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Abstract

Background and aims The aim of this study was to test
the effect of Azospirillum brasilense on the superoxide
anion production (O,") and enzymes related with redox
metabolism in roots of wheat (7riticum aestivum).
Methods A. brasilense Sp245 and T. aestivum seeds cv
Nana F2007 were used in this study. Wheat roots were
stained with nitro blue tetrazolium (NBT) to visualize
and localize O, production. Superoxide dismutase
(SOD) and peroxidase (POX) activities were assayed
in native PAGE.

Results We found that 4. brasilense application resulted
in a decrease in meristem length and cell size, and in a
reduction in the O, level in roots. The bacteria stimu-
lated SOD and soluble POX isoenzymes, particularly in
the zone of the root tip. Qualitative O, production in
roots treated with LaCly, a Ca®" channel blocker, in
combination with A. brasilense was comparable to in-
oculated roots. Similar results were observed with the
Ca*" ionophore A23187.
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Conclusions Our results suggest that O, metabolism
is important during the interaction of wheat and
A. brasilense, and that the antioxidative enzymes such
as SOD and POX are involved in its regulation.
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Introduction

Plant development and growth are strongly influenced by
biotic and abiotic factors encountered by roots within
soils. Certain soil microbial populations can be beneficial
for plants by improving growth, development, and health.
Representative beneficial microbes include plant growth-
promoting rhizobacteria (PGPR), which establish associa-
tive symbiotic interactions with their host plant
(Raaijmakers et al. 2009; Richardson et al. 2009). PGPR
are able to colonize plant root systems and enhance plant
growth through a variety of mechanisms, including direct
effects on nutrient uptake as well as root growth through
the production of phytohormones such as auxins, gibber-
ellins, and cytokinins (Richardson et al. 2009; Yang et al.
2009). They can also protect plants against root and/or
foliar pathogens (Raaijmakers et al. 2009) through antibi-
otic production, competition for ecological niches, and
induction of systemic resistance (Lugtenberg and
Kamilova 2009; Rezzonico et al. 2005).

Among PGPR, Azospirillum is considered as one of the
most important rhizobacterial genus and it is used world-
wide for improving plant growth and crop yield (Bashan
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et al. 2004; Jacoud et al. 1998; Okon and Labandera-
Gonzalez 1994). The sites of primary root colonization
include points of lateral root emergence and the root hair
zones (Vande Broek et al. 1993). Plant-beneficial effects of
Azospirillum strains result mostly in morphological and
physiological changes of the root system (Khalid et al.
2004; Richardson et al. 2009), which increases root prolif-
eration and elongation and leads to an enhanced capacity
to access essential nutrients and water (Richardson et al.
2009). These effects are due to the production of phyto-
hormones by the bacteria, especially indole-3-acetic acid,
and by deaminating 1-aminocyclopropane-1-carboxylate
(ACC), which is a precursor of ethylene that inhibits root
growth (Prigent-Combaret et al. 2008; Steenhoudt and
Vanderleyden 2000).

In plants, normal root growth is controlled by the
activity of the subapical meristem and the elongation of
newly formed cells. Several recent studies indicate that
reactive oxygen species (ROS) are required for cell
expansion during the morphogenesis of organs, such
as roots and leaves (Takeda et al. 2008). ROS can
function as potent signaling molecules during the
growth and development and coordinate responses to
biotic and abiotic stresses in plants (Apel and Hirt
2004). Evidence suggests that ROS function through
an elaborate network of crosstalk with hormonal net-
works, thereby allowing plants to regulate developmen-
tal processes as well as abiotic and biotic stress tolerance
responses (Tognetti et al. 2012).

