the rhizobacterial community structure in rain-fed wheat fields. Soil Biol.
Biochem. 38, 1111–1120. doi: 10.1016/j.soilbio.2005.09.010

Rozum, J. (2014). Irrigation Effects on Growth and Visual Quality of Three
Ornamental Grass Species. Ph.D.thesis. Colorado State University, Fort Collins.

Saikia, J., Sarma, R. K., Dhandia, R., Yadav, A., Bharali, R., Gupta, V. K., et al. (2018).
Alleviation of drought stress in pulse crops with ACC deaminase producing
rhizobacteria isolated from acidic soil of Northeast India. Sci. Rep. 8:3560.
doi: 10.1038/s41598-018-21921-w

Saleem, M., Arshad, M., Hussain, S., and Saeed Bhatti, A. (2007). Perspective of
plant growth promoting rhizobacteria (PGPR) containing ACC deaminase in
stress agriculture. J. Indust. Microbiol. Biotechnol. 34, 635–648. doi: 10.1007/
s10295-007-0240-6

Saleem, M., Law, A. D., Sahib, M. R., Pervaiz, Z. H., and Zhang, Q. (2018). Impact
of root system architecture on rhizosphere and root microbiome. Rhizosphere
6, 47–51. doi: 10.1016/j.rhisph.2018.02.003

Sandhya, V., Ali, S. Z., Grover, M., Reddy, G., and Venkateswarlu, B.
(2009). Alleviation of drought stress effects in sunflower seedlings by the
exopolysaccharides producing Pseudomonas putida strain GAP-p45. Biol. Fertil.
Soils 46, 17–26. doi: 10.1007/s00374-009-0401-z

Sandhya, V., Ali, S. Z., Grover, M., Reddy, G., and Venkateswarlu, B. (2010).
Effect of plant growth promoting Pseudomonas spp. on compatible solutes,
antioxidant status and plant growth of maize under drought stress. Plant
Growth Regul. 62, 21–30. doi: 10.1007/s10725-010-9479-4

Schimel, J., Balser, T. C., and Wallenstein, M. (2007). Microbial stress-response
physiology and its implications for ecosystem function. Ecology 88, 1386–1394.
doi: 10.1890/06-0219

Steinberg, P. D. (2002). Schizachyrium scoparium. In: Fire
Effects Information System. Available at: https://www.fs.fed.us
/database/feis/plants/graminoid/schsco/all.html (accessed February 3, 2019).

Ström, L., Owen, A. G., Godbold, D. L., and Jones, D. L. (2002). Organic acid
mediated P mobilization in the rhizosphere and uptake by maize roots. Soil Biol.
Biochem. 34, 703–710. doi: 10.1016/S0038-0717(01)00235-8

Suzuki, N., Rivero, R. M., Shulaev, V., Blumwald, E., and Mittler, R. (2014). Abiotic
and biotic stress combinations. New Phytol. 203, 32–43. doi: 10.1111/nph.12797

Taketani, R. G., Lançoni, M. D., Kavamura, V. N., Durrer, A., Andreote, F. D., and
Melo, I. S. (2017). Dry season constrains bacterial phylogenetic diversity in a
semi-arid rhizosphere system. Microb. Ecol. 73, 153–161. doi: 10.1007/s00248-
016-0835-4

terHorst, C. P., Lennon, J. T., and Lau, J. A. (2014). The relative importance of
rapid evolution for plant-microbe interactions depends on ecological context.
Proc. R. Soc. B Biol. Sci. 281:20140028. doi: 10.1098/rspb.2014.0028

Timmusk, S., Abd El-Daim, I. A., Copolovici, L., Tanilas, T., Kännaste, A., Behers,
L., et al. (2014). Drought-tolerance of wheat improved by rhizosphere bacteria
from harsh environments: ENHANCED biomass production and reduced
emissions of stress volatiles. PLoS One 9:e96086. doi: 10.1371/journal.pone.
0096086

Timmusk, S., Kim, S., Bin, N., Nevo, E., El Daim, I. A., Ek, B., et al. (2015). Sfp-
type PPTase inactivation promotes bacterial biofilm formation and ability to
enhance wheat drought tolerance. Front. Microbiol. 6:387. doi: 10.3389/fmicb.
2015.00387

Timmusk, S., Paalme, V., Pavlicek, T., Bergquist, J., Vangala, A., Danilas, T.,
et al. (2011). Bacterial distribution in the rhizosphere of wild barley under
contrasting microclimates. PLoS One 6:e17968. doi: 10.1371/journal.pone.
0017968

Tober, D., and Jensen, N. (2013). Plant guide for little bluestem (Schizachyrium
scoparium). Bismarck: USDA Natural Resources Conservation Service, Plant
Materials Center.

