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Abstract
Aims The colonization pattern of three grapevine endo-
phy t e s ( f ami l i e s Sph ingomonadaceae and
Enterobacteriaceae) and their putative metabolic signa-
ture in plants were analyzed on Vitis vinifera L. cv. Pinot
noir to determine the behavior of endophytic strains
inside plants as well as how plants respond to such
microsymbionts.
Methods StrainsEnterobacter ludwigiiEnVs6,Pantoea
vagans PaVv7 and Sphingomonas phyllosphaerae
SpVs6, were root inoculated on micropropagated grape-
vine plantlets and colonization was determined by dou-
ble labeling of oligonucleotide probes-fluorescence in
situ hybridization (DOPE-FISH) coupled with confocal
microscopy. After inoculation, the metabolic signature
in plants colonized byEnterobacter ludwigiiEnVs6was
further studied using UPLC//tandem mass spectrometry
analysis.

Results E. ludwigii EnVs6 and P. vagans PaVv7 colo-
nized the plantlets and were both observed on the root
surfaces and as endophytes in the cortex and inside the
central cylinder up to xylem vessels, but not in the
systemic plant parts. Strain SpVs6 also efficiently colo-
nized the root surface, but not the endorhiza and was
therefore not detected as an endophyte. A metabolic
signature in plants inoculated with E. ludwigii EnVs6
was depicted, resulting in a significant increase in
vanillic acid and a decrease in the concentration of
catechin, esculin, arbutin, astringin, pallidol,
ampelopsin, D-quadrangularin and isohopeaphenol.
Changes in the concentration of epicatechin,
procyanidin 1, taxifolin and the sum of quercetin-3-
glucoside and quercetin-3-galactoside, in roots and
stems were also detected, showing that the effect of
colonization of plants is most prominent in the stems.
Conclusions Colonization patterns in endophytes are
divergent according to the strains used. A metabolic
signature suggests the activation of pathways involved
in plant defense but alsomodulation of the production of
metabolites that are keys for colonization.

Keywords Endophytes . Colonization . Secondary
metabolism . Grapevine

Introduction

Bacteria use multiple mechanisms for colonization of
plant internal tissues (the endosphere), albeit each of
these mechanisms is associated with three fundamental
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steps: attachment through adhesins (including strain-
specific fimbriae, pili, surface polysaccharides and fla-
gella), penetration, with disruption of natural barriers in
the host (using mechanisms like lactic acid production,
protease and lipase activity and receptor-mediated ma-
nipulation of the host cell) and eventually establishment,
that supposes a strong interaction with the biotic and
abiotic surroundings (Wilson et al. 2002). When bacte-
ria approach the plant in the soil, they are attracted by
the root’s exudates before attachment (Bacilio-Jiménez
et al. 2003; Huang et al. 2014). Binding to and coloni-
zation of aerial plant parts can also occur following
dispersal mechanisms such as rain, air flow and biolog-
ical vectors (Bock et al. 2012). Penetration is usually
achieved through secondary root emergence sites
(Hallmann et al. 1997) or in wounded zones of the
epidermis. Bacteria can also penetrate at sites without
any apparent sign of disruption (Huang 1986).
Penetration also supposes the activation of a dedicated
group of genes used by the microorganism to evade the
immune system of the host, while progressing towards
the plant’s inside (Iniguez et al. 2005; Malfanova et al.
2013). Establishment is by far the most interesting pro-
cess of colonization, since a strong interaction with the
plant takes place. To establish, bacteria can form aggre-
gation structures (micro-colonies, aggregates or
biofilms) that facilitate living in the plant (Coombs and
Franco 2003; Germaine et al. 2006). Ultimately, these
structures activate defense pathways but also allow bac-
teria to gradually modify the microenvironment.
Moreover, establishment occurs in confined environ-
ments (tissues or tissue-derived structures) that increase
the probability of physical contact and molecular inter-
actions with the plant (Bogino et al. 2013). Among these
interactions, the stimulation by transcription activator-
like effectors (TALEs) and microbe-associated molecu-
lar patterns (MAMPs) is linked to the suppression of
host’s immune response through the activation of alter-
native metabolic pathways (Bittel and Robatzek 2007;
Erbs and Newman 2012; Ji et al. 2014; Munoz Bodnar
et al. 2013). The final outcome of this stimulation is the
modulation of gene expression and the concomitant
changes in metabolite production (Schmidt et al. 2014).