ROS, such as O,", H,0,, singlet oxygen, and hy-
droxyl radicals, are produced continuously as a result of
cell metabolism, but this low level of ROS homeostasis
can be significantly perturbed when plants are exposed to
environmental stress conditions (Mittler et al. 2004; Van
Breusegem and Dat 2006). Since excessive ROS con-
centrations result in cellular oxidative damage or the
induction of cell death, basal levels need to be maintained
by a redox signaling network consisting of several en-
zymes, such as superoxide dismutase (SOD), catalase
(CAT), and peroxidase (POX). Thus, plants have devel-
oped a high degree of control over ROS accumulation
through this network and are able to use ROS as signal-
ing molecules to regulate normal and stress-tolerant
physiological processes (Foyer and Noctor 2009;
Potters et al. 2010). Among ROS, H,O, plays a central
role in a broad range of physiological processes, includ-
ing senescence (Corpas et al. 2001), photorespiration and
photosynthesis (Noctor and Foyer 1998), stomatal move-
ment (Bright et al. 2006), cell cycle (Mittler et al. 2004),
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growth and development (Foreman et al. 2003), and plant
adaptation to the changing environment (Neill et al.
2002; Tognetti et al. 2012). In A. thaliana roots, ROS
homeostasis regulates the transition from proliferation to
differentiation (Tsukagoshi et al. 2010).

Under normal conditions, O,” and H,O, are differen-
tially distributed within a plant root (Dunand et al. 2007),
with superoxide mainly accumulating in dividing and
expanding cells of the meristem and H,0O, accumulating
in the elongation zone. An overlap of both ROS types has
been observed within the so-called “transition zone”
(Tsukagoshi et al. 2010). In Salix seedlings, the production
of ROS in specific regions of roots seems to be essential
for the normal growth of this organ being either partially
or completely inhibited in the presence of H,O, or O,
scavengers, respectively. O,” production has been found
to be elevated in the root apex, particularly in the subapical
meristem and protodermal zones (Causin et al. 2012).
Moreover, apical O, generation activity correlates with
a high level of either Cu/Zn superoxide dismutase protein
as well as carbonylated proteins. O, production is also
high in root hairs during budding, but markedly decreases
when the hair begins active elongation. Root hair forma-
tion is also increased in the presence of H,O, scavengers,
but suppressed when H,O, or peroxidase inhibitors are
present (Causin et al. 2012).

Calcium is another molecule implicated in plant mor-
phogenesis as well as the elongation of roots and root
hairs. Ca®" influx from the extracellular store is required
for cell elongation in roots, and NADPH oxidases appear
to control development by generating ROS that promotes
plant cell expansion through the activation of Ca®" chan-
nels (Foreman et al. 2003). Taken together, these results
suggest that ROS homeostasis may play an important
role during root growth regulation by PGPR, which is
one aspect that remains poorly studied. Therefore, the
aim of the present study was to analyze the effect of the
inoculation of wheat roots with 4. brasilense Sp245 on
0O, production and antioxidative enzymes as well as its
correlation with changes in root morphology.

Material and methods
Materials and growth conditions
A. brasilense Sp245 (Baldani et al. 1986) was used in

this study. Bacteria were grown on LB medium (10 g/L
tryptone, 5 g/L yeast extract, 5 g/L NaCl, 0.186 g/L
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MgSO,, 0.277 g/L CaCl,, 15 g/L Agar) for routine use
and maintained in nutrient broth with 15 % glycerol at
—80 °C for long-term storage. Cultures were grown 20 h
(exponential phase) at 27 °C with rotation at 100 rpm.
The cultures were then washed twice in 0.9 % NaCl by
centrifugation (4300xg, 10 min, 4 °C), resuspended in
sterile water, and adjusted to a final concentration of 1 x
10° colony-forming units (CFU)/mL for use as an
inoculum.

T aestivum seeds, cv Nana F2007, were kindly pro-
vided by Dr. Mario Gonzalez-Chavira (INIFAP- Celaya,
Gto, México). Seeds were washed by shaking in 1 %
SDS for 3 min, surface sterilized for 5 min ina 1 %
sodium hypochlorite solution, washed four times with
sterile distilled water, and germinated on filter paper
sterilized and wetted with sterile distilled water on
Petri dishes for 3 days in the dark at 28 °C. Seedlings
were then aseptically transferred to assay tubes (15 cm
length and 2.5 cm width) and immersed (only roots) in
5 mL of liquid Murashige and Skoog (MS) medium
(pH 5.7). Inoculation with A. brasilense was performed
by adding 100 pl of a 1x10° cells/mL suspension on
MS medium. Root length was measured with a ruler
using one primary root. Unless otherwise indicated,
chemicals were obtained from Sigma Sigma-Aldrich
(St. Louis, MO, USA).

