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Abstract

Plant growth promoting rhizobacteria influence host functional and adaptive traits via complex mechanisms that are just started to
be clarified. Azospirillum brasilense acts as a probiotic bacterium, but detailed information about its molecular mechanisms of
phytostimulation is scarce. Three interaction systems were established to analyze the impact of A. brasilense Sp245 on the
phenotype of Arabidopsis seedlings, and underlying molecular responses were assessed under the following growth conditions:
(1) direct contact of roots with the bacterium, (2) chemical communication via diffusible compounds produced by the bacterium,
(3) signaling via volatiles. A. brasilense Sp245 improved shoot and root biomass and lateral root production in the three
interaction systems assayed. Cell division, quiescent center, and differentiation protein reporters pCYCBI1;1::GUS,
WOXS5::GFP, and pAtEXP7::GUS had a variable expression in roots depending of the nature of interaction. pCYCB1;1::GUS
and WOXS5::GFP increased with volatile compounds, whereas pAtEXP7::GUS expression was enhanced towards the root tip in
plants with direct contact with the bacterium. The auxin reporter DR5::GUS was highly expressed with diffusible and volatile
compounds, and accordingly, auxin signaling mutants pin3, slr1, arf7arf19, and tirlafb2afb3 showed differential phytostimulant
responses when compared with the wild type. By contrast, ethylene signaling was not determinant to mediate root changes in
response to the different interactions, as observed using the ethylene-related mutants efr/, ein2, and ein3. Our data highlight the
diverse effects by which A. brasilense Sp245 improves plant growth and root architectural traits and define a critical role of auxin
but not ethylene in mediating root response to bacterization.
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Introduction solubilization of phosphate, and induction of defense
(Lugtenberg and Kamilova 2009; Vacheron et al. 2013). A
very few bacterial species that promote plant growth have

been characterized in detail, some release auxin and other

The plant microbiome supports growth, development, and ad-
aptation, and many bacterial species are integral to host func-

tioning via production of phytohormones, nitrogen fixation,
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phytohormones, diffusible compounds, or produce volatile
organic compounds (VOCs), which target basic physiological
programs such as photosynthesis or cell division and/or elon-
gation (Ryu et al. 2003, 2004; Kanchiswamy et al. 2015). In
particular, the molecular mechanisms underlying the effects of
bacterial diffusible compounds and VOCs in plants are largely
unknown, and the signaling networks orchestrating these re-
sponses are not easy to dissect in crops or horticultural species.
This makes model plants such as Arabidopsis very valuable in
order to decipher the plant-rhizobacteria molecular dialogue
(Ryu et al. 2003; Zhang et al. 2007; Pérez-Flores et al. 2017,
Tahir et al. 2017). The availability of Arabidopsis mutants and
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transgenic lines altered in proteins with key roles in different
signaling pathways and in different morphological processes
permits to explore the molecular biology and biochemistry of
the plant responses to rhizobacteria. Thus, the auxin mutants
tirlafb2afb3, pin3, slrl, arf7arf9, impaired in auxin percep-
tion, efflux, sensitivity, and transcription, respectively, have
been found to be affected in root growth and/or lateral root
formation, which are critical traits in rhizosphere biology
(Dharmasiri et al. 2005; Blilou et al. 2005; Fukaki et al.
2002; Okushima et al. 2007). As such, the transgenic line
DRS5::GUS, which harbors a synthetic auxin-responsive pro-
moter fused to the GUS encoding sequence, permits detailed
evaluation of auxin-inducible and tissue-specific responsive-
ness to rhizobacterial metabolites, which can be linked to cel-
lular programs through the cell cycle, quiescent center, and
cell differentiation reporter genes CYCBI;1::GUS,
WOX5.::GFP and AtEXP7::GUS, respectively.

