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The non-specific lipid transfer protein N5 of
Medicago truncatula is implicated in epidermal
stages of rhizobium-host interaction
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Abstract

Background: The symbiotic interaction between leguminous plants and rhizobia involves two processes: bacterial
infection, resulting in the penetration of bacteria in epidermal and cortical cells, and root nodule organogenesis.
Root nodule symbiosis is activated by rhizobial signalling molecules, called Nodulation factors (NFs). NF perception
induces the expression of several genes called early nodulins. The early nodulin N5 of Medicago truncatula is a lipid
transfer protein that has been shown to positively regulate nodulation although it displays in vitro inhibitory activity
against Sinorhizobium meliloti. The purpose of this work was to investigate the role of MtN5 by studying its spatial
and temporal pattern of expression during the symbiotic interaction, also in relation to known components of the
symbiotic signalling pathway, and by analysing the phenotypic alterations displayed by rhizobia-inoculated MtN5-

silenced roots.

root epidermal cells for rhizobial invasion.

Results: We show here that MtN5 is a NF-responsive gene expressed at a very early phase of symbiosis in
epidermal cells and root hairs. MtN5 expression is induced in vitro by rhizobial effector molecules and by auxin and
cytokinin, phytohormones involved in nodule organogenesis. Furthermore, lipid signaling is implicated in the
response of MtN5 to rhizobia, since the activity of phospholipase D is required for MtN5 induction in S. meliloti-
inoculated roots. MtN5-silenced roots inoculated with rhizobia display an increased root hair curling and a reduced
number of invaded primordia compared to that in wild type roots, but with no impairment to nodule primordia
formation. This phenotype is associated with the stimulation of ENODT1 expression, an early marker of infection,
and with the down-regulation of Flotillin 4 (FLOT4), a protein involved in rhizobial entry.

Conclusions: These data indicate that MtN5 acts downstream of NF perception and upstream of FLOT4 in
regulating pre-infection events. The positive effect of MtN5 on nodule primordia invasion is linked to the restriction
of bacterial spread at the epidermal level. Furthermore, MtN5 seems to be dispensable for nodule primordia
formation. These findings provide new information about the complex mechanism that controls the competence of
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Background

Plants belonging to the Leguminosae family have the
ability to interact with rhizobia and produce a nitrogen-
fixing organ, the root nodule. The symbiotic relationship
starts with a molecular cross-talk between the two part-
ners. Host-plant derived molecules are perceived by rhi-
zobia and activate the synthesis of Nod factors (NFs),
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which, in turn, elicit a variety of biochemical responses
in the root hair, including changes in ion fluxes, mem-
brane depolarization, the oscillation of the cytosolic cal-
cium and modification in the cytoskeleton [1-4] that
lead to root hair deformation, to infection thread (IT)
formation and eventually to the penetration of the bac-
teria into the epidermis [5].

NF perception relies on a pair of orthologous genes
belonging to the LysM-family receptor-like kinases
(LysM-RLK), NFP and LYK3 in M. truncatula and NFR1
and NFR5 in L. japonicus [6-8]. Closely related genes for
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NF perception were also found in other leguminous
plants such as pea and soybean [9]. The perception of
the NF through the LysM-RLKs activates a signalling
pathway, termed the common symbiotic pathway [5],
constituted in M. truncatula by DMII (coding for an ion
channel), DMI2 (coding for a leucine-rich repeat
receptor-like kinase), which are involved in generating
the calcium oscillations [10-12], and DMI3 (coding for a
calcium calmodulin protein kinase), which is responsible
for the decoding of calcium spiking amplitude and fre-
quency [5]. NF-induced early infection events also in-
volve the activity of phospholipase C and D [13,14]. NF
perception and the activation of the signalling cascade
take place in the root epidermis. At the same time, peri-
cycle and cortical cells re-enter the cell cycle and form a
primordium from which a nodule meristem arises
[15,16]. The primordium is invaded by rhizobia har-
boured inside infection threads between 48 and 96 h
post root hair infection.

Cell division is mainly controlled by two crucial plant
phytohormones, auxin and cytokinin, which regulate the
progression of cells through the cell cycle [17]. Concen-
trations and the auxins to cytokinins ratio both play a
pivotal role in determining whether and where cells are
about to enter the mitotic phase in plants [18-20]. The
reduction of auxin transport in rhizobia-inoculated
[18,21-23] roots changes not only the auxin fluxes but
also the auxin to cytokinin ratio at the site of nodule ini-
tiation. One of the L. japonicus spontaneous nodulation
mutants carries an alteration in the Lotus Histidine Kin-
ase 1 (LHKI) gene that acts as a cytokinins receptor
[24], whilst the LHKI1 loss-of-function mutants show a
marked reduction in the number of primordia and ma-
ture nodules [25]. In M. truncatula the RNA interfer-
ence (RNAi)-mediated down-regulation of Cytokinin
Responsel (CREI), the LHKI ortholog, resulted in a
marked reduction of the cortical cell division and in a
block of the majority of the ITs at root hair level [26].
Thus cytokinin seems to be involved in the coordination
of the epidermal and cortical pathways of nodulation
most likely through the NODULE INCEPTION (NIN)
gene [27,28]. Until now, NIN has been the supposed key
gene in coordinating the NFs signalling and entry path-
ways [27,28].

Recent studies have suggested that membrane micro-
domains and associated proteins such as Flotillin2
(FLOT2), FLOT4 and M. truncatula SYMBIOTIC
REMORIN 1 (MtSYMREM]I), are involved in epidermal
responses to rhizobia and play a role in IT formation
[29,30].

