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* Background and Aims Selected beneficial Pseudomonas spp. strains have the ability to influence root
architecture in Arabidopsis thaliana by inhibiting primary root elongation and promoting lateral root and root hair
formation. A crucial role for auxin in this long-term (1 week), long-distance plant-microbe interaction has been
demonstrated.

* Methods Arabidopsis seedlings were cultivated in vitro on vertical plates and inoculated with pathogenic strains
Pseudomonas syringae pv. maculicola (Psm) and P. syringae pv. tomato DC3000 (Pst), as well as Agrobacterium
tumefaciens (Atu) and Escherichia coli (Eco). Root hair lengths were measured after 24 and 48 h of direct exposure
to each bacterial strain. Several Arabidopsis mutants with impaired responses to pathogens, impaired ethylene
perception and defects in the exocyst vesicle tethering complex that is involved in secretion were also analysed.

* Key Results Arabidopsis seedling roots infected with Psm or Pst responded similarly to when infected with plant
growth-promoting rhizobacteria; root hair growth was stimulated and primary root growth was inhibited. Other plant-
and soil-adapted bacteria induced similar root hair responses. The most compromised root hair growth stimulation
response was found for the knockout mutants exo70A 1 and ein2. The single immune pathways dependent on salicylic
acid, jasmonic acid and PAD4 are not directly involved in root hair growth stimulation; however, in the mutual cross-
talk with ethylene, they indirectly modify the extent of the stimulation of root hair growth. The Flg22 peptide does
not initiate root hair stimulation as intact bacteria do, but pretreatment with Flg22 prior to Psm inoculation abolished
root hair growth stimulation in an FLS2 receptor kinase-dependent manner. These early response phenomena are not
associated with changes in auxin levels, as monitored with the pDRS5::GUS auxin reporter.

* Conclusions Early stimulation of root hair growth is an effect of an unidentified component of living plant
pathogenic bacteria. The root hair growth response is triggered in the range of hours after bacterial contact with
roots and can be modulated by FLS2 signalling. Bacterial stimulation of root hair growth requires functional
ethylene signalling and an efficient exocyst-dependent secretory machinery.
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Plants are in contact during their life cycle with both beneficial
and harmful bacteria. It is thus of key importance for a plant to
distinguish between such bacteria and react accordingly. Some
beneficial bacteria, so-called plant growth-promoting rhizobac-
teria (PGPR), may stimulate plant growth (Kremer et al., 1990;
Lugtenberg and Kamilova, 2009). Recently, the ability of selected
beneficial Pseudomonas spp. strains to influence root architecture
in Arabidopsis thaliana by inhibiting primary root elongation and
promoting lateral root and root hair formation was reported, with
the role of auxin in this long-term (1 week) and long-distance
interaction clearly demonstrated (Rudrappa and Bais, 2008;
Zamioudis et al., 2013). In addition, auxin-independent root

architecture modifications caused by bacteria have been found,
with bacterial quorum-sensing signalling N-acyl-homoserine
lactones (AHLs) found to affect primary root growth, lateral root
formation and root hair development (Ortiz-Castro et al., 2008).

Evidence that plants initially respond similarly to both PGPR
and pathogenic bacteria has emerged in recent years (van Loon
et al., 2008; reviewed by Zamioudis and Pieterse, 2012). In agree-
ment with this, one of the most studied pathogen/microbe asso-
ciated molecular patterns (PMAMPs), the conserved peptide
Flg22 derived originally from Pseudomonas aeruginosa flagellar
protein, has also been shown to induce inhibition of primary root
growth just as observed with PGPRs (Gémez-Gémez et al., 1999;
Millet et al., 2010). Flg22 is recognized by the plant cell via the
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plant pathogen recognition receptor kinase FLS2 (FLAGELLIN
SENSITIVE 2) and the co-receptor BAK1 (BRI1-ASSOCIATED
KINASE 1). The activated FLS2 switches on a signalling cascade
leading to activation of the transcription of defence genes and pro-
duction of reactive-oxygen species (ROS) and salicylic acid (SA)
which also function as signalling molecules (Chinchilla et al.,
2007; Beck et al., 2012). SA is involved in the plant immune
response alongside jasmonic acid (JA), ethylene (ET) and the
protein PHYTOALEXIN DEFICIENT 4 (PAD4) (Tsuda et al.,
2009, Kim et al. 2014). The SA-dependent transcriptional activa-
tion relies on NPR1 (NONEXPRESSOR OF PATHOGENESIS-
RELATED GENES 1), a transcriptional co-activator that is
relocated from the cytoplasm to the nucleus (Kinkema et al.,
2000). One of the major outcomes of this gene activation is a
modification of cell walls and the extracellular space. This is sup-
ported by efficient targeted secretion, which depends upon correct
tethering and fusion of vesicles to the target plasma membrane.
These processes are mediated, amongst others, by the exocyst
and SNARE (soluble N-ethylmaleimide-sensitive fusion attach-
ment protein receptors) protein complexes (Rothman and Warren,
1994; TerBush et al., 1996; Dérmann et al., 2014).