4’ ,6-diamidino-2-phenylindole (DAPI) and NBT
staining

DAPI staining of root tips was performed as follows:
root seedlings were fixed in a solution of 4 % parafor-
maldehyde for 24 h at 4 °C, then washed 3 times in
water and mounted on cover slips. The roots were
stained with 1 pg/ml DAPI for 30 min and analyzed
with an Olympus BX60 fluorescence microscope (exci-
tation 365 nm and emission 420-540 nm; Zeiss, Jena,
Germany) (Tsukagoshi 2012). To visualize the localiza-
tion and/or rate of O," production, seedlings were
stained for 15 min with a solution of 0.1 % nitro blue
tetrazolium NBT in 50 mM sodium phosphate buffer,
pH 7.5 (Causin et al. 2012).

NBT quantification

Quantification of superoxide was assayed using a meth-
od described by Arthikala et al. 2014. Briefly, NBT-
stained tissue was ground in liquid nitrogen and the
formazan content of the resulting powder was dissolved

in 2 M KOH-DMSO (1:1.16 v/v) and then centrifuged
for 10 min at 12,000 g. The quantity of NBT was
determined by measuring the optical density at 630 nm
and comparing with a standard curve using known
concentrations of NBT.

SOD and soluble POX enzyme activity

The plant tissues (100 mg) were powdered in liquid
nitrogen and homogenized in 100 mM phosphate buffer,
pH 7.8. The homogenate was centrifuged at 4 °C for
10 min at 10,000 g. The supernatant containing extract-
ed soluble enzymes was used to measure SOD and POX
enzyme activities that might be both of bacterial and
plant origins. Wheat root was divided in two root zones
of 5 mm each, and named Apical zone and Distal zone
to analyze the enzyme activities.

SOD activity was assayed using the method de-
scribed by Beauchamp and Fridovich (1971). Briefly,
samples of supernatant prepared as described above
(100 pg per lane) were separated by polyacrylamide
gel electrophoresis (PAGE) under non-denaturing con-
ditions. Following electrophoresis in a 12.5 % (w/v)
native polyacrylamide gel at 100 V and 4 °C, the gel
was immersed in 2.45 mM NBT for 20 min, followed by
a 15-min soak in a solution containing 28 mM
tetramethylethylenediamine (TEMED), 28 uM ribofla-
vin, and 36 mM potassium phosphate, pH 7.8. SOD
activity was detected by illuminating the gel with bright
light, which caused the gel to turn uniformly blue except
at positions exhibiting SOD activity.

The SOD activity was also measured spectrophoto-
metrically as described by Beyer and Fridovich (1989).
In this assay, 1 unit of SOD is defined as the amount
required to inhibit the photoreduction of NBT by 50 %.
The specific activity of SOD was expressed as units
mg ' protein.

For POX activity, protein samples (30 png) were
dissolved in loading buffer without SDS and thiol-
reducing agents and analyzed on 0.5-mm-thick SDS-
polyacrylamide gels (10 %) without prior boiling based
on the method of Laemmli (1970). Proteins were sepa-
rated at 10 V cm . After separation, the gels were
equilibrated for 30 min in 50 mm sodium citrate,
pH 5.5, prior to incubation with 1 mm 3,3’-diaminoben-
zidine DAB and 0.03 % (w/v) H,O, in fresh sodium
citrate buffer. Peroxidase isoforms stained brown color.
The protein content of the extracts was determined
according to Bradford (1976) using the Bio-Rad dye
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reagent (Bio-Rad, Hercules, CA) with bovine serum
albumin (BSA) as the standard.

LaCl;, A23187, and indole-3-acetic acid (IAA)
treatments

Wheat seeds were germinated for 3 days and transferred
to tubes containing 5 ml of liquid MS medium with
1 mM LaCls, a calcium channel blocker (Lanteri et al.
20006), 1x107* M A23187, a calcium ionophore
(Bibikova et al. 1997), or 1 uM IAA . They were
subsequently incubated for 7 days after germination
under a cycle consisting of 16 h of light and 8 h of
darkness at 22+1 °C.