The extensive analysis of the M. truncatula transcrip-
tome showed that a group of small, cysteine-rich pep-
tides are up-regulated during the establishment of
symbiosis [31]. M(N5 is a nodulin gene that was
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identified by means of a differential screening approach
and is expressed in mature nodules [32-34]. The se-
quence homology suggests that MtN5 belongs to the
plant non-specific Lipid Transfer Protein (nsLTP) super-
family characterized by an eight cysteine motif and the
phylogenetic analysis demonstrates that it has high hom-
ology with Arabidopsis thaliana DIR1 and groups with
plant nsLTP-like protein [34,35]. Like other proteins
belonging to the plant ns-LTP super-family, MtN5 is
able to bind lipids in vitro and to inhibit the growth of
pathogens and symbionts [34]. The RNAi-mediated
MNS suppression resulted in a marked reduction in the
number of nodules developed on transgenic hairy roots
suggesting that MtN5 is required for nodulation [34].
However, the stages of the nodulation pathway that
MtNS activity might be involved in are still unknown.
The aim of this study was to gain further insight into
the function of MtNS5 in the M. truncatula-S. meliloti
interaction. Our data indicated that MtN5 is a NF-
responsive gene expressed at a very early phase of
legume-rhizobium interaction in the root hairs and in
the epidermal cells. The phenotypic analysis of MIN5-
silenced roots showed that MtNS is implicated in limit-
ing root hair curling and that this role is necessary for
an efficient colonization of nodule primordia. MtN5
response to rhizobia is dependent on phospholipase D
(PLD) activity and does not seem to require DMII.
Furthermore, FLOT4 induction is drastically reduced in
MitNS5-silenced roots. This study demonstrates that
MNS is involved in the control of rhizobial infection by
acting in two apparently contrasting ways: firstly by
restricting the invasion at the root epidermis and sec-
ondly by promoting the infection in the root cortex.

Results

Prediction of regulatory motifs in the MtN5 promoter
Previous data demonstrated that MtNS5 is precociously
induced in S. meliloti-inoculated roots, is expressed in
the root nodules and that its function is required for the
successful symbiotic interaction between S. meliloti and
M. truncatula [32-35]. With the aim of gaining a deeper
insight into the regulation of MtN5 expression, the puta-
tive MtN5 promoter was analysed by means of an in
silico approach for the detection of conserved responsive
elements.

The sequence spanning 1.54 kb upstream of the ATG
translation start codon of the M!N5 gene (Figure 1A;
Additional file 1) was analysed by using the PLACE al-
gorithm [36,37]. Along with common elements found in
promoter sequences such as TATA and CAAT boxes,
the consensus sequences of the organ-specific elements
(OSE) OSEIROOTNODULE and OSE2ROOTNODULE
(AAAGAT and CTCTT, respectively), which are charac-
teristic of promoters active in infected cells of root
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Figure 1 Bioinformatic analysis of the MtN5 promoter and expression of MtN5 in M. truncatula roots following treatments with
bacteria-derived molecules and plant hormones. A. Schematic drawing of the putative MtN5 promoter and MtN5 open reading frame. The
beginning of the ORF is identified by +1. The region analysed as the putative promoter encompasses 1.54 kb upstream the initiation codon. The
following regulatory motifs are indicated: OSETRN (OSETROOTNODULE; AAAGAT occurring in antisense orientation), OSE2RN (OSE2ROOTNODULE;
AAGAG occurring in both sense and antisense orientations), NRE (AATTT), ARR1 (ARRTAT; GATT) and AUXRE (AUXREPSIAA4; GTCCCAT occurring in
antisense orientation). B. M. truncatula roots were treated for 24 h with purified NFs (1 nM); for 48 h with EPS (1 pg/ml) and for 48 h with chitin
(0.1 uM). C. M. truncatula roots were treated with a-naphtyl acetic acid (NAA) or with benzyl-amino-purine (BAP) at 100 nM, T pM and 10 uM for

48 h. The data were normalized to an internal actin control. The relative expression ratios were calculated using untreated roots as calibrator
sample. The values reported are means + SE (n=at least 3). Student’s t test was applied. *, P < 0.05; **, P < 0.01;

1; ***, P < 0.001.

nodules [38,39], were found in the M¢N5 promoter, al-
though not canonically spaced (Figure 1A; Additional
file 1). Moreover, the nucleotide sequence AATTT,
termed Nodulation Responsive Element (NRE), was
found to recur twice in the 590 bp upstream of the ATG
initiation codon. This responsive element was demon-
strated to be present in the promoter sequence of well
characterized nodulin genes such as MtENODI11, MtNIN
and ERNI and to function as a cis-acting element tar-
geted by the GRAS type NSP1 transcription factor [40].
The in silico analysis of the MtN5 promoter also high-
lighted the presence of motifs involved in the hormonal
control of gene expression such as ARRIAT and AUX-
REPSIAA4, responsive to cytokinin and auxin respect-
ively [41,42]. Interestingly the auxin response element
AUXREPSIAA4 had been previously shown to be tissue
specific and characteristic of those genes that are
expressed in the root apical meristem of pea plants [42].