The exocyst, a secretory vesicle-tethering protein complex,
was first discovered in yeast and animals, but in recent years
it has also been found to function as a complex in plants (Guo
et al., 1999; Hsu et al., 2004; Hala et al., 2008; Zarsky et al.,
2009, 2013; Kulich et al., 2013). The Arabidopsis exo70A1
mutant, as well as the maize sec3 mutant (roothairless1 — rthl)
fails to properly elongate root hairs (Wen et al., 2005; Synek
et al., 2006). The exocyst has also been found to be important
for efficient plant defence against several pathogens (PeCenkova
etal.,2011; Stegmann et al., 2012; Du et al., 2015).

Whilst biotic interactions and plant defence reactions have
been mostly studied in above-ground plant tissues, specific
PAMP perception has also been identified in root tissues in
Arabidopsis (Millet et al., 2010). When the transcriptional acti-
vation of reporter genes and callose deposition were monitored
in roots after treatment with different PAMPs, including Flg22,
strong tissue-specific upregulation of defence-related responses
was triggered (Millet ez al., 2010). These responses were ET-
but not SA- or JA-signalling dependent. The sensitivity of roots
to Flg22 may be explained by the fact that Flg22, as well as
other elicitors, are derived from highly conserved bacterial
components that are present in both phylosphere and soil.

The function and morphology of root hairs in relation to
the acquisition of water and nutrients have been well studied.
Tanaka et al. (2014) demonstrated that root hairs play signifi-
cant roles in: the absorption of water, phosphorus, iron, cal-
cium, zinc, copper and potassium; in the secretion of acid
phosphatase, malate and citrate; and in penetration of the pri-
mary roots into gels. Root hairs have been found to be induced
and their lengths more elongated under different nutrient defi-
ciencies (phosphorus, potassium, magnesium, iron and manga-
nese) (Bates and Lynch, 1996; Schikora and Schmidt, 2001;
Yang et al., 2008; Jung et al., 2009; Niu et al., 2014). Although
the role of root hairs in interactions with nitrogen-fixing bacte-
ria has been investigated, little attention has been given to their
role during plant—pathogen interactions.

This study of the response of Arabidopsis seedlings to the
attack by the pathogenic bacteria Pseudomonas syringae
pv. maculicola (Psm) and Pseudomonas syringae pv. tomato
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DC3000 (Pst) revealed, in in vitro cultivated seedlings, primary
root growth inhibition together with stimulation of rapid root
hair growth. A detailed investigation of this observed behaviour
was conducted by examining plant responses and the activity
of an auxin-responsive promoter. Several Arabidopsis mutants
were employed, comprising exocyst mutants, and a whole set
of dde2/ein2/pad4/sid2 single to quadruple mutants. We show
that the stimulation of root hair growth is triggered in a range
of hours after contact of bacteria with roots, is dependent on
unknown component(s) of living bacteria other than those
described so far, and that the stimulation can be modified by
FLS2 signalling. We also show that correct functioning of the
EIN2 ET signal transducer and the exocyst complex play impor-
tant roles in this stimulation of root hair growth. This appears
to be in contrast to SA/JA/PAD4. Although in mutual cross-talk
these pathways indirectly modify the outcome, independently
they do not influence this plant response.

MATERIAL AND METHODS

Plant material

The A. thaliana T-DNA insertional mutant lines that were
used in this study comprised: N8844 (At5g03280, ein2),
SALK_122399 (At3g25070), npri-1 [donated by Saskia van
Wees (Utrecht University; Cao et al., 1994)] and SALK_014826
(At5g03540, exo70A1) and set of the mutants connected with
the quadruple mutant (dde2-2/ein2-1/pad4-1/sid2-2), triple
mutants (dde2-2/ein2-1/pad4-1, dde2-2/ein2-1/sid2-2, dde2-
2/pad4-1/sid2-2 and ein2-1/pad4-1/sid2-2), double mutants
(dde2-2/ein2-1, dde2-2/pad4-1, dde2-2/sid2-2, ein2-1/pad4-1,
ein2-1/sid2-2 and pad4-1/sid2-2) and single mutants (dde2-2,
ein2-1, pad4-1 and sid2-2) all donated by Dr Kenichi Tsuda
(Max Planck Institute of Plant Breeding Research in Cologne;
Tsuda et al., 2009).