Colonization mechanisms have been described in
groups of symbiotic and free-living bacteria including
rhizobia (Jones et al. 2007), agrobacteria (Winans 1992)
and Frankia (Capoen et al. 2009; Perrine-Walker et al.
2010). In these three scenarios, the importance of met-
abolic crosstalk has proven to be crucial for symbiosis

(Kozyrovska 2013) and for understanding how coloni-
zation occurs, how bacteria adapt and how the plant
responds to the symbiosis (Ferluga and Venturi 2009;
Gurich and Gonzalez 2009).

In the case of other endophytic bacteria colonizing
inner plant tissues and that can be either commensal or
beneficial (Reinhold-Hurek and Hurek 2011; Schulz
and Boyle 2006), colonization requires entry into the
plant through either passive or active mechanisms and
results in the assembly of complex microbial communi-
ties (Hardoim et al. 2008) that can be indispensable for
the host (Calvaruso et al. 2006; Turner et al. 2013). The
result of this association is key to the plant’s well-being
and it has been postulated that individuals depleted from
their endophytic microbiota might be less resilient to
stress and more prone to pathogen infection than those
colonized by beneficial bacteria (Gilbert et al. 2010;
Partida-Martinez and Heil 2011).

Some studies show changes on the transcriptomic
profiles in the bacterial partner during endophytic colo-
nization (Hauberg-Lotte et al. 2012; Shidore et al. 2012)
but only few works have focused on metabolic plant
responses. For example colonization by diazotrophic
bacteria and formation of nitrogen fixing structures
show variation in transcriptomic profiles (Boscari et al.
2013) hinting at a possible role of the metabolic constit-
uents of the plant as drivers of endophytic symbiosis.
Moreover, most of the information that comes from
transcriptomic analysis makes difficult defining actual
candidate molecules driving the symbiosis. This points
makes the metabolic endophyte-plant interplay an out-
standing phenomenon that may be crucial for coloniza-
tion and establishment.

Experimental evidence suggests that plant coloniza-
tion by particular bacterial endophytes is marked by a
change in the expression of key genes of plant central
metabolic pathways (Bordiec et al. 2011). This is
supported by observations showing that endophytic
bacteria of the genus Paenibacillus generate a meta-
bolic signature (a recurrent change in the metabolic
profile of plants after inoculation with the same strain
in repeated experiments) when artifically inoculated in
poplar plants (Scherling et al. 2009). Surprisingly,
other endophytic microorganisms (especially fungi)
can also influence plant’s metabolism by increasing
the content of antioxidant compounds in the host and
this seems to be a trademark for some types of endo-
phytic symbiosis (Torres et al. 2012). Thus, the meta-
bolic signature might be a widespread characteristic in
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bacteria-plant interactions and especially in endophytic
colonization.

Metabolic profiling of bacterial colonization is a new
and interesting area of research (Allwood et al. 2008),
given the advances on metabolite detection techniques
including Matrix Assisted Laser Desorption/Ionization-
Time of Flight Mass spectrometry (MALDI-ToF MS),
Ultraperformance Liquid Chromatography-tandem
mass spectrometry (UPLC-MS/MS) and MALDI/MS
assisted imaging (Bajad et al. 2006; Ye et al. 2013;
Ziegler et al. 2012). Analysis of metabolites with these
techniques permits the quick assessment of molecules
accumulated during host-symbiont interactions. Such an
approach can depict the final outcome of a set of regu-
latory events in metabolic pathways, including those
involved in plant growth and in colonization and adap-
tation in bacteria. Therefore metabolomics as well as
colonization studies can enable to better understand how
endophyte establish inside the plants.

To study colonization of plants by bacteria, the intro-
duction of plasmids bearing auto-fluorescent proteins
(AFPs) like the green (GFP) or red (dsRED) fluorescent
proteins (Bloemberg et al. 2000; Tombolini et al. 1999)
have been done. However, transformation of environ-
mental strains with recombinant plasmids can some-
times be challenging, and unknown molecular mecha-
nisms for plasmid compatibility might make customiza-
tion of plasmids a time-consuming process.
Alternatively, fluorescence in-situ hybridization (FISH)
or derivates, can be used to track microbes on and inside
plants. The advantages of this technique as compared to
other types of approaches (such as immuno-staining,
and chromosomal banding) include the good spatial
resolution along with the possibility of analyzing a wide
range of organisms with varying taxonomy (Levsky and
Singer 2003). For plant-associated bacteria, the use of
FISH or derivate has proved to be a good option to
visualize interactions in the rhizosphere and the
phyllosphere, as well as for the detection of organisms
inside the plant (Compant et al. 2008a, b), which has led
to the discovery of host adaptation and co-evolution
phenomena (Campisano et al. 2014a).