MtN5 expression is induced by both rhizobia-derived
molecules and plant hormones

On the basis of the motifs predicted by the PLACE algo-
rithm [36], MtN5 expression was analyzed after treating
the roots with both microorganism elicitor molecules and
phytohormones. M(N5 expression is up-regulated after
treatment with S. meliloti NFs [32 and this work], exhibit-
ing an approximately 15-fold increase in NF treated roots
compared with untreated roots (Figure 1B). However, a
transient induction of M(NS transcript level was also

observed after inoculation with a S. meliloti strain defect-
ive in NF production [32]. To test whether other rhizobia-
derived signals potentially contribute to M¢N5 induction,
we tested MtN5 expression in roots treated with exopoly-
saccharides (EPS) extracted from S. meliloti [43]. The
roots were also treated with molecules like chitin oligo-
mers (N,N;N”,N”-tetraacetylchitotetraose) that can be ori-
ginated from the degradation of fungal cell wall [44]. In
roots treated with 1 pg/ml EPS, the MtN5 transcript level
increased about 5-fold as compared to the level in un-
treated roots, whilst MtN5 expression was not affected by
chitin treatment (0.1 pM) (Figure 1B).

Considering that bioinformatic analysis of the MtN5
promoter predicts the presence of elements responsive
to auxins and cytokinins, the phytohormones involved in
the regulation of root nodules initiation and growth, the
effects of auxin and cytokinin treatments on root MtN5
expression were evaluated. As reported in Figure 1C,
both a-naphthyl acetic acid (NAA) and benzyl-amino-
purine (BAP) supplied to roots can induce M¢N5 expres-
sion in a wide range of concentrations (i.e. from 100 nM
to 10 uM). Auxin displayed a similar ability to stimulate
MtNS5 expression at each of the concentrations tested
whilst the effect of cytokinin was more pronounced at
the lowest concentration used (100 nM) (Figure 1C).
Interestingly, a stimulatory effect of auxin and cytokinin
on MtN5 expression was detected in M. truncatula
Jemalong in vitro-cultured leaf explants after a combined
treatment with NAA and BAP [45,46].
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The in silico analysis of the MtN5 promoter sequence
and the experimental evidence suggest that M(N5 pri-
marily responds to rhizobia-derived signals and can be
regulated by hormones involved in the coordination of
epidermal and cortical responses and in nodule
formation.

MtN5 expression pattern during rhizobial infection and
nodule development

To investigate the spatial and temporal pattern of MtN5
expression at the tissue and cell levels, MtN5 promoter
activity was monitored in MtN5p::GUS transgenic roots
with and without rhizobial inoculation. In non-
inoculated roots, MtN5p::GUS is expressed at the root
tip (Additional file 2). The p-glucuronidase (GUS) activ-
ity was also detected at the site of lateral root emergence
and along the whole length of young lateral roots; as lat-
eral roots get older, GUS activity was confined to the
root tip (Additional file 2).

MtNSp::GUS transgenic roots showed localized induc-
tion of GUS activity as a consequence of S. meliloti in-
oculation. 3 hours post-inoculation (hpi), GUS activity
was visible in the epidermis as localized spots and in the
root hairs (Figure 2A-2C). At more advanced stages of
infection (i.e. 24 hpi), the MtN5 promoter activity was
detected in the root cortex, in close proximity to the
central stele (Figure 2D).

During the early stages of nodule development, con-
siderable activity of the MtNS promoter could be
observed at the boundary between the root cortex and
the central stele (nodule primordia) (Figure 2E). As
primordia grow and emerge from the root, the expres-
sion of the GUS reporter is detectable in the whole nod-
ule (Figure 2F-2H). In fully developed root nodules, the
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promoter activity was predominantly localized in the
distal zone (Figure 2I and 2J). The analysis of M¢N5 pro-
moter activity highlighted the presence of MtN5 expres-
sion during rhizobial infection in those cells that
underwent structural changes and membrane rearrange-
ments (i.e. root hairs) and in tissues showing a high cell
division activity such as root meristems and nodule
primordia.

The temporal and spatial pattern of MtN5 promoter
activity indicates that MtN5 can be considered as an
early marker of M. truncatula and S. meliloti interaction
together with other epidermal nodulins such as RIPI
and ENOD11, which are putatively involved in cell wall
modification before the formation of infection threads
[47,48].

MtN5 influences ENOD11 response to rhizobia and is not
required for NIN induction

In order to understand the relationships between MtN5
and other components of the early NFs signalling path-
way, the expression of two early nodulins, ENOD11 and
NIN was analysed in transgenic adventitious hairy roots
carrying a hairpin construct (MtNShp) for MtN5 silen-
cing [34]. Composite plants were micro-flood inoculated
with S. meliloti and roots were collected at different
times after infection (3, 6, 12, and 72 hpi). The roots
considered in this experiment were preselected for their
transgenic status on the basis of the fluorescent signal
deriving from the DsRED marker gene present in the T-
DNA. MtN5 expression was induced very rapidly after S.
meliloti inoculation (Figure 3A) in adventitious control
roots, which were generated from the infection with
Agrobacterium rhizogenes carrying an empty pRedRoot
vector. In inoculated MtN5hp transgenic roots, MIN5

Figure 2 MtN5 promoter activity during rhizobial infection and nodule development. Representative expression patterns are shown.
Localization of MtN5 expression in the root epidermis (A) and in the root hairs (B, C) 3 hours post-inoculation (hpi). (D) GUS staining detected in
the root cortex at 24 hpi. MtN5 promoter activity in nodule primordia (E, F) and in young nodules (G, H). MtN5 promoter activity in fully
developed root nodules (1, J).
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expression was significantly reduced at each time point
considered compared to that in control roots
(Figure 3A). The steady state level of the M(NS5 tran-
script decreased on average by 70%, ranging from ap-
proximately 62% (6 hpi) to 80% (72 hpi).