The genus Azospirillum has been typified as a plant growth
promoting rhizobacterium (PGPR), which colonizes roots and
enhances biomass production in several plant species (Cassan
and Diaz-Zorita 2016). The role of auxins and other
phytoregulators produced by Azospirillum in improving plant
growth has been demonstrated (Cassan et al. 2014; Strzelczyk
et al. 1994; Bottini et al. 1989, 2004; Cohen et al. 2008), but
whether VOCs, ethylene, quorum-sensing signals, and/or sec-
ondary metabolites emitted by this bacterium could also mod-
ulate plant growth remains unknown.

Morphological changes induced by Azospirillum include
increased lateral root growth, root hair formation, as well as
a reduction in the main root length. These changes have been
mostly related to the production of auxins (Dobbelaere et al.
1999; Spaepen et al. 2008, 2014). Noteworthy, the expression
of ethylene-responsive genes (ETR2, ERF11, ERF15, ERF59
and EBF?2) as induced by Azospirillum brasilense Sp245 has
been reported, indicating that the signaling coordinated by
auxin, ethylene, or both may orchestrate the plant morpholog-
ical reconfiguration during the interaction (Spaepen et al.
2014). However, developmental, genetic, and molecular evi-
dences to answer this question remain to be gathered.

The configuration of the root system is controlled by cell
division, elongation, and differentiation (Petricka et al. 2012).
Meristem activity is largely controlled by a group of initial
cells and the quiescent center (QC), which instructs the undif-
ferentiated status (Aichinger et al. 2012). Studies on plant
growth and root morphology promoted by A. brasilense have
been performed under conditions in which the bacteria direct-
ly colonize the plant root. However, the contribution of dif-
fusible or volatile bacterial compounds to plant growth and
changes in root morphology has not been clearly determined.
The aim of this research was to analyze in what way different
interaction systems such as Arabidopsis/Azospirillum interac-
tion systems involving either direct contact, communication
via diffusible compounds, or bacterial volatile emissions
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influence molecular and morphological changes in roots and
concomitantly improve growth, as well as the role of auxin
and ethylene signaling in these responses.

Materials and methods
Arabidopsis growth and bacterial cultivation

The plant materials used in this study are listed in Table 1. The
wild-type ecotype of Arabidopsis thaliana was Col-0. Seeds
were disinfected with 95% (vol/vol) ethanol for 5 min and
20% (vol/vol) bleach (Cloralex) for 5 min, followed by five
washes with sterile distilled water. The seeds, stored at 4 °C
for 2 days prior to sowing, were germinated and grown on
agar plates containing 0.2x Murashige and Skoog (MS) me-
dium, pH 7 (Murashige and Skoog 1962) with 0.9 g/l MS
salt, 6 g/L sucrose, and 10 g/L Agar Plant TC
(PhytoTechnology Laboratories, St, Lenexa, KS, USA).
Plants were placed vertically in a plant growth chamber
(Percival Scientific AR-95L) at 22 °C with a photoperiod of
16 h light (100 pmol/m/s) and 8 h darkness.

Wild-type Azospirillum brasilense Sp245 and the
Azospirillum brasilense Sp245 carrying the pJBA21Tc vector
which constitutively expresses the gusA gene encoding for the
[3-glucuronidase activity and used to monitor wheat root in-
teractions in Azospirillum were kindly donated by Dr. Gladys
Alexandre (University of Tennessee, USA). Bacteria were
grown in LB medium, pH 7 (10 g/L peptone, 5 g/L yeast
extract, 5 g/l NaCl, supplemented with 0.30 g/ MgSO,
and 0.277 g/L CaCl,; for solidified medium, 15 g/L agar
was added). To prepare the inoculum, the bacteria were treat-
ed according to Spaepen et al. (2014). Cultures were grown
20 h (exponential phase) at 28 °C with rotation at 140 rpm.
The cultures were then washed twice in 0.9% NaCl by centri-
fugation (4300%g, 10 min, 4 °C), resuspended in 0.01 M
MgSO0,, and adjusted by sequential dilutions to a desired final
concentration of colony-forming units (CFU) for use as
inoculum.

Seedling treatments

Four days after germination, seedlings were aseptically
transplanted into Petri dishes containing 0.2x MS medium,
pH 7. Different bacterial concentrations (103, 104, 10%, and
10° CFU/mL) were analyzed to establish a dose-response ef-
fect on plant growth.