In this work we follow re-establishment in grapevine
plants of three endophytes isolated from Vitis vinifera L.
using double labeling of oligonucleotide probes-
fluorescence in situ hybridization (DOPE-FISH). We
were able to detect bacteria in the plants after artificial
inoculation and demonstrate that strains EnVs6 and
PaVv7 colonize the plant root as endophytes, while

strain SpVs6 was observed on the root surface but not
in the endosphere. We also report a shift in the concen-
tration of several metabolites in micropropagated grape-
vine, following inoculation with endophytic strain
EnVs6, suggesting a metabolic signature of bacterial
colonization. The pathways involved in this type of asso-
ciation are related the metabolism of phenylpropanoids in
the plant, suggesting the activation of plant defense mech-
anisms during colonization and hinting to a link with
symbiosis pathways previously described for endophytic
bacteria.

Materials and methods

Bacterial strains and growth conditions

Pantoea vagans strain PaVv7, Enterobacter ludwigii
strain EnVs6 and Sphingomonas phyllosphaerae strain
SpVs6 were isolated from stems of both Vitis vinifera L.
cv. sylvestris (EnVs6 and SpVs6) and V. vinifera L. cv.
vinifera (PaVv7) and characterized previously
(Campisano et al. 2014b). Bacteria were grown in LB
broth at 28 °C with shaking (180 r.p.m.) until stationary
phase (for approximately 10 h) and the growth was
monitored by measuring the optical density on a
Nanodrop 8000 (Thermo Fisher Scientific, U.S.A) at
600 nm (OD600). To link counts of viable cell density
with OD600, several dilutions were plated on LB and
incubated for 24–48 h until colonies were visible.
Colony forming units per milliliter (CFU/ml) were
counted. Bacterial suspensions were collected by centri-
fugation, washed twice and resuspended at the appro-
priate concentration in 1X phosphate-buffered saline
(PBS) pH 7.2 before inoculation.

Artificial inoculation of in vitro plant material

In vitro micropropagated plants of Vitis vinifera L. cv
Pinot noir (clone I-SMA 185) were prepared for inocu-
lation as described before (Compant et al. 2005).
Briefly, the plants were micropropagated in cylindrical
glass tubes on complete Murashige-Skoog (MS) medi-
um pH 5.6 (Duchefa biochemie, The Netherlands) sup-
plemented with 3 % sucrose and 0.6 % microagar
(Duchefa biochemie, The Netherlands). This clone was
chosen because in our collection it appeared free of
bacterial contaminants and other bacterial endophytes,
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when tested in PCR using primers 799 F/1520R as
described elsewhere (Campisano et al. 2014c).

Explants with one node and internode were incubated
in a growth chamber for 51 days at 21 °C, 16/8 h (light/
dark) photoperiod and a photon irradiance of
50 μm*m−2*s−1. Healthy plantlets with no less than 3
leaves and no signs of microbial contaminations were
used for experiments. All the plants’ basal leaves were
aseptically pruned to avoid contamination from bacteria
in the medium. Then plants were transferred to sterile
plastic boxes containing 40 ml of MS agar inoculated
with 100 μl of a bacterial cell suspension at a concen-
tration of 3x108 CFU/ml (corresponding to the OD600

value of 0.1). Plants were then kept in the inoculation
chamber and incubated for 10 days using the same
photoperiod and temperature conditions described
above.

Double labeling of oligonucleotide probes-Fluorescence
in situ hybridization (DOPE-FISH)

DOPE-FISH was performed on bacterial pure culture
alone and on plants inoculated with bacteria. For pure
culture of bacteria, strains were cultured in LB medium
at 27 °C and 120 r.p.m. on an orbital shaker until they
reached exponential growth phases. Cells were harvest-
ed by centrifugation at 4500 x g for ten minutes and
washed several times with PBS pH 7.2. Following
washing, cells were fixed in a 4% v/v paraformaldehyde
(in PBS) at 4 °C overnight and then treated with a
lysozyme solution (1 mg/ml) for 10 min at 37 °C.
Cells were then rinsed three times with PBS and centri-
fuged at 4500 x g for 10 min in every washing step.
Later cells were dehydrated in increasing concentrations
of ethanol solutions (25, 50, 75 and 99 %), and stored at
4 °C until further use. Cells were poured into teflon-
coated microscope slides (Immuno-cell, Belgium), air
dried and hybridized according to Compant et al (2005)
using probes EUB338, EUB338II, EUB338III
(EUBmix) labelled with FLUOS and Gam42a labelled
with Cy5 (Amann et al. 1990; Daims et al. 1999; Manz
et al. 1992; Wallner et al. 1993) with fluorochromes at
both 5’ and 3’ ends. NONEUB coupled with Cy5 was
used a control of the experiments. Hybridization step
was carried out with 20μl of hybridization buffer (NaCl
0.9M; Tris–HCl 0.02M; 0.01 % SDS, 35 % formamide
and probes at a concentration of 5 ng/μL) and slides
were placed in 50 ml moisture chambers filled with 5 ml
hybridization buffer. Hybridization was carried out for