For experiments with Psm, seeds were surface sterilized and
plated on half strength Murashige and Skoog medium (1/2MS),
1-6 % plant agar. Germinated plants were propagated in vitro
for 7 d on vertical plates. In addition, the GUS gene under the
control of the DRS promoter carrying line was used to check
for changes in the expression of auxin-related genes (Ulmasov
et al., 1997). For experiments with Pst, seeds were surface
sterilized and plated on 1/2MS containing 1% sucrose (pH 5-7
adjusted with KOH) and 1-2 % plant agar. The plants were prop-
agated in vitro for 4 d on Petri dishes (diameter 6 cm) vertically.
The cultivation conditions were 16/8 h light/dark at 21-22°C.

Inoculation of plant material with bacteria

For inoculation with P. syringe pv. maculicola strain 795
(Psm; Dong et al., 1991), bacteria were prepared as described
by Katagiri et al. (2002). Briefly, freshly inoculated plates (2-3
d old; Luria-Bertani medium with 25mg L' streptomycin)
were used to prepare liquid overnight culture (40 mL), without
streptomycin, with incubation at 28 °C on an orbital shaker at
130 r.p.m. Bacteria were centrifuged at 1500 g for 10 min and
the pellet was resuspended in dH,0O and diluted to an OD
of 0-3 (108 CFU mL™). Approximately 10-uL droplets were
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applied to cover root tips within the elongation and differentia-
tion zone. As a mock control, dH,0 was applied in the same
manner and, 48h later, the root growth and architecture was
inspected. Experiments with other bacteria, namely, Atu —
Agrobacterium tumefaciens GV3101, Eco — Escherichia coli
DHS5a, Psp — Pseudomonas savastanoi pv. phaseolicola and Pst
— Pseudomonas syringae pv. tomato DC3000, were performed
as described for experiments with Psm.

For experiments involving inoculation with Pst (Xin and He,
2013), bacteria were incubated overnight on plates (King’s B
medium with 50mg L' rifampicin) and inoculum removed
from the plate and diluted to an OD = of 0-01 in MS/2 + 1 %
sucrose (pH 5-7 adjusted with KOH). Seedlings were flooded
with 3mL of the bacterial solution and the plates were placed
in horizontal position for 24 h.

Flg22 treatment

Flg22 is a 22-amino-acid peptide derived from P. aeruginosa
flagellin, a structural protein that forms the major portion of
flagellar filaments (QRLSTGSRINSAKDDAAGLQIA, syn-
thesized by Vidia, Vestec, Czech Republic). The peptide was
diluted in dH,O to a final concentration 10 um and applied
in 10-uL drops to cover the root tips of approx. 1-week-old
seedlings and then left for 48h until evaluation. The peptide
was applied at a concentration 10 times higher than usually
employed for such treatments, given the potential diffusion of
the peptide from the roots on the agar plate.

BFA treatment

For measurement of root hair lengths, the 4-d-old seedlings
were flooded with a Pst solution containing 0-1% DMSO or
50 um brefeldin A (BFA) for 24 h.

Histochemical GUS staining procedure

After the treatment (including a mock to serve as a control),
whole seedlings were submerged for 3h at 37°C in a solution
consisting of 25 mM sodium phosphate buffer (pH 7-0), 10 mm
EDTA, 2 mm X-gluc, 0-5 mm ferricyanide and 0-5 mm ferrocya-
nide. The GUS staining solution was replaced with 70 % ethanol
to bleach the tissues, and the seedlings roots were then examined.

Microscopic examination of inoculated roots

The plant responses to pathogens were monitored by micros-
copy and documented by photography. Microscopic analysis was
performed using an Olympus BX51 microscope with attached
DP50 camera (Olympus; Psm) or Zeiss Axiolmager ApoTome2
microscope (Pst). In the Psm experiments, five plants were ana-
lysed for each genotype and photographed. Root hair lengths
were determined for the first 20 root hairs starting from the root
tip for each plant; for statistical analysis, the 40 longest root hairs
for each line were used. In addition, root hairs were also observed
under a confocal microscope (Zeiss LSM Duo510) 20 min after
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staining with the membrane dye FM 4-64. For the Pst experi-
ments, at least 10 seedlings were analysed for each variant. After
Pst inoculation, five root hairs were measured, beginning approx.
1 mm from the site of root hair initiation. The distance of the first
root hairs from the root cap was also analysed.

Statistical evaluation

Image processing software was employed for image data
quantification. Roots and root hair sizes were analysed using
AnalySIS (Soft Imaging System GmbH, Germany) or Imagel
(Schneider ert al., 2012) software. The numerical data obtained
were processed using Microsoft Excel. To determine statisti-
cal significance, Student’s 7-test and ANOVA tests were con-
ducted either using Excel or on-line calculators (http://in-silico.
net, and http://statpages.info/anovalsm.html). P-values of less
than 0-05 indicated a significant difference among the vari-
ous groups. For multiple-comparison experiments, the Tukey
Honestly Significant Difference (HSD) post hoc test was used.