The different interactions were performed as follows: for
direct contact assay, bacteria were mixed in plant medium (~
37 °C) and allowed to solidify in Petri dishes; seedlings were
immediately transplanted. For diffusible compounds pro-
duced by the bacteria, 10 uL of the bacteria, autoclaved bac-
teria (121 °C at a pressure of 15 psi, 20 min), Escherichia coli
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Table 1 Mutants and transgenic

Description References

lines used in this study Signaling Mutants/lines
pathway
Auxin DR::GUS
pin3
slrl
arf7,arf19
tiraafb2,afb3
Ethylene etrl-1
ein-1
ein3-1
Cell cycle CYCBI;1::GUS
Cell EXP7::GUS
differentia-
tion WOXS5:GFP

Synthetic promoter highly sensitive to auxins ~ Ulmasov et al. (1997)
Friml et al. (2002)
Fukaki et al. (2002)

Okushima et al. (2005,

Regular of auxin efflux
Repressor of auxin signaling

Double mutant defective in two auxin

response factors (ARFs) 2007)
Triple auxin receptor mutant Dharmasiri et al.
(2005)
Impaired in the ethylene perception Hua and Meyerowitz
(1998)
Confers insensitivity to ethylene Guzman and Ecker
(1990)

Mutation in a transcription factor that activates ~ Chao et al. (1997)
ethylene-induced transcription

Expression in G2-M transition phase of the cell ~ Colon-Carmona et al.

cycle (1999)
Expression during root hair initiation and Cho and Cosgrove
elongation (2002)

Blilou et al. (2005);
Sarkar et al. (2007)

Transcription factor specifically expressed in
the quiescent center

XL1 (1.0 ODggp), or two different IAA (indole acetic acid)
concentrations (0.5 and 1 pM) were placed in drops in 0.5-cm
sterilized filter paper discs, 5 cm from the plant root. For
volatile compounds treatment, similar experiment to diffusible
compounds was performed, but without IAA and in this case
using divided Petri dishes.

Root colonization was analyzed to direct contact and dif-
fusible compounds with A. brasilense expressing the gusA gen
and by quantifying the CFU per root. Plant growth parameters
primary root length, lateral root number and density, shoot and
fresh weight, and root hair number and length were analyzed
after treatments. To test for diffusibility of molecules in the
experimental design, we first tested the effect of [AA on the
expression of the DR5::GUS reporter in root meristems.

For all A. brasilense treatments, a bacterial concentration of
10> CFU/mL was used. Petri dishes were sealed with a plastic
wrap and incubated vertically into a plant growth chamber.

Analysis of plant growth

For all experiments, plant growth parameters were analyzed
6 days after transplant. The fresh weight per plant was deter-
mined with an analytical balance (Ohaus V14130 Voyager).
Primary root growth was measured using a ruler. The number
of lateral roots was determined using a stereoscopic micro-
scope (Leica MZ6) to count the lateral roots present in the
primary root from the tip to the root/stem transition zone.
Lateral root density (LRD) was obtained by dividing the num-
ber of lateral roots by the length of the primary root and is

expressed as LR number per centimeter. Emerged lateral roots
was monitored with an Eclipse E200LED MV R microscope
(Nikon Corp., Tokyo, Japan) each day post-inoculation in WT
seedlings clarified according to Malamy and Benfey (1997).
Root hairs were analyzed using a stereoscopic microscope,
and the number of root hairs within 1 mm of the root was
counted starting from the first radical hair above the root tip.
To analyze the primary root meristem, the root was clarified
(Malamy and Benfey 1997) and analyzed using a Leica
DFC450C microscope (Nomarski Optics). The meristem
length was defined as the distance between the quiescent cen-
ter (QC) and the first cell of the cortex that was elongated.
Digital images obtained from the roots were analyzed for mer-
istem length and root hair formation with ImageJ software
(https://imagej.nih.gov/ij/).