2 h at 46 °C in the dark followed by a post-hybridization
step at 48 °C during 30 min using a prewarmed solution
(20 mM Tris–HCl pH 8.0; 0.01%SDS; 5 mM EDTA
andNaCl corresponding to the formamide concentration
used). Samples were then rinsed with distilled water and
air dried overnight in the dark.

To observe colonization by endophytic bacteria,
plantlets were aseptically dissected into roots, stem
and leaves as described by Compant et al. (2005).
Samples were then cut in small parts (5 mm), fixed
and prepared for DOPE-FISH as described above for
bacterial cells. Then the plant material was transferred
to teflon-coated microscope slides (Immuno-cell,
Belgium) and hybridized with probes EUB Mix and
Gam42a as described above. Some samples were sec-
tioned transversally using razor blades. The hybridiza-
tion and post hybridization were carried out as de-
scribed above for bacterial cells and five replicate plants
were analyzed for each strain under study. Another five
replicate plants inoculated with sterile PBS 1X pH 7.2
were prepared as control as well. Finally, five plants per
strain were used to test probe specificity with the
NONEUB probe. Samples were rinsed with distilled
water before being air dried overnight in the dark and
analyzed under confocal microscope (Olympus
Fluoview FV1000 with multi-line laser FV5-
LAMAR-2 HeNe(G) laser FV10-LAHEG230-2).
Pictures were taken at 405, 488, 633 nm wavelengths
and under normal light and then merged (RGB) using
image J software. Pictures were also analyzed using
Imaris 8 software (BITPLANE, UK). Z-stacks were
then used to generate whole-stack pictures, these pic-
tures were sharpened (removing convolution by built-in
microscope software), and the light/contrast balance
was adjusted to improve detail visualization as seen
when samples were observed in the dark conditions
under the microscope.

Metabolic profiling of inoculated grapevine plants

Twenty-four micropropagated plantlets of Vitis vinifera
L. cv. Pinot noir clone I-SMA 185 were cultured and
used in this experiment. Three replicates of four plant-
lets each were inoculated with strain E. ludwigii EnVs6
and three replicates consisting of four plants each were
inoculated with E. coli strain DH5α (a non-endophytic,
non-pathogenic laboratory strain that served as control)
and kept in growth chambers under the same incubation
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conditions adopted for plants used for microscopic ob-
servation of tissue colonization.

After 10 days from inoculation, all plantlets were
frozen in liquid nitrogen, crushed in a Retsch MM200
tissue lyser (Qiagen, The Netherlands) for 2 min in
screw-cap steel capsules containing steel beads, at a
frequency of 25 herz. Finally, the four grapevine plant-
lets that formed a replicate were pooled.

In a second replicate experiment, the identical proce-
dure as described above was followed, but below- and
above-ground plant organs were aseptically separated
before the freezing step, with the purpose of confirming
the distribution of secondary metabolites between plant
organs.

The crushed plant material was analyzed according to
previously established methods (Vrhovsek et al. 2012).
Briefly, 0.1 g of crushed material were extracted in 2 ml
eppendorf tubes with 5 ml of a water/methanol/chloro-
form (1:2:2) mixture. Additionally, 20 μl of internal stan-
dards (gentisic and rosmarinic acids 50 mg/l) were added.
Samples were mixed by vortexing for 1 min and incubat-
ed in an orbital shaker for 15 min at room temperature.
Samples were centrifuged at 15,000 × g at 4 °C for 5 min,
and the aqueous phase was collected. Extraction from the
pellet was repeated time using 600 μl of water/methanol
(1:2) and 400 μl of chloroform, by shaking for 15 min.
After centrifugation, the two aqueous phases were pooled,
dried under a nitrogen stream and resuspended in 500 μl
of methanol/water (2:1). Samples were transferred to glass
vials and stored at −20 °C before injection.