USDA-NRCS (2002). Plant Fact Sheet, Little Bluestem (Schizachyrium scoparium).
Beltsville: USDA Natural Resources Conservation Service, National Plant
Materials Center.

USDA-NRCS (2019). Plant Profile for Schizachyrium scoparium (Michx.) Nash,
little bluestem. Available at: https://plants.sc.egov.usda.gov/core/profile?symbol
= SCSC (accessed February 2019).

Vacheron, J., Desbrosses, G., Bouffaud, M., Touraine, B., Moënne-Loccoz, Y.,
Muller, D., et al. (2013). Plant growth-promoting rhizobacteria and root system
functioning. Front. Plant Sci. 4:356. doi: 10.3389/fpls.2013.00356

Vurukonda, S. S., Vardharajula, S., Shrivastava, M., and Skz, A. (2016).
Enhancement of drought stress tolerance in crops by plant growth promoting
rhizobacteria. Microbiol. Res. 184, 13–24. doi: 10.1016/j.micres.2015.
12.003

Wagner, M. R., Lundberg, D. S., Del Rio, T. G., Tringe, S. G., Dangl, J. L.,
and Mitchell-Olds, T. (2016). Host genotype and age shape the leaf and root
microbiomes of a wild perennial plant. Nat. Commun. 7:12151. doi: 10.1038/
ncomms12151

Walling, L. L. (2000). The myriad plant responses to herbivores. J. Plant Growth
Regul. 19, 195–216. doi: 10.1007/s003440000026

Wang, B., Seiler, J. R., and Mei, C. (2015). Burkholderia phytofirmans
strain PsJN advanced development and altered leaf level physiology of
switchgrass. Biomass Bioenergy 83, 493–500. doi: 10.1016/j.biombioe.2015.
10.029

Wang, B., Seiler, J. R., and Mei, C. (2016). A microbial endophyte enhanced growth
of switchgrass under two drought cycles improving leaf level physiology and
leaf development. Environ. Exp. Bot. 122, 100–108. doi: 10.1016/j.envexpbot.
2015.09.004

Wang, S., Ouyang, L., Ju, X., Zhang, L., Zhang, Q., and Li, Y. (2014). Survey
of plant drought-resistance promoting bacteria from populus euphratica tree
living in arid area. Indian J. Microbiol. 54, 419–426. doi: 10.1007/s12088-014-
0479-3

Weaver, J. E., and Albertson, F. W. (1939). Major changes in grassland as a result
of continued drought. Bot. Gaz. 100, 576–591. doi: 10.1086/334810

Frontiers in Microbiology | www.frontiersin.org 15 May 2019 | Volume 10 | Article 860

https://doi.org/10.1016/0169-5347(88)90124-3
https://doi.org/10.3389/fmicb.2015.00745
https://doi.org/10.3389/fmicb.2015.00745
https://doi.org/10.1038/ismej.2014.196
https://doi.org/10.3389/fpls.2015.00608
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1016/0378-1097(95)00489-0
https://doi.org/10.1016/0378-1097(95)00489-0
https://doi.org/10.1007/s00374-015-0996-1
https://doi.org/10.1007/1-4020-4538-7_6
https://doi.org/10.1371/journal.pone.0069435
http://prism.oregonstate.edu/normals/
http://prism.oregonstate.edu/normals/
https://doi.org/10.1007/s11104-009-9895-2
https://doi.org/10.1007/s11104-009-9895-2
https://doi.org/10.1016/j.soilbio.2005.09.010
https://doi.org/10.1038/s41598-018-21921-w
https://doi.org/10.1007/s10295-007-0240-6
https://doi.org/10.1007/s10295-007-0240-6
https://doi.org/10.1016/j.rhisph.2018.02.003
https://doi.org/10.1007/s00374-009-0401-z
https://doi.org/10.1007/s10725-010-9479-4
https://doi.org/10.1890/06-0219
https://www.fs.fed.us
https://doi.org/10.1016/S0038-0717(01)00235-8
https://doi.org/10.1111/nph.12797
https://doi.org/10.1007/s00248-016-0835-4
https://doi.org/10.1007/s00248-016-0835-4
https://doi.org/10.1098/rspb.2014.0028
https://doi.org/10.1371/journal.pone.0096086
https://doi.org/10.1371/journal.pone.0096086
https://doi.org/10.3389/fmicb.2015.00387
https://doi.org/10.3389/fmicb.2015.00387
https://doi.org/10.1371/journal.pone.0017968
https://doi.org/10.1371/journal.pone.0017968
https://plants.sc.egov.usda.gov/core/profile?symbol
https://doi.org/10.3389/fpls.2013.00356
https://doi.org/10.1016/j.micres.2015.12.003
https://doi.org/10.1016/j.micres.2015.12.003
https://doi.org/10.1038/ncomms12151
https://doi.org/10.1038/ncomms12151
https://doi.org/10.1007/s003440000026
https://doi.org/10.1016/j.biombioe.2015.10.029
https://doi.org/10.1016/j.biombioe.2015.10.029
https://doi.org/10.1016/j.envexpbot.2015.09.004
https://doi.org/10.1016/j.envexpbot.2015.09.004
https://doi.org/10.1007/s12088-014-0479-3
https://doi.org/10.1007/s12088-014-0479-3
https://doi.org/10.1086/334810
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00860 May 14, 2019 Time: 14:36 # 16