RESULTS

Early stimulation of root hair growth by bacteria in Arabidopsis
WT and selected mutants

When roots of Arabidopsis seedlings were exposed to direct
contact with the plant pathogenic bacterium Psm, a rapid
modification of root architecture was observed. One unex-
pected but significant change involved root hair growth within
48h of exposure to Psm. We quantified root hair growth using
1-week-old seedlings grown on vertical plates and inoculated
either with mock (sterile deionized water) or with Psm. Psm-
treated root hairs were approx. 3-3 times longer than those of
mock-treated plants (Fig. 1A). As expected, we also found that
primary root growth was inhibited; the ratio of Psm-treated to
mock-treated average root lengths of wild type (WT) Col-0 was
approx. 0-82. A small but significant difference in root hair den-
sity between Psm- and mock-treated plants was also observed,
with average values, respectively, of 37+8 and 29+6 root hairs
per 1 mm region closest to the root tip. The inhibition of root
growth may be a consequence of the reduced length of the elon-
gation/differentiation zone, while the size of the meristematic
zone remained unchanged (Supplementary Data, Fig. S1).
Next we analysed these root growth responses to Psm using
three types of mutants: a line carrying a mutation in the gene
responsible for SA-dependent activation of pathogenesis-related
genes (nprl-1); a well-studied mutant affected in ET percep-
tion, ein2 (Guzman and Ecker, 1990; Rahman et al., 2002);
and a line carrying a mutation in a gene encoding the exocyst
vesicle-tethering complex, exo70Al. Both ein2 and exo70Al,
when cultivated under the described conditions without bac-
terial treatment, produce fewer and shorter root hairs than the
wild type plant. In addition, along with Col-0, we also studied
the Wassilewskija (Ws-4) ecotype, which is a natural mutant in
the bacterial flagellin receptor FLS2 (with a STOP codon in the
kinase domain; Gémez-Gdémez et al., 1999; Zipfel et al., 2004).
Average root hair lengths differed significantly after 48h
of treatments (two to three times) between the mock- and
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FiG. 1. Stimulation of root hair growth 48h post-inoculation with Psm. (A)
Appearance of root hairs after mock and Psm treatment (scale bar=200 um). (B)
Length of root hairs of mock- (dark grey) and Psm-treated (light grey) seedlings
for different mutant lines. Ratios calculated for Psm vs. mock-treated seedlings
are shown in bold for each mutant line under the respective columns in the
graph. Different letters indicate significant differences in length (P<0-05).

bacteria-treated plants for all tested lines (Fig. 1B). As root hair
lengths in the mock treatment varied across mutant lines, we
calculated the ratio of the root hair lengths from bacteria-treated
versus mock-treated plants, for each of the lines, and compared
this to the ratio calculated for the wild type. The most promi-
nent differences were found for the exo70A1 and ein2 mutants,
which had shorter root hairs than Col-0. For each of the mutant
lines, deviations from the Col-0 ratio were found to be statisti-
cally significant, with the exception of npri-1.

Exocyst functioning is important for stimulation of root hair
growth, possibly due to an enhanced requirement for exocyto-
sis in root hair elongation. Root hairs of mutant exo70A1 after
exposure to bacteria were not only shorter, but also appeared
with a severely distorted wavy shape (Fig. 2A). Although these
root hairs were further examined using confocal microscopy
after staining with FM-dye (Fig. 2B), no difference in endo-
membrane structures between the mutant and the WT was
found after stimulation of root hair growth by Psm.

We also quantified changes in primary root growth after the appli-
cation of bacteria. Average primary root lengths for all tested lines
after 48h are shown in Supplementary Data Fig. S2. The strongest
deviation from the WT response of growth inhibition of primary
roots was found in the nprl-1 mutant, which showed weaker inhi-
bition. The exo70A1 also showed lower inhibition of root growth
after pathogen treatment compared to WT plants. Primary root
lengths were found to be significantly different between mock- and
bacteria-treated seedlings; however, differences in lengths between
the WT and each mutant line (with the exception of Ws-4) within a
given treatment were not statistically significant.

Continuous root tip imaging was used to observe the
sequence of events after contact between the seedling roots and
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exo70A1

Col-0 exo70A1

FiG. 2. Appearance of the exo70A1 root hairs stimulated by Psm, in com-

parison with WT root hairs. (A) Optical microscopy (scale bar=200um). (B)

Confocal images taken after staining of the plasma membrane with FM4-64
dye (scale bar=20 um).

Psm. We found that stimulation of root hair growth and inhibi-
tion of root growth were noticeable 8 or 10h post-inoculation
(hpi), respectively, while a more detailed time-course analy-
sis revealed that root hair growth may be stimulated by 4 hpi
(Fig. 3, Supplementary Data Figs S3 and S7).