Ultraperformance liquid chromatography was per-
formed was performed as reported in Vrhovsek et al.
(2012) on a Waters Acquity UPLC system (Milford,
USA) consisting of a binary pump, an online vacuum
degasser, an autosampler, and a column compartment.
Separation of the phenolic compounds was achieved on
a Waters Acquity HSS T3 column1.8 μm, 100 mm×
2.1 mm (Milford, USA), kept at 40 °C. The mobile
phase A was water containing 0.1 % formic acid, the
mobile phase Bwas acetonitrile containing 0.1% formic
acid. The flow was 0.4 ml/min, and the gradient profile
was: 0 min, 5 % B; from 0 to 3 min, linear gradient to
20 % B; from 3 to 4.3 min, isocratic 20 % B; from 4.3 to
9 min, linear gradient to 45%B; from 9 to 11 min, linear
gradient to 100 % B; from 11 to 13 min, wash at 100 %
B; from 13.01 to 15 min, back to the initial conditions of
5 % B. The injection volume of both the standard
solutions and the samples was 2 μl. After each injection,
the needle was rinsed with 600 μl of weakwash solution

(water/methanol 90:10) and 200 μl of strong wash so-
lution (methanol/water 90:10).

Mass spectrometry detection was performed on a
Waters Xevo TQMS (Milford, USA) instrument
equipped with an electrospray (ESI) source. Analysis
was done in positive and negativemode. Flow injections
of each individual metabolite were used to optimize the
MRM conditions.

Statistical analysis

Quantitative results of UPLC-MS analysis of metabo-
lites were studies by univariate and multivariate
methods.

Principal component analysis (PCA) was performed
by PAST 3.05 software (Hammer et al. 2001) on data
from experiments one and two independently and on the
entire dataset. Raw data were transformed to row per-
centages before analysis.

To find differences in the concentration of particular
metabolites in plantlets treated with strain EnVs6, mul-
tiple t-tests were performed by correcting for false dis-
covery rate (FDR) at q=0.01, using the GraphPad Prism
software version 6.00 for windows (GraphPad
Software, San Diego California, USA, www.graphpad.
com). The two experimental replicates were analysed
together.

A two-way ANOVAwas performed to determine the
effect of treatment in both experiments, usingmetabolite
and treatment as factors, at α=0.05.

To reveal the effects of plant organ and treatment on
the concentration of each metabolite, a generalized lin-
ear model (GLM) was implemented, in which the re-
sponse variable was the concentration of each metabo-
lite and the model tested differences for the treatment,
organ and the interaction organ*treatment at α=0.05.
Analysis was performed in MINITAB release 14 for
Windows (MINITAB, State College Pennsylvania,
USA, www.minitab.com).

Results

Colonization of plants by endophytic bacteria

DOPE-FISH was performed using probes that were
suitable for the recognition of the strains used. Such
probes were selected according to the phylogenetical
relationships elucidated by the sequencing of their
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16SrDNA gene (Fig. 1). DOPE-FISH microscopy
allowed visualizing E. ludwigii EnVs6 using EUBmix,
Gam42a or probe combination (Fig. 2a–c). In plantlets,
strain EnVs6 was observed on the rhizoplane of the
main root (Fig. 2d), in secondary roots (Fig. 2e), as well
as at the root tip level (Fig. 2f). Strain EnVs6 was
detected as an endophyte in the cortex (Fig. 2g–i), as
well as inside the central cylinder up to the xylem
vessels (Fig. 2j–l) while no bacterial colonization was
recorded in the aerial plant parts (data not shown).
Similar experiments resulted in detection of
P. vagans PaVv7 in pure cultures (Fig. 3a–c) as well
as on the rhizoplane of grapevine plantlets (Fig. 3d–
j) and inside plant tissues (Fig. 3k–q). Strain PaVv7

was detected particularly as colonizing the rhizo-
plane of plantlets at the main root level (Fig. 3d–f),
secondary root (Fig. 3g–h) as well as at the root tip
level (Fig. 3i–j) and bacteria were visualized as
single cells (Fig. 3e–j) or colonizing the whole out-
line of some rhizodermal cells (Fig. 3d, and f–i).
Bacterial aggregates as well as microcolonies were
recorded in some plant parts (see Fig. 3f and h–i).
Endophytism by strain PaVv7 was observed in the
cortex (Fig. 3k–m), as well as inside the central
cylinder (Fig. 3n–q) and up to the xylem vessels
(Fig. 3p–q). Similarly to strain EnVs6, no endophyt-
ic colonization in the aerial plant parts was detected
on all the examined plantlets (data not shown).