Cell division was analyzed with the cell cycle marker
CYCBI;1::GUS, cell differentiation with the expansin marker
AtEXP7::GUS, and meristem organization with the transcrip-
tion factor WOXS5::GFP. Responses to auxin were evaluated
using DR5::GUS transgenic seedlings. For positive control in
DR5::GUS experiments, seedlings were incubated during
10 h into liquid MS medium with 0.05 uM of indole-3-
acetic acid (IAA).

Histochemical and fluorescence analysis
Transgenic lines expressing the uidA reporter gene (GUS: 3-

glucuronidase) were stained with 0.1% X-Gluc (5-bromo-4-
chloro-3-indolyl -D-glucuronide) dissolved in phosphate
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buffer (NaH,PO,4 and Na,HPOy, 0.1 M, pH 7), 2 mM potas-
sium ferrocyanide, and 2 mM potassium ferricyanide over-
night at 37 °C, except for pAtEXP7::GUS, which was stained
for 20 min. Plants were cleared and fixed as previously de-
scribed (Malamy and Benfey 1997). The processed plants
were mounted on glass slips and sealed with commercial nail
varnish. Subsequently, the slides were observed and
photographed using a Leica DFC450C microscope. To deter-
mine the fluorescence in the transgenic line WOXS5::GFP,
plants were treated with a 10-mg/mL propidium iodide solu-
tion to visualize the cell contour and subsequently analyzed
using an Olympus FV1000 confocal microscope (Olympus
Corp., Tokyo, Japan). Propidium iodide fluorescence was vi-
sualized using an argon laser at 568 nm for excitation and an
emission window of 585—610 nm, whereas GFP fluorescence
was visualized with excitation and emission wavelengths of
488 nm and 505-550 nm, respectively. All reagents were
purchased from Sigma-Aldrich (St. Louis, MO) unless other-
wise noted.

Statistical analysis

All experiments were repeated at least three times. The data
were analyzed using the STATISTICA program version
8.0.550. Univariate and multivariate analyses followed by a
post hoc test (Tukey’s HSD) were used to examine differences
between experimental groups. Different letters indicate signif-
icant differences (P < 0.05).

Results
Effect of A. brasilense on A. thaliana growth

The effect of A. brasilense on the growth of A. thaliana was
first analyzed by transferring 4-day-old A. thaliana seedlings
to agar solidified MS medium with different densities of bac-
teria (103 ,10* 10°, and 10° CF U/mL), and plant growth was
determined 6 days later. The rhizobacterium decreased prima-
ry root length according to the concentration (Fig. 1a). A con-
spicuous increase in lateral root number, root fresh weight,
and shoot fresh weight at all rhizobacterial inoculum density
was observed (Fig. 1b—d). On the basis of these results, the
lower concentration of bacteria affecting plant growth
(10° CFU/mL; Fig. 1e) was used for all subsequent
experiments.

Three Azospirillum/Arabidopsis interaction systems were
established as follows: (1) direct contact of roots with the
bacterium, (2) chemical communication via diffusible com-
pounds produced by the bacterium, and (3) signaling via vol-
atiles. These interactions were probed to associate each system
with their effects on morphological changes and molecular
responses in the root of the Arabidopsis seedlings. In the direct
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contact system, an assay of root colonization was performed
and compared with the diffusible compound system. The re-
sults showed that root colonization was observed in direct
contact with the rhizobacterium and not in the diffusible com-
pound system (Supplementary Fig. 1a, b).

In the diffusible compound system, the effects on root mor-
phology and plant growth of A. brasilense were compared
with the autoclaved rhizobacterium and the non-
rhizobacterium E. coli XL1 (Supplementary Fig. 2a).
Changes in plant growth parameters and root architecture pro-
moted by A. brasilense were abolished by the autoclaved
rhizobacterium and slightly stimulated by E. coli
(Supplementary Fig. 2b—f). A detailed analysis of root mor-
phology showed that root hair formation was not stimulated
by the autoclaved rhizobacterium (Supplementary Fig. 2g—i).
The effect of diffusible molecules on plant growth changes
was first confirmed by using IAA. This phytohormone stim-
ulated changes in the root morphology (Supplementary
Fig. 2j-1) and in the expression of DR5::GUS marker in root
meristem (Supplementary Fig. 2m, n).