Flg22 pretreatment suppresses stimulation of root hair growth
by Psm

To test whether the observed pathogen-induced stimulation
of root hair growth could be triggered or affected by the Flg22
peptide, we treated seedling roots with 10 um Flg22 alone or
with 10 pm Flg22 12 h prior to inoculation with Psm. Treatment
with Flg22 alone failed to induce enhanced root hair growth,
while primary root growth inhibition was observed as previ-
ously reported (Bauer et al., 2001). Pretreatment of Col-0 with
Flg22 led to moderated stimulation of root hair growth and the
difference compared to growth in Psm-treated Col-0 was signif-
icant. However, these results differed significantly from those
found for Ws-4. In the case of Ws-4, an FLS2 null mutant, pre-
treatment had no impact on root hair and primary root growth
(Fig. 4, Supplementary Data Fig. S4).

Activity of an auxin-responsive promoter in the root tip was not
affected early after the contact with bacteria

We examined whether auxin is involved in early stimulation
of root hair growth, as it is involved in long-term stimulation
(Zamioudis et al., 2013). Using the GUS assay in seedlings
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Fi1G. 3. Continuous root tip imaging after the Psm treatment, in comparison with
mock-treated roots. The primary root growth from O to 4 and 8h are marked
with arrows; some of the root hairs appearing and growing in this time range
and region are indicated as well (marked with arrowheads; scale bar=0-2 mm).

carrying the auxin-sensitive pDRS5::GUS reporter (Ulmasov
et al., 1997) and inoculation with Psm, no upregulation of
the auxin-responsive reporter was observed within the time
frame of our experiments (Fig. 5). This result indicates that
these early root reactions are possibly regulated by different
mechanisms to those described by Zamioudis et al. (2013), in
which the bacteria were placed 5cm from younger seedlings
and the effects were quantified after a much longer period of
exposure (8 d).

Testing with other bacteria and treatments for stimulation of root
hair growth

To examine whether the root responses described above are
specific to particular bacterial species, we performed the same
test with Col-0 Arabidopsis plants and four other bacteria spe-
cies: Agrobacterium tumefaciens GV3101 (Atu), Escherichia
coli DH5a (Eco), P. syringae pv. tomato DC3000 (Pst) and
Pseudomonas savastanoi pv. phaseolicula CCM 2861 (Psp).
Exposure to Atu resulted in stimulation; the root hairs were twice
as long as those exposed to the mock treatment. The reaction to
Psp and Pst was comparable to the reaction to Psm: root hairs
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F1G. 4. Stimulation of root hair growth by Psm after pretreatment with the Flg22
peptide. Seedling roots were treated with 10 um Flg22 alone, or with 10 um
Flg22 followed by Psm inoculation 12h later. Mock and Psm inoculations were
used as negative and positive controls, respectively. Pretreatment of Col-0 with
Flg22 moderates stimulation of root hair growth, while in Ws-4, the pretreat-
ment had no effect. Different letters indicate significant differences (P<0-05).

+ mock DR::GUS + Psm

F1G. 5. GUS assay on seedlings carrying pDRS5::GUS and inoculated with Psm.
There was no detectable upregulation of the auxin responsive reporter expres-
sion after Psm inoculation (scale bar=0-5mm).

were approx. 2-5-3 times longer than those in the mock treat-
ment. Exposure to Eco resulted in slight inhibition of root hair
growth (Fig. 6). These results suggest that the stimulation of root
hair growth is similar for different soil- and plant-adapted bac-
teria, while the response to animal-adapted E. coli is different.
Interestingly, treatment with bacteria inactivated by heat or
sonication, with filtrate from the bacterial culture, with super-
natant from culture of Psm-infected plants, with elf18, chitin,
peptidoglycan, coronatine and root tissue powdered in liquid
N, [from infected and non-infected seedlings, as a source of
DAMPs (danger-associated molecular patterns); data not
shown] had no effect on root hairs. Additionally, we tested two
bacterial quorum-sensing AHLs that were previously shown to
enhance root hair lengths, N-decanoyl-HLs, namely C10-HL
and oxo-C10-HL (Sigma; Ortiz-Castro er al., 2008). These
chemicals failed to stimulate root hair growth, even over a
wide range of tested concentrations (data not shown). Thus,
only living bacteria at high inocula were capable of provoking
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hair growth in Col-0 seedlings treated with bacteria: Agrobacterium tume-
Jaciens GV3101 (Atu), Escherichia coli DH5a (Eco), Pseudomonas syrin-
gae pv. tomato DC3000 (Pst) and Pseudomonas savastanoi pv. phaseolicula
strain CCM 2861 (Psp), in comparison with Psm. All treatments except Eco
stimulated root hair growth. Different letters indicate significant differences
(P<0-05).
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stimulation of root hair growth. Interestingly, type 3 secretion
system mutants of Pseudomonas provoked the same range
of root hair growth stimulation as did its WT counterpart (in
agreement with Maketon et al., 2012; data not shown).