Fig. 1 Phylogenetic relationships of strains EnVs6, PaVv7 and
SpVs6. The tree was inferred using the Neighbor-Joining method.
The bootstrap consensus tree is replicated 1000 times. The evolu-
tionary distances were computed using the Kimura 2-parameter

model; α-proteobacteria and γ-proteobacteria are highlighted in
green and orange respectively, according to the fluorescence emis-
sion detected under the microscope
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Fig. 2 visualization of
Enterobacter ludwigii EnVs6 in
cell cultures (a–c) and in Vitis
vinifera L. (d–l) by DOPE-FISH.
Cultured bacterial cells of strain
EnVs6 taggedwith a the EUBmix
probes b the Gam42a probe c a
cocktail of probes EUBmix and
Gam42a. Bacterial cells of strain
EnVs6 hybridized with the
EUBmix and Gam42a probes
colonizing Vitis vinifera L. on
d main root e secondary root
f secondary root tip g exodermis,
cortex and endodermis h cortex
with disseminated bacterial cells
i cortex with aggregated cells
j xylem with few bacterial cells
k aggregated cells in xylem
vessels l bacterial cells on
tracheids
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Fig. 3 visualization of Pantoea
vagans PaVv7 in cell cultures
(a–c) and in Vitis vinifera L. (d–l)
by DOPE-FISH. Cultured
bacterial cells of strain PaVv7
tagged with a Mix EUB probes
b Gam42a probe c a mix of
probes EUB and Gam42a.
Bacterial cells of strain PaVv7
tagged with EUBmix and
Gam42a probes colonizing
V. Vinifera L. on d–f main root
g secondary root emergence site
h secondary root showing biofilm
structures i root tip j root tip close-
up k–m cortex with aggregated
cells n endodermis with
microcolony o cortex
parenchyma and central cylinder
p tracheids with dispersed
bacterial cells q microcolony on
xylem
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Strain S. phyllosphaerae SpVs6 was also hybridized
and examined as pure culture or during the colonization
of grapevine plantlets except that only EUBmix probes
were used. Figure 4a shows the pure culture of strain
SpVs6. Interestingly, strain SpVs6 was detected as col-
onizing the rhizoplane of the plantlets at the main root
level (Fig. 4b–c), secondary root (Fig. 4d–e) or slightly
on root tips (Fig. 4f) but was never detected as an
endophyte inside roots as well as inside tissues of shoots.

As expected, in uninoculated control plants, no bac-
teria were visualized on the root surface (Fig. 5a–c) as
well as inside root internal tissues (Fig. 5d). Additional
controls with NONEUB probe did not result in visual-
ization of bacteria on samples of grapevine inoculated
with EnVs6 (Fig. 6a–b), PaVv7 (Fig. 6c–d), SpVs6
(Fig. 6e–f) or control treatment (Fig. 6g–h).

Metabolome analysis

We screened for the production of 56 secondary metab-
olites in inoculated grapevines in two independent ex-
periments. Of these compounds, 46.4 % belonged to the
flavonoid group while 26.8 % were stilbenes, including

several stilbenoids and related compounds. The remain-
ing ca.27 % are organic (hydroxycinnamic) acids (sup-
plementary table 1). Several metabolites were present in
concentrations below the detection limit before and after
inoculation with strain EnVs6, including vanillin,
vanillic acid and esculin (Fig. 7). Contrastingly, metab-
olites like caftaric, fertaric and trans-coutaric acids
reached higher concentrations.

Multivariate analysis was used to test the outcomes
of the two replicate experimental rounds. PCA of the
entire dataset indicated that data points representing the
samples in the two experiments clustered independently
(data not shown). A one-way analysis of similarity
(ANOSIM) confirmed the difference between experi-
ments to be statistically significant (p=0.01). PCA on
samples from each of the experiments indicated that
treated samples clustered separately from controls
(Figs. 8 and 9).

Figure 8 shows that plants treated with EnVs6 and
control plants clustered differentially, with points
representing samples from the same treatment separated
along the main component that explained 79.2 % of the
total variance (Fig. 8). Despite the visualized clustering

Fig. 4 visualization of Sphingomonas phyllosphaerae SpVs6 in
cells cultures a and in Vitis vinifera L. b–f byDOPE-FISH Cultured
bacterial cells of strain SpVs6 tagged with EUBmix probes a

Bacterial cells of strain SpVs6 tagged with Mix EUB colonizing
V. Vinifera L. on b–cmain root, d secondary root emergence site, e
secondary root showing dispersed bacterial cells f root tip
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using PCA, ANOSIM did not detect significant differ-
ences between the treatment and control group (R=
0.074). The second experiment confirmed the effects
of endophytic colonization on grapevine’s secondary
metabolites. PCA (using Principal Components 1 and
4, which explain 44.9 and 5.4 % of the total variance,
respectively) indicated separation of the treated samples
from the controls as shown in Fig. 9.