Statistics

Statistical differences between mean values were deter-
mined with the Student’s#-test. Differences at the level
of P<0.05 were considered to be statistically significant.
Each experiment was repeated at least three times and
results are presented as mean+standard deviation (SD).

Results

Effect of inoculation on morphology, cell size, and cell
number on wheat root

Inoculation of wheat seedlings with 4. brasilense Sp245
(1x10° CFU ml ") resulted in a strong decrease in root
length 4 days after incubation (Fig. 1a). In addition, root
hair proliferation was more pronounced for inoculated
plants than for non-inoculated plants (Fig. 1b). To de-
termine if the short-root phenotype in inoculated plants
may be due to effects on the organization of the root
meristem as a result of changes in cell size or cell
number, the root was divided in two main regions:
differentiation zone and meristem zone (Fig. 2a).
Parameters including cell size, meristem length, and cell
number were then measured. The cell size in both the
differentiation zone and meristem was smallest in inoc-
ulated roots compared to control roots. Meristem length
was reduced in inoculated roots, but the number of cells
in this zone was notably higher than in the non-
inoculated roots (Fig. 2b). Taken together, these data
suggest that the reduced root elongation in response to
inoculation with 4. brasilense could be due to a decrease
in cell size.
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Fig. 1 Effects of Azospirillum inoculation on the growth of con-
trol non-inoculated (—Ab) and Azospirillum-inoculated (+Ab)
wheat roots of seedlings a. Wheat root length b. Seedlings were
disinfected and germinated on wet filter paper in sealed trays for
3 days and then grown for 4 days in liquid MS medium inoculated
with A. brasilense (1x10° cells mL™"). n=20. The asterisk indi-
cates statistically significant differences from control with £<0.05

Superoxide anion production in roots inoculated
with 4. brasilense

‘We next analyzed the production of superoxide anion in
inoculated roots since it is known that this ROS is
involved in developmental processes and stress re-
sponses. O," is often the first reduced form of oxygen
to be generated in plant tissues, which subsequently
leads to the formation of H,O, and OH'". Therefore,
since O, seems to be important for root growth, we
analyzed its production and spatial localization in
A. brasilense-treated roots using NBT as a histochemical
probe. NBT staining revealed active production of O,™
in the root apex and beyond the apical region in control
non-inoculated roots (Fig. 3a). However, when roots
were inoculated with 4. brasilense, O, production
decreased and was confined to the root tips.
Inoculation of roots with an increasing amount of bac-
teria led to a clear decrease in O," production in the
root, including the root apex (Fig. 3b).

An inoculum with a bacteria concentration of 1x
10° CFU ml ™" was used to analyze the O," production
at different times after inoculation. The production of
0, decreased with time after inoculation, whereby a
sharp decrease in O, production was observed 96 h
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Fig. 2 Different zones of the meristem a were analyzed for the cell
size and number as well as meristem length b in control non-
inoculated (—Ab) and Azospirillum-inoculated (+Ab) wheat roots.
n=20. Barr=500 uM. The asterisk indicates statistically significant
differences from control with P<0.05

post treatment (Fig. 4a). We used formazan as an indi-
rect way to quantitate O," production. This analysis
supported the decrease in O, production in inoculated
roots (Fig. 4¢). The changes in O, production in inoc-
ulated roots also correlated with an increase in the size
and number of lateral roots, with the greatest increase
observed closer to the root tip (Fig. 4b).