SA, JA, ET and PADA4 interplay and root hair growth

A mutant impaired in JA, ET and SA signalling pathways and
PAD4-dependent immunity, dde2/ein2/pad4/sid2 (deps) was
described by Tsuda et al. (2009). Dde?2 is a knock-out mutant of
the AOS (ALLENE OXIDE SYNTHASE) gene, which is respon-
sible for the biosynthesis of JA (von Malek et al., 2002). The
sid2 mutant is a knock-out of the ICSI (ISOCHORISMATE
SYNTHASE 1), gene which is a crucial component in the path-
way responsible for the biosynthesis of SA after pathogen attack
(Wildermuth et al., 2001). Interestingly, the quadruple mutant
deps has never been used previously to study root responses to
pathogenic bacteria. Here, we employed the entire set of mutant
combinations related to deps and treated them with Pst by the
flooding method for 24h. We examined the stimulation of root
hair growth in Arabidopsis Col-0 (WT) seedlings after flooding
with Pst (OD, of 0-01; Supplementary Data Figs S5, S6 and S8,
and Tables S1 and S2). This method was appropriate for analy-
sis of very large numbers of seedlings of all deps mutants. We
showed that impaired ET signalling is responsible for the shorter
root hairs in deps (Fig. 7C). Interestingly, SA-, JA- and PAD4-
related pathways enhance the effect of impaired ET signalling
such that the ein2 single mutant had the shortest root hairs of all
studied mutants (Fig. 7C). The deps mutant displayed root hairs
almost twice as long as those in ein2 after Pst stimulation (Fig. 7).

Correlation of root hair stimulation with overall growth of
bacteria

To understand how the stimulation of root hair growth reflects
the ability of a plant to limit the spread of a pathogen, we ana-
lysed the spread of the bacteria on the inoculated plants after a
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FiG. 7. The influence of SA, JA, ET and PAD4 on root hair growth. Four-day-
old seedlings were treated with P. syringae pv. tomato DC3000 and root hair
lengths were measured 24 hpi. (A) Lengths of root hairs of selected genotypes
—WT, ein2 (E) and dde2/ein2/pad4/sid2 (DEPS). (B) Representative images of
WT and selected mutants after Pst treatment. Scale bar=1000 um. (C) Lengths
of root hairs of all ‘DEPS’ collection mutants. D, dde2; E, ein2; P, pad4; S,
sid2. For A and C, n = 10-200 for each genotype. Values represent the mean,
and error bars represent s.d. Small letters indicate statistically significant (P <
0-01) differences between treatments. Root hair lengths are given as %, with
value for WT set as 100%.

Col-0 ein2 exo70A1

FiG. 8. Psm colonization of roots and growth during prolonged co-cultiva-

tion. After 5 d of growth of bacteria on roots, Psm completely colonized only

exo70A1. The red arrows indicate the uppermost positions on primary roots that
were colonized by Psm spreading from the root tip (scale bar=0-5mm).

further 3 d of exposure. The most remarkable result was found for
the exo70A I mutant, which, unlike ein2 and Col-OWT, displayed
roots that were often completely colonized by Psm (Fig. 8). As
root hair stimulation is impaired in exo70A1 and ein2, the root
hair growth response is not simply correlated with the ability of
the plant to limit the growth of bacteria in the rhizosphere.

DISCUSSION

We describe the early growth response of root hairs in
Arabidopsis to bacterial contact. We found that the general
responses of the root and root hairs to pathogenic bacteria
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resemble previously described reactions to the presence of
PGPR microbes — root hair growth is stimulated and primary
root growth is inhibited (e.g. Lépez-Bucio et al., 2007; reviewed
by Vacheron et al., 2013).

We show here that stimulation of root hair growth and inhi-
bition of primary root growth begin after the first few hours
of direct contact with bacteria. Both these phenomena appear
to be initiated simultaneously; however, as Flg22 inhibits pri-
mary root growth without stimulating growth of root hairs,
we hypothesized that these processes are independent. In con-
trast to the auxin-dependent long-term (i.e. 1 week) and long-
distance responses described by Zamioudis et al. (2013), our
results suggest no major involvement of auxin signalling dur-
ing the short time-frame responses studied here. Stimulation
of root hair growth with A. tumefaciens and P. savastanoi
provoke similar effects to those produced by Psm and Pst,
suggesting that the enhanced root hair growth may be a gen-
eral response of roots to contact with living plant- and soil-
adapted bacteria.