In the case of volatile compounds production, a similar
experiment to diffusible compounds was performed, but using
divided Petri dishes. In these plants, volatiles of A. brasilense
increased primary root length, lateral root number and density,
and shoot and fresh weight. These effects were not observed
with autoclaved rhizobacterium or with E. coli
(Supplementary Fig. 3a—f). Root hair number and length were
stimulated at lower levels than with diffusible compounds
(Supplementary Fig. 3g—i).

Overall, the results confirm that the changes promoted by
the different interactions established between Azospirillum
and Arabidopsis are due to diffusible and volatile bioactive
molecules produced by the rhizobacterium or by the combi-
nation of these molecules acting during the direct contact.

Effect of different Arabidopsis-Azospirillum
interactions on plant biomass and root architecture

Differential effects of A. brasilense on plant growth were ob-
served for the three different interactions with Arabidopsis
(Fig. 2a). In all three conditions, A. brasilense increased shoot
and root fresh weight, but a higher effect was observed with
volatile compounds (Fig. 2b, ¢), in relation to untreated con-
trol. An increase in the primary root length was only appreci-
ated with volatile compounds (Fig. 2d). Although all interac-
tions increased lateral root number and density, a higher effect
was seen in direct contact, in contrast with the other two in-
teractions (Fig. 2e, ). A time course analysis of emerged lat-
eral roots indicated that its promotion started by the third day
in all interactions and progressively increased until the end of
the experiment (Fig. 2g), indicating a similar stimulation in the
lateral root formation in the three systems.
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istem size, respectively (Fig. 3a, b). In addition, the number of
root hairs and length was variable, with direct contact and
diffusible compounds showing higher increases in these traits,
compared with volatile compounds. In addition, the formation
of root hairs occurred closer to the root tip in the direct contact
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differentiation near the meristem (Fig. 3c—e).
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These data show that although A. brasilense behaves as a
plant growth promoting bacterium, morphological changes
and biomass production depend of the interaction type
established with the plant.

Effect of A. brasilense on meristem activity

To further study the stimulated changes in meristem root, a
molecular approach was performed focused on cell division,
quiescent center identity, and cell differentiation in the prima-
ry root meristem. Using A. thaliana plants expressing cyclin-
GUS, we analyzed patterns of mitotic activity in response to
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Fig. 2 Effects of A. brasilense Sp245 on the growth of A. thaliana
seedlings under direct contact, diffusible, and volatile compounds
production. a Representative images of plants 6 days after transplant in
the different experimental conditions. Bar = 1 cm. b—f Shoot fresh weight,
root fresh weight, primary root length, lateral root number, and lateral root

the different interactions. Interestingly, 6 days after treatment,
the area of reporter expression was reduced in plants in direct
contact and with diffusible compounds, whereas with volatile
compounds, it exhibited increased expression and intensity,
relative to control (Fig. 4a, b). These results show that the
rhizobacteria may affect differentially cell division in the mer-
istem depending upon the mechanism of interaction. Using
WOXS5::GFP transgenic plants to visualize QC structure,
low levels of WOXS expression were observed in direct con-
tact, whereas with diffusible and volatile compounds, trans-
genic plants showed an increase in the fluorescence intensity
(Fig. 4c, d). In relation to cell differentiation, in direct contact
with rhizobacteria or in presence of diffusible compounds,
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roots showed a sharp increase in expansin-GUS expression
and closer to the root tip. These increases were higher than
that seen for the volatile compounds (Fig. 4e, f). The results
show that the rhizobacteria can stimulate plant tissue differen-
tiation in several ways and that the observed changes in root
morphology result in the different molecular responses which
depend on the kind of interaction.