Vargas et al. PGPR and Drought Effects on Plants

Weaver, J. E., and Albertson, F. W. (1943). Resurvey of grasses, forbs, and
underground plant parts at the end of the great drought. Ecol. Monogr. 13,
63–117. doi: 10.2307/1943590

Weaver, J. E., Stoddart, L. A., and Noll, W. (1935). Response of the prairie to the
great drought of 1934. Ecology 16, 612–629. doi: 10.2307/1932592

Whipps, J. M. (2001). Microbial interactions and biocontrol in the rhizosphere.
J. Exp. Bot. 52(Suppl._1), 487–511. doi: 10.1093/jxb/52.suppl_1.487

Wittstock, U., and Gershenzon, J. (2002). Constitutive plant toxins and their role
in defense against herbivores and pathogens. Curr. Opin. Plant Biol. 5, 300–307.
doi: 10.1016/S1369-5266(02)00264-9

Xiao, X., Fan, M., Wang, E., Chen, W., and Wei, G. (2017). Interactions of plant
growth-promoting rhizobacteria and soil factors in two leguminous plants.
Appl. Microbiol. Biotechnol. 101, 8485–8497. doi: 10.1007/s00253-017-8550-8

Yang, J., Kloepper, J. W., and Ryu, C. (2009). Rhizosphere bacteria
help plants tolerate abiotic stress. Trends Plant Sci. 14, 1–4.
doi: 10.1016/j.tplants.2008.10.004

Zahir, Z. A., Munir, A., Asghar, H. N., Shaharoona, B., and Arshad, M.
(2008). Effectiveness of rhizobacteria containing ACC deaminase for growth
promotion of peas (Pisum sativum) under drought conditions. J. Microbiol.
Biotechnol. 18, 958–963.

Zang, U., Goisser, M., Häberle, K. H., Matyssek, R., Matzner, E., and
Borken, W. (2014). Effects of drought stress on photosynthesis, rhizosphere
respiration, and fine-root characteristics of beech saplings: a rhizotron
field study. J. Plant Nutr. Soil Sci. 177, 168–177. doi: 10.1002/jpln.20130
0196

Zhang, Q., Saleem, M., and Wang, C. (2017). Probiotic strain Stenotrophomonas
acidaminiphila BJ1 degrades and reduces chlorothalonil toxicity to soil
enzymes, microbial communities and plant roots. AMB Express 7:227.
doi: 10.1186/s13568-017-0530-y

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

Copyright © 2019 Vargas, Kenney and Bilinski. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 16 May 2019 | Volume 10 | Article 860

https://doi.org/10.2307/1943590
https://doi.org/10.2307/1932592
https://doi.org/10.1093/jxb/52.suppl_1.487
https://doi.org/10.1016/S1369-5266(02)00264-9
https://doi.org/10.1007/s00253-017-8550-8
https://doi.org/10.1016/j.tplants.2008.10.004
https://doi.org/10.1002/jpln.201300196
https://doi.org/10.1002/jpln.201300196
https://doi.org/10.1186/s13568-017-0530-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Variable Influences of Water Availability and Rhizobacteria on the Growth of Schizachyrium scoparium (Little Bluestem) at Different Ages
	Introduction
	Materials and Methods
	Overview of Experimental Design
	PGPR Isolation, Characterization, and Growth
	Source of Plant Material for Greenhouse Experiments
	Experimental Treatments: Water Availability and PGPR
	Treatment Method One
	Treatment Method Two
	Trials

	Statistical Analysis

	Results
	Shoot Length Differences Between Treatments and Experimental Trials
	Root Length Differences Between Treatments and Experimental Trials
	Biomass Between Treatments and Experimental Trials
	Comprehensive Influences on Plant Growth Across Experimental Trials
	Treatment Effects on Plant Health

	Discussion
	Variable Responses of S. scoparium to Water Availability at Different Ages
	Positive Effects of PGPR on S. scoparium Growth and Health
	Age-Dependent Effects of PGPR on S. scoparium Growth

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