The expression of ENOD11, an early marker of pre-
infection and infection phases of rhizobial symbiosis,
showed a progressive increase starting from 6 hpi in the
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Figure 3 Time course expression analysis of MtN5, ENOD11 and
NIN genes after rhizobial inoculation. The expression level of
MEN5 (A), ENODTT (B) and NIN (C) was assessed by qRT-PCR in
adventitious hairy roots obtained by genetic transformation with A.
rhizogenes harbouring a pRedRoot binary vector carrying either the
MtN5hp construct or an empty T-DNA. The data were normalized

to an internal actin control. The relative expression ratios were
calculated using control mock-inoculated roots as calibrator sample.
The values reported are means + SE (n=at least 3). Student’s t test
was applied. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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control adventitious roots. In MtNS5-silenced root tis-
sues, ENODI11 was already strongly up-regulated at 3
hpi and its expression was significantly enhanced as
compared to that in control roots in the following stages
of infection (Figure 3B).

MtNIN is required for nodule primordia initiation hav-
ing a role in the coordination of epidermal and cortical
responses [28]. In control roots the expression of MtNIN
was up-regulated starting from 6 hpi. MtNS silencing
did not significantly alter NIN mRNA steady state levels
at each time point examined in the analysis (Figure 3C).

To date, the data available regarding the involvement
of nodulin genes in the NFs signalling pathway place
both ENODI1 and MtNIN downstream of the calcium
spiking [13,28]. To analyze the relationship between
MtNS5 expression and the calcium oscillation we used
the recently established Tntl transposon mutant collec-
tion of M. truncatula R108 [49] and searched for an in-
sertion line in DMII gene, which is required for the
generation of calcium spiking [10,50]. We identified the
line NF4257, which carries a transposon insertion 155
nucleotides downstream of the translation initiation site
of DMII gene. Plants were propagated and were subse-
quently screened for homozygous offsprings by polymer-
ase chain reaction (PCR) (Additional file 3). In the
NF4257 homozygous line, DMII expression was almost
completely abolished (DMI1 steady state level was 20%
as compared with wild type plants) (Additional file 3). In
the S. meliloti-inoculated NF4257 mutant, the MtNIN
induction was eliminated (Figure 4A and [28]), whilst
MtN5 showed a wild-type behaviour (Figure 4B). This
finding suggests that M¢N5 activation might occur up-
stream of calcium spiking, although we cannot exclude a
priori that other Tntl insertions, potentially present in
the DMII homozygous mutant seedlings, could affect
MNS expression in trans.

PLD activity is required for the response of MtN5 to S.
meliloti

Several pieces of research have demonstrated that the
signalling cascade activated by NFs implicates, at an
early stage, the intermediation of heterotrimeric G-
proteins and small GTPases [51-54], which, in turn,
stimulate the functionality of phospholipase C (PLC)
and D (PLD) [51,53,55,56]. According to the current
model, the products of hydrolysis generated by PLC (in-
ositol trisphosphate and diacyl glycerol) stimulate the ac-
tivity of ligand-gated calcium pumps causing the
increase in the cytosolic Ca** concentration, whereas the
PLD product (phosphatidic acid, PA) seems to be
required for the onset of a kinase/phosphatase signalling
cascade, that eventually leads to the activation of nodu-
lin genes and to the reorganization of the cytoskeleton
in preparation for the root hair inward growth [57].
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With the aim of investigating the dependence of M!N5
induction on the two parallel pathways of the lipid signal-
ling, a pharmacological approach was adopted, using spe-
cific inhibitors of PLC and PLD (neomycin and n-butanol,
respectively). As already demonstrated, the application of
both 100 uM neomycin and 68 mM n-butanol did not
cause a significant loss of viability in root hair cells [13].

M. truncatula seedlings, pretreated with neomycin and
subsequently inoculated with S. meliloti, showed a 13-fold
up-regulation of M(N5 (Figure 5A) compared to un-
treated, control roots, whereas in the absence of the
pharmacological treatment, inoculated roots displayed a
4-fold MtN5 induction indicating that neomycin did not
repress MtN5 induction. Similarly, the treatment with the
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Figure 5 Effect of specific inhibitors of PLC and PLD (neomycin and n-butanol, respectively) on MtN5 expression. A. The relative mRNA
level of MtN5 was assessed by gRT-PCR analysis in wild-type M. truncatula roots either untreated or treated with PLC agonist neomycin and
inoculated with S. meliloti. B. gRT-PCR performed on wild-type M. truncatula roots either untreated or treated with PLD agonist n-butanol and
inoculated with S. meliloti. C. qRT-PCR carried out on wild-type M. truncatula roots either untreated or treated with n-butanol isomer, t-butanol,
and inoculated with S. meliloti. The expression data were normalized to an internal actin control. The relative expression ratios were calculated
using untreated, mock-inoculated roots as calibrator sample. The data reported are means + SE (n = at least 3). Common letters indicate no
significant difference according to one-way ANOVA with the Bonferroni post-test.
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PLC inhibitor alone resulted in an approximately 9-fold
increase of MtN5 expression. Analogous stimulatory
effects were reported for other nodulin genes after treat-
ment with PLC inhibitors and interpreted as the result of
membrane trafficking alteration or microtubule
reorganization [14,58]. These data suggest that the M(N5
induction due to rhizobial inoculation and to neomycin
treatment are most probably independent effects
(Figure 5A). The n-butanol competes for the phosphatidyl
group acting as antagonist of PA production by PLD en-
zymatic activity [59]. Interestingly, S. meliloti-inoculated
roots treated with the PLD inhibitor did not show a sig-
nificant variation in M¢N5 expression when compared to
control roots indicating that the n-butanol treatment pre-
vents MtNS5 induction (Figure 5B). The treatment with
tert-butanol, a butanol isomer, which does not act as a
phosphatidyl group acceptor, did not hamper M¢N5 in-
duction (Figure 5C). On the whole, these results suggest
that MtNS response is dependent on PA production.