Role of auxin and ethylene signaling in the
phytostimulation by A. brasilense

We further analyzed the role of some phytoregulators poten-
tially involved in the plant-bacterium interaction, namely
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auxin and ethylene. First, the auxin-signaling pathway was
analyzed through the expression of the auxin-inducible mark-
er DR5::GUS in A. thaliana seedlings, 6 days after different
interactions (Supplementary Fig. 4). Similar DR5::GUS ex-
pression to control was observed in the shoot, independently
of the interaction type. However, in direct contact, the expres-
sion was strongly increased along the root and in lateral roots,
whereas with diffusible and volatile compounds, the expres-
sion was localized only to the lateral roots. DR5::GUS expres-
sion was higher in root meristems in diffusible and volatile
compounds than in direct contact. The exogenous addition of
0.05 uM IAA strongly increased 3-glucuronidase expression
in shoot and in root tissues.

Subsequent analysis of auxin signaling in plants was per-
formed using the wild-type A. thaliana and tirl afb2afb3, pin3,
slrl, and arf7arf19 mutants. Null or decreased root hair for-
mation was seen for all mutants regardless of the kind of
interaction established, suggesting that the sensing and

a Auxin signaling mutants
Control Contact Diffusible Volatile
h .
tirtafb2afb3 .
%
pin3 :
N . ..
o . . .

Fig. 5 Effect of A. brasilense Sp245 on root morphology in Arabidopsis
mutant plants carrying mutations in genes of the auxin and ethylene
signaling pathways. a Representative images of mutants impaired in
sensing and signaling of auxins. b Representative images of mutants
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signaling of this phytohormone is required for promotion of
root hair by the rhizobacterium and its metabolites (Fig. 5a)
(Supplementary Table 1).

Likewise, the role of ethylene in the three different interac-
tions with A. brasilense was evaluated in etrl-1, ein2-1, and
ein3-1 Arabidopsis mutants. All mutants showed similar mor-
phology in the primary root to that observed to the wild type,
regardless of interaction system (Fig. 5b) (Supplementary
Table 2). These data suggest that ethylene signaling has a mi-
nor role in modulating root hair development in Arabidopsis
during the different interactions with Azospirillum.

Discussion
Most previous analyses of plant growth promotion by
A. brasilense have been performed under conditions that in-

volve direct contact between the rhizobacteria and plant roots

b Ethylene signaling mutants
Diffusible

Control

Contact Volatile

Col 0

etr1-1

ein2-1

ein3-1

impaired in sensing and signaling of ethylene. The plants were analyzed
6 days after transplant (see description of the mutants in Table 1). The
experiments were performed three times with similar results
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(Dobbelaere et al. 1999; Spaepen et al. 2008, 2014). Thus, the
effect of diffusible and volatile compounds produced by
A. brasilense Sp245 on plant growth remained unclear. Here
we observed that this rhizobacterium could promote plant
growth in three different co-cultivation systems in which di-
rect contact and/or contact with diffusible or volatile com-
pounds are established. Interestingly, the different interaction
types had varying effects on plant growth, such that plants
exposed to volatile compounds produced by rhizobacteria
had a larger increase in biomass and root length, relative to
the other two interaction types and axenic seedlings. The phe-
notypic differences in the three conditions indicate that the
rhizobacterium can emit various types of molecules that dif-
ferentially regulate plant growth, perhaps changing the endog-
enous levels of phytohormones.

Although sucrose, a sugar that plays a role as a signaling
molecule that regulates a variety of genes affecting develop-
ment in higher plants (Ohto et al. 2001), is a constituent of the
medium where the different in vitro interactions such as plant-
rhizobacterium were established, the changes in the morphol-
ogy and growth in Arabidopsis resulted in the interaction with
the rhizobacterium because they were not observed in control
plants. However, in the addition of sucrose in in vitro plant-
rhizobacterium interaction, studies must avoid excluding its
known effects on plant development.

The phenotype observed in direct contact was similar to
that previously reported in wheat and Arabidopsis plants in-
oculated with A. brasilense and with the exogenous addition
of IAA (Dobbelaere et al. 1999; Dubrovsky et al. 1994,
Spaepen et al. 2008, 2014). It has been reported that auxins
and other molecules produced by Azospirillum such as cyto-
kinins, gibberellins, acetic acid, and nitric oxide play an im-
portant role during this type of interaction (Bashan and de-
Bashan 2010). A. brasilense also stimulates biochemical and
physiological changes in Arabidopsis such as the increase in
chlorophyll, carotenoid, anthocyanin, and abscisic acid
(ABA) productions, as well as a retarded water loss. Overall,
these changes improved plant seed yield and plant survival
(Cohen et al. 2015).