A two-way ANOVA for both experiments revealed a
significant difference between control plants and those
inoculated with strain EnVs6 (F(1.560) = 38.87;
p<0.0001). Multiple t-tests outlined a significant
difference in the concentration of specific metabolites
and suggested selective accumulation or depletion of
metabolites following colonization. While vanillic acid
accumulated in the EnVs6-inoculated plants
(p=0.00003661525), esculin (p=0.000007356803),
c a t e c h i n ( p = 0 . 0 0 0 1 0 0 9 9 2 ) , k am p f e r o l
(p=0.000000002935455), arbutin (p=0.00001696334),
astringin (p=0.00134368), pallidol (p=0.00130449),
ampelopsin D-quadrangularin A (p=0.000439665) and
isohopeaphenol (p=0.00015217) were significantly less
concentrated after the treatment with this bacterial strain.

Differential distribution of metabolites in roots
and stems

Post inoculation, several metabolites were differentially
distributed in the roots and in the stems as shown in
Fig. 10. Roots and stems did show significant differ-
ences in the concentration of metabolites between con-
trol and treated plants. This effect was more evident in
stems. Epicatechin gallate (p=0.0131), Procyanidin B1
(p=0.0029), taxifolin (p=0.0424) and the sum of
quercetin-3- glucoside and quercetin-3-galactoside
(p=0.0474) suffered a significant decrease in above
ground parts after inoculation with the enterobacterium
EnVs6, as compared to the control plants.

A general linear model (GLM) put in evidence the
effect of plant organ and treatment in the shifts of
concentration for particular metabolites. Treatment af-
fected differently epicatechin gallate (p=0.009) accu-
mulation in roots and stems, with major shifts in stems
of plants inoculated with EnVs6; for procyanidin B1
(p<0.005) treatment affected both root and stem sepa-
rately, showing its differential accumulation in both
organs independently; treatment also had an effect on

Fig. 5 Sterility control of DOPE-FISH experiments. Plants inoculated with PBS 1X were hybridized with EUBmix and Gam42. Analysis
was done on a root tip b secondary root, c root tip and d root section
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taxifolin (p=0.024) the sum of quercetin-3-glucoside
and quercetin-3-galactoside (p=0.024) and E-cis-
miyabenol (p=0.043) accumulation in stems.

Analysis also suggested an accumulation of
procyanidin B3 depending of plant organ and treatment
(although this observation was not supported by a

Fig. 6 Probe specificity for DOPE-FISH on bacterial cells of
strains EnVs6, PaVv7 or SpVs6 tagged with NONEUB probes
colonizing V. vinifera L. a–b strain EnVs6 colonizing the main root
of Vitis vinifera c–d strain PaVv7 colonizing main root or e the root

tip of Vitis vinifera f strain SpVs6 colonizing main root of Vitis
vinifera. Note in all sequences, the absence of bacterial cells and the
autofluorescence of cells wall on the main roots of the plant
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Fig. 7 Concentration of metabolites in control and endophyte-inoculated grapevines. The boxplot represents the average log10 concentra-
tion of two independent experiments. Bars are the standard deviation (SD) of three replicates per treatment in two independent experiments

Fig. 8 PCA of the first
comparison between plants
inoculated with strain EnVs6 and
controls. Ctrl r1,r2,r3 represent
grapevines inoculated with E. coli
DH5α (green plot). EnVs6
r1,r2,r3 represent grapevines
inoculated with Enterobacter
ludwigii EnVs6 (yellow plot). C
Control, T Treatment
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significant p=0.051). Analysis of the concentrations in
the organs suggested that both root and stem differentially
accumulate the metabolite after treatment with strain
EnVs6. Concentrations of caftaric acid, luteolin-7-O-
glucoside and trans-coutaric acid suffered minor changes
in concentration after inoculation with EnVs6. As expect-
ed, the concentration of metabolites in roots and stems
was significantly different, with a higher concentration of
metabolites in the stems as shown in Fig. 10.