MtN5 influences root hair curling and primordia invasion
The microscopic observations of MtNShp hairy roots
inoculated with a rhizobium strain harbouring the hemA::
LacZ reporter gene revealed a significantly higher number -
about twice that of control roots - of root hair curling
events (Figure 6A). However, the 5-bromo-4-chloro-3-
indolyl-beta-D-galactopyranoside (X-Gal) staining of rhizo-
bia highlighted that the number of bacteria-colonized prim-
ordia was significantly reduced (by about 80%) in MtN5hp
roots as compared to that in the control samples
(Figure 6A) and, as already reported, the composite plants
bearing MtN5hp silenced roots also showed a reduction in
the number of fully developed nodules (by about 80%).
Nonetheless, the total number of nodule primordia did not
vary significantly between M¢N5-silenced and control roots
(Figure 6A) nor were any phenotypic alterations observed
in curled root hairs such as excessive curling or root hair
deformation (Additional file 4). It was also apparent that
nodule primordia and mature nodules of MtN5hp plants
were not dissimilar in morphology to those produced in
control roots (Additional file 4). On the basis of these data,
the transcript levels of M. truncatula Flotillin 4 (FLOT4), a
gene involved in the bacterial entry pathway, were com-
pared in MtN5-silenced roots and control roots. FLOT4
showed itself to be readily induced in control roots after
rhizobial inoculation (3 hpi), reached a maximum of ex-
pression at 6 hpi and decreased afterwards. In MtN5hp
roots infected with the symbiont, a drastic decrease of
FLOT4 expression (between 70% and 90%) was detected
between 3 and 12 hpi (Figure 6B).

Discussion
The early nodulin MtN5 was identified by means of a
subtractive hybridization approach [32] and, according
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Figure 6 Phenotypical analysis of inoculated MtN5hp roots and
FLOT4 expression. A. Number of root hair curling events, total and
invaded primordia and mature nodules in MtN5hp roots inoculated
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transformation with A. rhizogenes harbouring a pRedRoot binary
vector carrying either the MtN5hp construct or an empty T-DNA
(control). The expression data were normalized to an internal actin
control. The relative expression ratios were calculated using control
mock-inoculated roots as calibrator sample. The values reported

are means =+ SE (n=3). Student’s t test was applied. *, P < 0.05;

** P <001,
J

to the sequence homology, was annotated as a putative
Lipid Transfer Protein [32,33]. The in vitro characteri-
zation of MtN5 recombinant protein highlighted that it
has the ability to bind lipid and counteract the growth
of microorganisms [34] suggesting a possible involve-
ment in the limitation of the rhizobial invasion. How-
ever, the functional study based on both silencing and
over-expression approaches showed that M(N5 func-
tion is required for a successful establishment of the
symbiosis [34].

To shed light on the molecular role of M(NS in M.
truncatula-S. meliloti symbiosis, we initially focused on
the regulation of MtNS5 expression. The data presented
in this work confirm that the induction of MIN5 is a
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NE-responsive event, but also show that MIN5 expres-
sion is probably controlled by several additional signals,
either rhizobia-derived effectors or phytohormones,
auxin and cytokinins. These observations are consistent
with the finding that MzN5 is induced at different stages
of symbiotic interaction from pre-infection to mature
nodules and also with the constitutive expression in root
tips of principal and lateral roots. The rhizobial infection
does not modify MtNS5 expression at the root tip level,
but it triggers very early the induction of MtN5 in the
epidermal tissues (3 hpi) and in the root cortex (24 hpi).
Thus we propose that MtN5 can be regarded as an early
molecular marker of M. truncatula and S. meliloti
interaction.

The detection of MtN5 promoter activity in root hairs
and in localized spots of the epidermis supports the idea
that MtNS might be involved in pre-infection or/and in-
fection events. Pre-infection responses to rhizobia are
accompanied by the induction of the marker gene
ENODI1I in the root epidermis, whereas in later phases
its expression is confined to the invaded zones of the
roots [48]. The transcription factor M(NIN seems to
regulate ENODI11 activity contributing to the restriction
of its expression to the S. meliloti-responsive zone of the
root [28]. In inoculated MiN5-silenced roots, the
ENODI1 induction is not prevented. Indeed, ENODI1
expression is strongly stimulated in MtNS5-silenced roots
compared with that in control roots, indicating that
MtN5 function is required for controlling ENODI1 ex-
pression. In addition, MtN5 down-regulation does not
inhibit NIN transcription suggesting that the mis-
regulation of ENODI1 in MtNS5-silenced roots is inde-
pendent of the NIN effect on ENODII transcription.
The stimulation of ENODII expression in MtNS5-
silenced roots could also be interpreted as an indirect
consequence of the impaired rhizobial infection.