Superoxide dismutase and soluble peroxidase
in A. brasilense-treated roots

We next assessed SOD and POX enzymes activity,
using native gels, since these enzymes play central roles
in the metabolism of ROS. Enzyme activities were first
assayed in whole roots. Three isoenzymes of SOD were
clearly detected in total protein extracts and exhibited
differential activity in both inoculated and non-
inoculated roots. A clear increase in activity was ob-
served for all three isoenzymes in inoculated roots. The
SOD enzymes were also assayed separately in protein
extracts obtained from segments isolated from apical or

Root

B -Ab 1x108

k\ | % .\\\
- \

1x108 2x108 CFU/ml

Fig. 3 Roots of wheat seedlings were stained with NBT to detect
O, production a. Seedlings were pretreated with different con-
centrations of A. brasilense, incubated for 24 h, and then stained
with NBT for 15 min b. Representative photographs are shown.
Barr=2 mm. The experiments were repeated at least three times
with similar results

distal sections of the roots. We found that the activities
of all SOD enzymes were stimulated in the apical zone
of roots inoculated with 4. brasilense compared to non-
inoculated roots. Greater SOD activity was observed in
the distal zone of the roots, but this activity was not
significantly different between the inoculated and non-
inoculated roots. Spectrophotometrical analysis of total
SOD activity further indicated that SOD activity was
two to three-fold greater in inoculated roots compared to
non-inoculated roots (Fig. 5a).

Native gel electrophoresis of POX identified at least
seven isoenzymes with all exhibiting a high activity in
non-inoculated roots. The same isoforms were detected
in inoculated roots; however, the observed activity of all
existing POX isoenzymes was increased, and one of
these (POX 3) was remarkably enhanced. In the apical
zone, POX activity increased after the incubation with
A. brasilense. In contrast, the POX activity in the distal
zone of the roots was high but equivalent in both groups,
inoculated and non-inoculated (Fig. 5b).
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Fig. 4 Production of O, in 48 72 96 h
wheat roots at different times a,
lateral root production b, O,™
accumulation ¢, and distance from
the root tip to the first lateral root
d, in non-inoculated and
inoculated wheat seedlings. ——
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Effect of internal Ca>" concentrations
during A. brasilense-colonization of wheat roots

As an initial step for investigating the involvement of
Ca”" during root colonization by A. brasilense, seed-
lings were grown for 4 days after germination in liquid
MS medium containing either a Ca®" channel blocker
(LaCls) or Ca*" ionophore (A23187) with the
rhizobacteria. No effect on root length was detected after
24 h, regardless of treatment. However, a decrease in
root length was observed in inoculated roots after 96 h
of incubation. While treatment with LaCl; alone had no
effect on root length, combining LaCl; with inoculation
with A. brasilense caused a decrease in root length most
similar to that observed with inoculation with
A. brasilense alone. This result suggests that LaCl; did
not interfere with the effect of 4. brasilense on root
length. In contrast, the production of lateral roots was
inversely affected by treatment with LaCl; alone or
A. brasilense alone: treatment with LaCl; resulted in a
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decrease in the number of lateral roots and inoculation
with A. brasilense resulted in an increase in the number
of lateral roots. Combining inoculation with
A. brasilense and treatment with LaCl; had an additive
effect and no significant change in the number of lateral
roots could be detected (Fig. 6a). This latter result sug-
gests that the effect of 4. brasilense on lateral roots
number is distinct from that caused by LaCl; treatment.

Superoxide anion production did not show changes
when LaCl; was combined with 4. brasilense or when
applied alone (Fig. 6b).

Root length was slightly reduced in plants treated with
A23187 alone, after 96 h of incubation relative to the non-
inoculated control. Root length was also significantly
reduced in plants inoculated with A. brasilense alone
and this effect was similar to that observed in plants
treated with A23187 in combination with inoculation with
A. brasilense. This suggests that the effect of A23187 and
A. brasilense on root length is not additive and could
possibly be mediated by a common mechanism (Fig. 7a).
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Fig. 5 Superoxide dismutase activity a and peroxidase activity b
in all roots and in different parts of the root (apical zone and distal
zone), of non-inoculated and inoculated wheat seedlings. Protein
(100 pg per lane) was loaded in native gels. n=20

Treatment with A23187 alone led to a slight decrease
in superoxide production compared with control, which
was additionally reduced in the presence of
A. brasilense, and was similar to that observed in inoc-
ulated roots (Fig. 7b).