Our results show that functional ET perception is necessary
for efficient pathogen-induced stimulation of root hair growth.
In addition, vesicle trafficking plays a role in this phenome-
non, as seen not only in the example with the exo70A I mutant
but also in the exocyst subunit mutant sec8 (Supplementary
Data Fig. S8) and in the co-treatment with Pst and BFA, which
blocks the stimulation of root hair growth (Supplementary
Data Fig. S9). In the ein2 and exo70A1 knockout mutants,
stimulation of root hair growth is largely compromised com-
pared to the WT, but bacterial growth along the roots of the
two mutants differs — bacteria overgrow on exo70Al but
not on ein2 seedlings. The exo70AI mutant plants display a
strong defect in secretion that results in dwarfed plants with
smaller cotyledons and delayed lateral roots. Therefore, it is
possible that the exo70A1 mutant plants during co-cultivation
with bacteria produce lower levels of defence compounds
that limit bacterial growth when compared to WT plants and
the mutant lines that do not have a defective growth pheno-
type. Interestingly, our previous tests with Psm leaf inocula-
tion showed the same level of bacterial growth in leaves of
exo70A1 and WT plants (data not shown). The contrasting
results obtained for exo70Al clearly indicate that substan-
tially different plant—-microbe interaction mechanisms operate
in leaves and roots (Balmer and Mauch-Mani, 2013).

The prominent role of EXO70A1 in the bacterial root hair
stimulation phenomenon confirms that a secretion/exocytosis
mechanism that is supported by the exocyst complex is impor-
tant for root hair tip growth. The wavy appearance of root hairs
of the exo70A1 mutant after treatment with Psm could reflect
inefficient secretion and a deficiency in the mutant’s ability to
support fast tip growth; unfortunately, the specific mechanism
remains unexplained. The wavy root hair phenotype resem-
bles that found in the Arabidopsis rhd3 (root hair-defective
3) mutant, which carries a mutation in a large GTP binding
protein; however, we are currently unable to speculate whether
there might be a functional connection between RHD3 and
EXO70A1 other than involvement of the both in the endomem-
brane dynamics (Brands and Ho, 2002; Stefano et al., 2012).

In parallel to vesicle trafficking, we focused on the involve-
ment of plant immune signalling pathways in the stimulation of
root hair growth. For this we used a quadruple mutant (deps) that
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is impaired in the key SA, JA and ET phytohormonal pathways,
as well as in the immune signalling dependent on the PAD4 pro-
tein (Tsuda et al., 2009; Kim et al., 2014). Tsuda et al. (2009)
have defined the SA, JA, ET and PAD4 pathways as signal-
ling sectors (portions of plant immunity signalling; Tsuda and
Katagiri, 2010) and described their roles in PAMP- and effec-
tor-triggered immunity. SA signalling is commonly involved
in defence responses against biotrophic and hemibiotrophic
pathogens (e.g. P. syringae), while JA and ET are involved
in immune responses to necrotrophic pathogens (Glazebrook,
2005; Pieterse et al., 2009). PAD4 forms heterodimers with
EDS1 (ENHANCED DISEASE SUSCEPTIBILITY 1) after
pathogen attack and triggers the plant immune responses that
are mostly connected with induction of the SA signalling path-
way, but EDS1/PAD4 may also be involved in SA-independent
immune responses (Rietz et al., 2011; Janda and Ruelland,
2015; Cui et al., 2017). According to the general model of phy-
tohormonal crosstalk in defence responses, JA and ET inhibit
SA signalling and vice versa. However, new evidence shows
that the relationships between these pathways are much more
complicated than previously supposed. Kim et al. (2014) pro-
posed a model that shows a synergistic relationship between
SA and JA with a positive feedback loop that was further elabo-
rated by the epistatic role of PAD4 over the SA sector (Mine
etal.,2017).

Using 16 combinatorial genotypes related to the deps quad-
ruple mutant we showed that ET is directly responsible for the
stimulation of root hair growth after treatment with Psm/Pst,
as expected based on the known positive role of ET in root
hair cell expansion (Fig. 7; Dolan, 2001). Based on the fact
that the deps mutant has longer root hairs than the single ein2
mutant, we concluded that the full inhibitory effect of the ein2
mutation on root hair growth requires functional JA, PAD4
and SA sectors. Our data support a negative regulatory rela-
tionship with ET on the one side, and SA and JA on the other
side in the rhizosphere (Figs 7 and 9 B). When ET, which is
the most important factor for root hair growth enhancement,
is non-functional (ein2), the unbalanced phytohormonal condi-
tion allows the three SA/JA/PAD4 sectors to inhibit root hair
growth, which can be explained only by the negative control of
ET over these three sectors. However, the JA and PAD4 sectors
also have minor and indirect influence in the pathogen induc-
tion of root hair growth (Fig. 9A). This is observable on the
behaviour of the double dp mutant and triple dps mutant (both
with functional ET signalling) root hairs, which were shorter
than WT root hairs, probably due to an overall slower recogni-
tion of Pst (Fig. 7). The dp and dps, but not ds and ps, mutants
have shorter root hairs, which indicates that there might be a
cooperation between JA and PAD4 pathways/sectors in root
hair growth stimulation. This is also in agreement with the sug-
gested dominant role of the PAD4 sector over the SA sector in
immunity (Mine et al., 2017; Fig. 7). Interestingly, in the deps
mutant, the greater distance between the initiation zone of root
hairs and the root tip (Supplementary Data Fig. S6) indicates
that traditional immune pathways are involved in the primary
root growth inhibition caused by Pseudomonas.