The phenotypic analysis of MtN5-silenced roots con-
firms a role of this nodulin in pre-infection stages of the
symbiosis; in fact, although abnormalities in root hair
curling were not observed, the number of curled root
hairs was significantly greater in comparison to that in
control roots. An enhanced responsiveness of root hairs
to rhizobia was observed in several infection-defective
leguminous plants [28,60-62], which could suggest the
presence of a mechanism that represses root cell compe-
tence in wild type plants [61]. From our data we can
infer that MtN5 might be implicated in the mechanism
that limits root hair curling.

The host plant controls the rhizobial invasion with dif-
ferent strategies [63,64]. For instance, the induction of
pathogen defence genes is one of the early events
detected during symbiosis and it has been indicated as
one of the mechanisms involved in IT abortion
[33,65,66]. At later stages, the expression of these
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defence genes usually declines probably as a conse-
quence of bacteria recognition by the host plant
mediated also by molecular signals, e.g. exopolisacchar-
ides, produced by rhizobia [33,65,67]. Furthermore, host
plants limit the number of nodules through a mechan-
ism termed autoregulation of nodulation that implicates
the intervention of shoot receptor kinases [63,64]. MtN5
belongs to the non specific LTP family that includes apo-
plastic proteins with inhibitory activity against pathogens
and itself possesses the capacity to limit S. meliloti
growth in vitro [34]. It has also been suggested that
MtN5 could belong to a group of LTPs having a role in
plant-microbe interaction signalling [35]. MtN5 might
act by limiting the stable attachment and/or proliferation
of rhizobia at the surface of epidermal cells/root hairs,
by modulating, for instance, either the perception or the
activity of rhizobia-derived signal molecules. Besides the
increased curling, MtN5-silenced roots showed a reduc-
tion in the number of invaded root nodules, indicating
that MtN5 could also participate, either directly or indir-
ectly, in the regulation of bacterial invasion. If this is so,
the limitation of curling events might favour the pene-
tration of bacteria at a restricted number of infected
spots.

Several experimental observations are consistent with
the existence of a parallel NF-mediated signalling path-
way that operates in root hair curling and bacterial entry
acting in concert with the common symbiotic pathway
[25,68]. Furthermore, pharmacological studies have
demonstrated that lipid signalling is implicated in both
root hair deformation and IT initiation [14]. The re-
sponse of MtNS5 to rhizobium is dependent on PLD ac-
tivity and we obtained a first indication that it might be
independent of DMII, a component of the common
symbiotic pathway. Further investigations are needed to
prove the independence of MtN5 induction from Ca**
spiking and to ascertain whether MtN5 is a component
of the parallel NF-mediated pathway that controls root
hair curling and/or rhizobial entry. It was recently dis-
covered that a member of the flotillin family, FLOT4,
which is up-regulated during early symbiotic events and
localized in membrane microdomains in infected root
tips, plays a role in IT initiation and elongation [29].
Our observations indicate that MtN5 acts upstream with
respect to FLOT4, supporting the idea that MIN5 parti-
cipates in the events preceding IT development.

Bacterial infection occurring at the epidermis level is
coordinated with the cortical process that promotes
nodule formation and development [19]. The formation
of nodule primordia requires the perception of Ca**
oscillations by calcium-activated kinase CCaMK (DMI3)
and the activation of cytokinin signalling. In addition,
the phytohormone auxin participates both locally and
systemically in the regulation of nodule organogenesis
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[22,69]. Both auxin and cytokinins induce MtN5 expres-
sion in vitro. Furthermore, in S. meliloti inoculated roots
the MtNS5 transcript localizes in the inner cortex at a site
where cellular divisions take place to form the nodule
primordium. These findings would suggest the possibil-
ity that MINS participates in nodule organogenesis.
However, we observed that the total number of nodule
primordia in M¢N5-silenced roots did not differ from
that measured in wild type roots. Therefore, MtN5 does
not seem to be required for nodule primordia initiation.
This is consistent with the finding that M¢N5 functions
downstream or more likely independently of MININ
(Figure 3C).

Even though nodule initiation appears not to be
impaired, the number of invaded primordia was mark-
edly reduced in MiNS-silenced roots. Thus the
decreased number of mature nodules in MtN5-silenced
roots could be the consequence of the curtailed capacity
of the rhizobia to invade the primordia. It has in fact
been reported that bacterial invasion can be crucial for
the maintenance of nodule developmental program [70].
On the other hand, we cannot exclude that MtN5 might
have a direct role in promoting the maintenance of nod-
ule primordia. Further investigations are necessary to
clarify this point.

Conclusions

The data presented here demonstrate that MtNS5 partici-
pates in the molecular events occurring at the epidermis
after NF perception and PLD activation and before root
hair invasion and that its function is dispensable for
nodule initiation but required for nodule invasion. Plants
lipid transfer proteins are usually small, secreted, basic
proteins, characterized by the presence of a hydrophobic
cavity that enables the interaction with lipid molecules.
Members of the plant LTP superfamily display a wide
range of biological activities such as a defensive role
against pathogens, deposition of cuticular wax, modifica-
tion of cell walls and pollen tube guidance [71,72]. Based
on sequence similarity, MtN5 and A. thaliana DIR1, an
nsLTP implicated in pathogen defence systemic signal-
ling [73] have been assigned to a sub-group of ns-LTP
putatively involved in lipid-mediated signalling [35]. The
lily LTP SCA and the A. thaliana SCA, which are impli-
cated in pollen tube growth, have also been put forward
as signal transducers [72,74].