Besides phytohormones, rhizobacteria can produce other
biochemical compounds with ability to impact plant growth,
such as volatile organic compounds or ethylene, which may
have an effect on plant growth and in the formation of lateral
roots and root hairs (Niu et al. 2011; Kai and Piechulla 2009;
Ryu et al. 2003; Masle 2000). We found that volatile com-
pounds produced by A. brasilense Sp245 increased shoot
and root fresh weight as well as primary root length, but the
chemical nature of the volatiles emitted by this rhizobacterium
remains to be determined. Similar effects on the root system
architecture of volatiles produced by rhizobacteria were
observed by Delaplace et al. (2015) in the model grass
Brachypodium distachyon (L.) P. Beauv., although the authors
did not identified the responsible compounds of these changes.

The analysis of cell division in the root tip using the report-
er CyCBI1,1::GUS showed that the expression of this cell di-
vision marker was higher for plants exposed to volatile com-
pounds, relative to those in the direct contact or in the vicinity
of the inoculum. This expression correlated with increased
root length. Previous reports evidenced that rhizobacteria of
the genus Pseudomonas and Bacillus induce changes in cell
division and differentiation, which alter root architecture in
the host plant (Lopez-Bucio et al. 2007; Zamioudis et al.
2013). Thus, the differences in root growth under different
interaction types could be due to the changes in cell division
stimulated by the rhizobacterium. Accordingly, WOX5::GFP
expression was reduced in the direct contact group, whereas in
the diffusible and volatile compound groups, it was slightly
increased relative to WT plants. The WOXS transcription fac-
tor is expressed only in the QC and controls the identity of
stem cells that give rise to all meristem cell types (Sarkar et al.
2007; Aichinger et al. 2012). WOXS5 loss-of-function causes
terminal differentiation in distal stem cells and abates cell
division in the meristem, indicating the importance of these
cells in maintaining meristem organization and function
(Sarkar et al. 2007; Forzani et al. 2014). The high degree of
root differentiation stimulated by direct contact of roots to
A. brasilense Sp245 likely resulted from the decreased expres-
sion of this marker. The changes in root differentiation were
supported by AtEXP7::GUS expression levels, which were
higher in the direct contact group but lower in the volatile
compound group.

We also tested the response of the auxin-inducible marker
DRS5:GUS to examine effects of rhizobacteria on auxin sig-
naling pathways. This marker was highly expressed along the
root in direct contact with bacteria, whereas with diffusible
and volatile compounds, the high expression of this marker
was observed only in leaf edges and lateral roots as in the
control condition. Hormonal redistribution was previously
shown to alter cell division and differentiation patterns
(Blilou et al. 2005; Dello Ioio et al. 2007, 2008). These results
suggest that the auxin redistribution, mediated by the type of
interaction, contributes to the root architectural reconfigura-
tion in Arabidopsis.

Arabidopsis mutants affected in the machinery of sensing
and response to auxin and ethylene showed that auxin appears
to be required to root hair formation and elongation in roots
exposed to A. brasilense, but not ethylene. These results were
similar with a previous report that showed a contribution of
auxin to the elongation of root hairs in Arabidopsis induced by
Pseudomonas, but disagree with the role of ethylene
(Zamioudis et al. 2013).

Thus, the effect of bacterial contact or secondary metabo-
lites on plant growth seems to be due to a mixture of effects
caused by either elicitors, diffusible compounds, or volatiles.

Together, our results showed that the effects of
A. brasilense Sp245 on Arabidopsis are complex and involve
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elements in the auxin and in minor level ethylene pathways,
which synergistically control different processes such as cell
division and differentiation, underpinning their complimenta-
ry roles in plant growth and development during a probiotic
interaction.
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