Taken together, the results are consistent with Ca®"
homeostasis being critical for normal root growth and
development, and indicate that Ca®" signaling is unlike-
ly to mediate the plant roots response to inoculation with
A. brasilense.

Our results indicated that inoculation of the roots
with A. brasilense leads to a reduction in root length,
increase in the number of lateral roots, and superoxide
production and these effects could be mimicked by
exogenous addition of IAA (Fig. 7b), suggesting that
TAA alone, likely produced by the bacteria, can mediate
these root phenotypes.

Discussion

Increasing evidence suggests that ROS plays a role in
root growth, but its role in the interaction between plants
and rhizobacteria remains elusive. Given the role of O,
as an important mediator of cellular effects on roots, and
in controlling various ROS-mediated plant growth pro-
cesses, we explored the putative role of this molecule
during the interaction of 4. brasilense with wheat roots.

Fig. 6 Effect of Ca>* channel W -Ab
blocker LaCl; on root length and A gtAgl
lateral roots a and on root 7.8 L:C|3 +Ab 1a
superoxide anion production b T 6 : 2 1
. . _ & o]
after different treatment times. n= = 5 3 10
20. Barr=2 mm. Control '-’g, 4 (—: 3
corresponds to unstained root. & 3 o 6
The asterisk indicates statistically g 2 ‘_‘f 4
significant differences from e 1 | S 2
control with P<0.05 0 24 % 0 >4 96
Time (h) Time (h)
B
Control Ab LaCl, LaCl, + Ab
24 h \ \ \
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Fig. 7 The effect of the Ca®"

ionophore A23187 and IAA on

root length and lateral roots a, and A
on the root superoxide anion

production b, after different

treatment times. n=20. Barr=

2 mm. The asterisk indicates

statistically significant differences

from control with P<0.05

Root length (cm)

We observed that wheat roots inoculated with
A. brasilense exhibited a change in meristem morphol-
ogy and an increase in cell number that correlated with
changes in O, production detected in root tissues. The
reduced levels of O,” observed in wheat roots inocu-
lated with Azospirillum are likely due to an increase in
SOD activity, resulting in reduced elongation of the
roots. The enzymatic modulation of O, production
indicated that the production of this ROS is regulated
during the interaction between Azospirillum and wheat.
Interestingly, this regulation was specific to the meri-
stem zone where cell growth occurs. These results are
consistent with those obtained in a recent study with
Arabidopsis where similar changes in root morphology
were detected in response to inoculation by
rhizobacteria (Zamioudis et al. 2013).

ROS production has been linked in the normal
growth of plants and probably results from an active
cellular metabolism in growing plant organs. For exam-
ple, the production of ROS in specific regions of Salix
seedlings was shown to be essential for normal growth
(Causin et al. 2012). In these studies, O,” was predom-
inantly located in the apoplast of the cells in the elonga-
tion zone, whereas H,O, accumulated in the differenti-
ation zone and in growing root hairs. Treatments that
decrease O, concentration reduced root elongation and
root hair formation, while scavenging H,O, promoted

@ Springer

W -Ab
O+Ab

B A23187

0O A23187 + Ab
BI1AA

o 14
g 12
S 10
T 8
L s
T
o 2
Z ., .
24 96
Time (h)
A23187

A23187+Ab 1AA

root elongation and suppressed root hair formation
(Dunand et al. 2007). Active production of O, in the
root apex has also been reported for some plant model
systems, including maize (Liszkay et al. 2004), cucum-
ber (Renew et al. 2005), and A. thaliana (Dunand et al.
2007). Although it is clear that O, is essential for the
control of root growth, the mechanism involved remains
controversial.

Increasing evidence indicates that the regulation of
the redox state play a major role in mediating the inter-
action of plants with beneficial microbes.
Gluconacetobacter diazotrophicus, an aerobic
diazotrophic plant-growth-promoting bacterium, upreg-
ulated the transcript levels of SOD and glutathione
reductase (GR) genes at early stages of colonization
showing the importance of ROS during root coloniza-
tion (Alquéres et al. 2013). Similarly, inoculation of
A. brasilense to wheat (Camilios-Neto et al. 2014) or
A. thaliana (Spaepen et al. 2014) modulated plant and
bacteria ROS metabolism, suggesting that ROS are
produced during the initiation of Azospirillum —plant
roots associations.