The downstream component of the SA signalling pathway,
NPR1, is abundantly expressed in roots that are not under any
biotic stress (Cao et al., 1994; Lamesch et al., 2010). However,
the lack of NPR1 function did not affect root hair growth in our
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A Early root hairs growth stimulation - WT
.
secretion » RH growth
ET JA/PAD4 —
Pseudomonas
syringae
B Early root hairs growth stimulation - ein2
secretion
RH growth
AR =
SAA/ =
PAD4
Pseudomonas
syringae

F1G. 9. Model of stimulation of root hair growth by Psm/Pst and role of four
phytohormonal/immunity sectors in this model. Ethylene (ET) is of key impor-
tance in root hair growth in the developmental context. The other sectors, espe-
cially the jasmonic acid (JA) and PAD4 pathways, also have minor and indirect
influences on the pathogen-related induction of root hair growth (A). When the
most important sector, ethylene signalling, is missing (ein2), the phytohormo-
nal misbalance allows salicylic acid (SA)/JA/PAD4 to inhibit root hair growth,
which can be explained only by the possible negative control of ethylene over
these three sectors (B).

assays. Additionally, the missing immune receptor FLS2 had
no major effect on stimulation of root hair growth in the Ws
ecotype. FLS2 was, however, important for the desensitization
of plants pretreated with Flg22, as it might have either decreased
the sensitivity of plants following bacterial contact through the
FLS2 degradation, as reported by Smith ef al. (2014), or trig-
gered PAMP-triggered immunity, slowing bacterial growth.
While we have identified at least some of the players in
this phenomenon in plants, unfortunately we are currently
unable to explain the cause of early stimulation of root hair
growth by bacteria from the pathogen side, as shown by the
list of chemicals and treatments that we tested without a posi-
tive result. The most promising candidates tested were AHLs
(Ortiz-Castro et al., 2008); however, it is possible that because
they quickly lose their activity, the effect was insufficient to
enhance root hair growth under our experimental conditions.
It has been recently shown that pyocyanin, a virulence factor
of the plant and animal pathogen P. aeruginosa, affects the
growth and development of Arabidopsis seedlings by inhibit-
ing primary root growth and promoting lateral root and root
hair growth without affecting meristem viability or causing cell
death (Ortiz-Castro et al., 2014). This modulation works inde-
pendently of auxin, cytokinin and abscisic acid but requires ET
signalling (Ortiz-Castro et al., 2014). Based on this evidence,
we speculate that the plant pathogenic Pseudomonas might
contain a similar metabolite that could stimulate Arabidopsis
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root hair growth at certain concentrations. Alternatively, the
presence of Pseudomonas bacteria around the root tips might
temporarily change nutrient availability. It has recently been
shown that pyoverdine, a siderophore produced by beneficial
Pseudomonas, not only modulates the availability of soil iron
to plants, but also positively regulates the expression of genes
related to development and iron acquisition in plants grown
under iron-deficient conditions and represses the expression
of defence-related genes (Vansuyt et al., 2007; Trapet et al.,
2016). This system demonstrates that there are many levels at
which plant hosts and bacteria can influence each other and that
plants need to trade-off between defence and growth to pre-
serve their fitness.

To conclude, while the most common plant cell response
to pathogens is growth arrest, root hair cells can perform the
opposite reaction. Functional ET signalling and efficient exo-
cyst-dependent vesicular trafficking are important for this stim-
ulation of root hair growth. As the presence of high levels of
bacteria in a soil patch might signal the proximity of a higher
nutrient content, it is also possible that root systems, includ-
ing root hairs, interpret contact with soil-adapted bacteria as
a signal of a putative local nutrient maximum. This phenom-
enon also reflects the differences in defence strategies between
shoots and roots, which warrant further examination of the
Arabidopsis—Pseudomonas interaction.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Fig. S1: the root tip
zones of mock- and Psm-treated plants. Fig. S2: inhibition of
primary root growth 48 h post-inoculation. Fig. S3: time-course
experiment of the early effect of Psm treatment on root archi-
tecture. Fig. S4: inhibition of primary root growth after pre-
treatment with the Flg22 peptide. Fig. S5: stimulation of root
hair growth by Pseudomonas syringae pv. tomato DC3000
(Pst). Fig. S6: the influence of the dde2/ein2/pad4/sid2 (DEPS)
pathways on root growth. Fig. S7: characterization of the root
hair growth induced by Pst over time. Fig. S8: additional set of
exocyst sec8 and syp122 SNARE mutants. Fig. S9: the effect of
brefeldin A on the execution of the root hairs growth stimula-
tion. Table S1: characterization of the stimulation of root hair
growth in WT seedlings after Pst flooding. Table S2: lengths of
root hairs and primary roots after Pst flooding
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