We propose that MtN5 plays a role in the process that
regulates the competence of epidermal cells for rhizobial
infection. Thus MtN5 would be part of the machinery
that gives the host control over the mutualistic partner
in order to preserve plant fitness. To explore the hy-
pothesis that MtN5 functions as a signal transducer in
these processes, the identification of MtN5 interacting
proteins or ligands would be necessary.
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Methods

Bacterial strains

Sinorhizobium meliloti 1021 [75] was grown at 28°C in
LBMC medium (10 g/l tryptone, 5 g/l yeast extract,
10 g/l NaCl, 2.6 mM MgSO,, 2.6 mM CaCl,) supple-
mented with streptomycin 200 pg/ml. Agrobacterium
rhizogenes ARqual [76] was grown at 28°C in TY
medium (5 g/l tryptone, 3 g/ yeast extract, 6 mM CaCl,,
pH 7.2) supplemented with streptomycin 100 pg/ml.

Plant growth and rhizobial inoculation

Medicago truncatula cv. Jemalong seeds were sterilized
and germinated as already described [77]. For time course
assay and for GUS detection experiments, M. truncatula
seedlings were placed in square Petri plates, containing
slanted BMN agar medium [78] supplemented with
0.1 uM L-a-2-Aminoethoxyvinyl glycine (AVGQ). The plates
were kept vertically in a growth chamber at 25°C and 10-h
light/14-h dark regimen. After seven days of nitrogen star-
vation, the seedlings were micro-flood inoculated as previ-
ously described [34]. Briefly, bacteria were grown overnight
and suspended in 10 mM MgSO,. Microflood inoculation
was performed by placing five drops (0.5 ul) of bacterial
suspension on the surface of the root. For qRT-PCR experi-
ments, control samples (mock-inoculated) were treated
with the same volume of 10 mM MgSO,.

GUS constructs and histochemical staining

The reporter construct was prepared by fusing together
the MtN5 promoter and the intronless coding region
of E. coli B-glucuronidase (uidA), as already described
[79]. Briefly, 1.5 kb-long sequence upstream of the
transcription initiation site was amplified from wild-type
plants by means of PCR with the following primers: 5'-
GAATTCCACAATCTCTTTCTTTCTCG-3' and 5'-GG-
ATCCCTGGTTCTAGTTTACTATAT-3'. The PCR frag-
ments were sub-cloned and checked by sequencing.
The MtN5 promoter was cloned upstream the 1.812 kb
sequence of GUS coding region into a pBIN19 deriva-
tive vector, harbouring the nptll gene, coding for the
kanamycin resistance, under the transcriptional control
of nos promoter [80]. The two transcriptional cassettes
(MtNSpromoter:GUS and kanamycin resistance) were
placed convergently. The resulting chimeric gene was
mobilized into A. rhizogenes ARqual, which was used to
obtain plants bearing genetically modified silenced roots.
The histochemical GUS staining was performed as previ-
ously described [81]. Images were taken with a Leica
DM2500 microscope equipped with a DFC420C digital
camera (Leica Microsystems, Wetzlar, Germany). The
GUS stained nodules were embedded, after fixation
and dehydratation, in Technovit 7100 (HeraeusKulzer,
Wehrheim, Germany) according to the manufacturer’s
instructions. Sections (6 um thick) were prepared and
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stained with 0.05% toluidine blue. The slides were
observed with a Zeiss Axiophot D1 microscope (http://
www.zeiss.com/) and images were recorded with an
Axiocam MRc5 camera (Zeiss) using the Axiovision pro-
gram (version 4.1).

Plants inoculated with S. meliloti bearing the pXLGD4
plasmid, containing the constitutive hemA:LacZ gene,
were stained as previously described [82]. Whole root
samples were mounted on glass slides with coverslips
and observed with a Leica DM2500 microscope
equipped with a DFC420C digital camera (Leica Micro-
systems, Wetzlar, Germany).

Plant transformation

Root transformation with A. rhizogenes ARqual was per-
formed as previously described [83]. Plants infected with
ARqual were kept in square Petri dishes containing Fah-
raeus Modified Medium (FMM) for about three weeks.
When the binary vector employed in the transformation
was pBIN19 (MiN5p:GUS construct), the FMM was
supplemented with kanamycin 50 pg/ml for transfor-
mants selection. For MtNS5 silencing, the MtN5hp con-
struct was cloned into the pRedRoot binary vector, as
previously described [34]. Transformed roots were
checked using a Leica MZ16F fluorescence microscope
with the following filter setting for DsRED1 detection:
541-551 nm bandpass excitation filter and 590 nm long-
pass emission filter. Composite plants were micro-flood
inoculated in Petri dishes and kept vertically in the
growth chamber at 25°C and 10-h light/14-h dark regi-
men, as previously described [34].

Exopolysaccharide extraction
The extraction of exopolysaccharide (EPS) from S. meli-
loti 1021 was performed as previously described [43].
The polysaccharides were dissolved in 10% NaCl and the
concentration of the preparation was checked using the
phenol-H,SO, method [84].