The production of phytohormones is a key factor for
the observed effects of Azospirillum inoculation on plant
growth (Vande Broek et al. 2000). In addition to auxins,
such as indole-3-acetic acid (IAA) (Tsavkelova et al.
2007; Martinez-Morales et al. 2003), Azospirillum spp.
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produce cytokinins (Tsavkelova et al. 2006), and gib-
berellins (Bottini et al. 2004; Perrig et al. 2007). Auxin
production has been implicated in regulating ROS ho-
meostasis in plant roots (Ivanchenko et al. 2013), via
modulation of H,O, production (Zelinova et al. 2011)
and regulation of the activities of ROS scavenging en-
zymes, such as SOD, catalase and peroxidase (Tyburski
etal. 2009). Although auxin production by A. brasilense
Sp245 was not quantified in our assays, its production
has been previously reported (Crozier et al. 1988). The
direct role of IAA produced by A. brasilense Sp245 in
regulating plant growth is suggested by the observation
that a mutant lacking ipdC (coding for the indole-3-
pyruvic acid decarboxylase) had a 90 % reduction in
IAA biosynthesis and inoculation of wheat seeds with
this mutant failed to yield a significant root growth
promotion, in contrast to the effect of the parental
Sp245 strain (Dobbelaere et al. 1999). Further, compar-
ison of changes in gene expression in 4. thaliana inoc-
ulated with 4. brasilense Sp245 or a derivative
overproducing IAA confirmed the role of bacterial aux-
in production in modulating changes in root growth
(Spaepen et al. 2014). The molecular mechanisms in-
volving redox regulation during the interaction of PGPR
with root plants are poorly understood, but several ge-
netic and biochemical studies suggest that auxin pro-
duced by these bacteria is responsible for the control of
root growth (Spaepen et al. 2014). The effects of
A. brasilense Sp245 inoculation on morphology and
superoxide anion production in wheat roots described
here could be mimicked with the exogenous addition of
auxins, suggesting that this ROS is also under auxin
regulation, and reveal a connection between superoxide
anion and auxins to regulate root growth by
rhizobacteria. Whether this effect of auxin is direct
remains to be determined. Further insight into the mech-
anisms by which beneficial rhizobacteria such as
Azospirillum spp. modulates plant ROS production is
needed to establish how auxin production is linked to
ROS generation in plant tissues. However, in
Arabidopsis, the auxin-induced ROS production ap-
pears to be mediated by the NADPH oxidase RbohD
(respiratory burst oxidase homologue D) (Peer et al.
2013). Although all of the molecular links between
stimulus and ROS production have not been identified,
it is known that the binding of phosphatidyl 3-phosphate
(PI3P), produced by the activity of phosphatidyl inositol
3-kinase, to one of the components of NADPH oxidase
can activate the enzyme complex (Ellson et al. 2001).

Interestingly, it has been reported that the activation of
phosphatidylinositol 3-kinase is needed to auxin-
induced reactive oxygen species production in
A. thaliana (Joo et al. 2005).

Here, we found that chemically manipulating Ca®"
homeostasis had no effect on O," production in wheat
roots inoculated with A. brasilense, indicating that Ca**-
mediated signaling is not critical for the ability of these
beneficial rhizobacteria to promote plant growth, under
the conditions of the experiments. This is in contrast to
the role of Ca®" in the establishment of symbiosis be-
tween the roots of legumes and their rhizobial partners
(Ehrhardt et al. 1996). Changes in Ca*" concentration
elicit physiological and developmental responses in
plants, including gravitropism (Toyata et al. 2008), clo-
sure of stomata (Geiger et al. 2011), and root growth
(Zhao et al. 2010). Our results suggest that signaling
events underlying the establishment of beneficial
rhizobacteria on plant roots and their promoting growth
effects are not Ca®*-mediated and are distinct from the
signaling cascade implicated in legume-rhizobia
symbiosis.
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