Plant treatments
To test the effects of plant hormones on MtN5 gene ex-
pression, M. truncatula seeds were scarified and steri-
lized as described above and then germinated on solid
FMM medium. 7-day-old seedlings were moved to
square Petri dishes containing slanted FMM agar
medium supplemented with either a-naphthyl acetic
acid (NAA) or benzyl-amino-purine (BAP) at different
concentrations. Plants were kept vertically in the growth
chamber at 25°C with a regimen of 10 h of light and
14 h of darkness for 48 h. Root apparatuses were col-
lected, frozen in liquid nitrogen and stored at -80°C until
RNA extraction.

For the treatments with Nod Factors (NFs), chitin tet-
ramers (N,N,N”,N"-tetraacetylchitotreaose) (Carbosynth,
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UK) and exopolysaccharides (EPS), 7-day-old seedlings
were transferred to 50 ml test tubes containing liquid
FMM supplemented with the chosen concentration of
the effector and kept in the growth chamber at 25°C
with a regimen of 10 h of light and 14 h of darkness.
The treatment with NFs was carried out for 24 h and
the treatments with EPS and chitin tetramers were per-
formed for 48 h.

For the pharmacological treatments seven-day-old M.
truncatula seedlings were placed on Petri dishes con-
taining BMN medium supplemented with both 0.1 uM
AVG and the pharmacological effectors, and treated for
24 h. Neomycin (Sigma) was prepared as 10 mM aque-
ous solution and n-butanol and tert-butanol were
diluted in sterile water just before use [13]. The plants
were then transferred onto fresh BMN medium supple-
mented only with AVG and micro-flood inoculated with
S. meliloti, as previously described. The root tissues were
collected 4 hpi and MtNS expression was checked by
quantitative RT-PCR (qRT-PCR) analysis.

Quantitative RT-PCR

The qRT-PCR analyses were carried out as already
described [85]. The nucleotide sequences of the primers
used for the qRT-PCR are reported in Additional file 5.
The pairs of primers used to analyse the expression of
MtNS5 in hairy roots were specifically chosen at the 3’
end of the transcript to avoid the amplification of
sequences derived from the /p construct itself.

Genomic DNA extraction and insertional mutant
characterization

The M. truncatula genomic DNA was prepared from
100 mg of leaves as previously described (http://medi-
cago.org/documents/Protocols/dna.html).

The genetic characterization of the M. truncatula
R108 NF4257 mutant line which, besides other inser-
tions, harbours a transposon insertion in DMII gene,
was carried out by means of a PCR-based approach. The
genomic DNA was used as template in a PCR reaction
containing two primers annealing on the DMII coding
sequence (DMI1_for: 5-ATCCTTGGCTGGAGTGAC-
AAATTG-3"; DMI1_rev: 5-CTGATCTGCATTTTCGT-
CCGCAGC-3') and a third primer complementary to
the Tutl sequence (Tntaill: 5-TATGCAAAGAACTT-
GTCGGCATGC-3') [49] (Additional file 3). The dis-
crimination between heterozygous and homozygous
plants for the insertion in the DMII gene was carried
out on the basis of the number and the size of the
amplicons obtained following PCR reaction.

Statistical analysis
The mean values + SE are reported in the figures. Statis-
tical analyses were conducted using a Student’s ¢ test
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or a one-way ANOVA with Bonferroni post-test,
as appropriate.

Additional files

Additional file 1: Nucleotide sequence of the putative MtN5
promoter and MtN5 open reading frame. The beginning of the ORF is
identified by +1. The region analysed as the putative promoter
encompasses 1.54 kb upstream the initiation codon. TATA box and CAAT
box are double underlined and underlined with dashed line, respectively.
The other motifs highlighted are listed as follow: OSETROOTNODULE
(AAAGAT occurring in antisense orientation), OSE2ROOTNODULE (AAGAG
occurring in both sense and antisense orientations), NRE (AATTT) ,
ARRTAT (AGATT) and AUXREPSIAA4 (GTCCCAT occurring in antisense
orientation).

Additional file 2: MtN5 promoter activity in non-inoculated

M. truncatula root tissue. A. Representative GUS staining pattern in
M. truncatula transgenic adventitious roots harbouring the MtN5:GUS
construct. Insets show the representative GUS staining pattern at the
lateral root apex (B) and at the lateral root emergence (C), respectively.

Additional file 3: Description of NF4257 insertional mutant and
determination of DMIT expression in the mutated background.

A. Schematic drawing of the TntT insertion and representation of the
oligonucleotides used for the genetic characterization of the insertional
line. B. gRT-PCR analysis of DMIT expression in M. truncatula R108
wild-type and NF4257 roots inoculated with S. meliloti. The expression
data were normalized to an internal actin control. The relative expression
ratio was calculated using inoculated wild type roots as calibrator sample.
The values reported are means + SE (n=3). Student’s t test was applied.
** P <001.

Additional file 4: Root hair deformations and nodule primordia in
MtN5-silenced and control roots. A-B. Representative micrographs of
root hair curling in M. truncatula roots inoculated with S. meliloti.

A. Transgenic adventitious root bearing the MtN5hp gene construct.

B. Transgenic adventitious root bearing an empty T-DNA (Control
sample). C-D. Representative micrographs of root nodule primordia in
M. truncatula roots inoculated with S. meliloti carrying the pXLGD4
plasmid. The presence of rhizobia within the primordia was highlighted
through the staining for the -galactosidase activity. C. Nodule
primordium generated on transgenic adventitious root bearing the
MtN5hp gene construct. D. Nodule primordium generated on transgenic
adventitious root bearing an empty T-DNA (Control sample).

Additional file 5: Primers used for RT-PCR. List of the

oligonucleotides used as primers in the gRT-PCR experiments.
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