Discussion

In this investigation, the colonization pattern of three
endophytic strains was evaluated. Our results revealed
the strategies for root penetration and provided a high
resolution view of their tropism for root tissues. Our data
also confirm the existence of a metabolic signature
associated with the inoculation of grapevine with strain
Enterobacter ludwigii EnVs6. Previously, this strain
was characterized in terms of plant growth promotion
properties, antibiotic resistance, quorum sensing activi-
ty, enzyme production and biocontrol against grapevine
pathogens, performing very well as compared to a col-
lection of endophytic bacteria (Campisano et al. 2014b).
We chose strain EnVs6 for our experiments since anal-
ysis of plant protection properties have shown a

remarkable performance as a biocontrol agent and as a
plant growth promoter. Moreover, genomic studies on
this strain have revealed that it possesses several sym-
biosis determinants including type III secretion systems,
adhesins and cell wall degrading enzymes (Lòpez-
Fernàndez et al 2015). Here we show that inoculation
of grapevine with strain EnVs6 ends up in colonization
of the plant endosphere and is associated with important
changes in the metabolic profile of the host, adding
more evidence to singularities that can be regarded as
traits specific for endophytism.

Our observations under the fluorescence micro-
scope showed how the three strains originally isolat-
ed from the grapevine endosphere were capable of
colonizing the surface of plant roots, although each
one with a specific pattern. We showed that two of
the endophytes used in our study (EnVs6 and PaVv7)
were competent for root endophytism in the condi-
tions tested, while one (strain SpVs6) was able to
colonize only root surfaces. Being unable to observe
re-colonization of the endosphere in the limited range
of conditions tested in this study is not sufficient to
classify this organism as a non-competent root endo-
phyte. Additionally, strain SpVs6 was originally iso-
lated from the endosphere of wild grapevine, and
previous research has shown that endophytic bacteria
might have selectivity for wild and domesticated

Fig. 9 PCA of the second
comparison between plants
inoculated with strain EnVs6 and
controls. Ctrl r1,r2,r3 represent
grapevines inoculated with E. coli
DH5α (green plot). EnVs6
r1,r2,r3 represent grapevines
inoculated with Enterobacter
ludwigii EnVs6 (yellow plot). C
Control, T Treatment
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Fig. 10 Heatmap showing
distribution and shift of
concentrations of metabolites in
roots and stems of V. Vinifera L.
Concentration of metabolites are
depicted from below detection
limit (red) through highest
concentration (green). Asterisk
denote significant differences in
the concentration of control and
treated organs, in a Two way
ANOVA at α=0.05. CTRL:
Plants inoculated with E. coli
DH5α. R: Roots. S: Stems.
Replicates are denoted by
numbers 1–3
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varieties of the same host species (Elbeltagy et al.
2001). Genome analysis of the root endophytic
strains EnVs6 and PaVv7 was used to link phenotyp-
ic and genetic traits and showed how these two
strains are able to utilize a plethora of mechanisms
to efficiently adapt to the host and establish as sym-
bionts (Lòpez-Fernàndez et al. 2015). The question
whether strain SpVs6 may be a free living diazotroph
remains unresolved, since it efficiently colonized root
surfaces and appeared to promote plant growth with
good efficiency (Campisano et al. 2014b).

Colonization by endophytes has been studied before
and the candidate entry points in the plant have been
established (Sturz et al. 2000). While entry to the aerial
parts of the plant can happen in the stomata and the
hydathodes (Huang 1986), colonization of the inner
tissues of roots is usually linked to the emergence sites
of secondary roots, root tip, root hairs, and by passing
between the cells at other zones (Hardoim et al. 2008).
Our observations corroborate the involvement of these
entry points in colonization by our strains and further
reinforce the notion that these sites are common coloni-
zation zones for endophytes. Attachment to secondary
root emergence sites and to root-tip by the endophytic
bacterium EnVs6 points at the existence of tissue tro-
pism. Higher cell densities at specific locations suggest
that the root has a strong influence on bacterial habitat
selection. Our observations raise questions about plant
selectivity for its endobiota occurring at specific points
of the roots. We believe that, as previously suggested
(Burdman et al. 1999), bacterial surface-associated mol-
ecules and plant receptors play a key role in the attach-
ment to and recognition of these colonization sites. Our
observations show that bacteria were consistently pres-
ent in the mentioned areas confirming that colonization
occurs mainly through emergence sites of roots. We
observed the root endophytes colonizing also parts of
the xylem, which suggests that the endophytes might
move from the sites of attachment to internal plant
tissues, and eventually spread through the plant organs
as shown in Figs. 2g–l and 3k–q. We did not find
however such movements in our trials. Our experiments
confirm also, the colonization of the xylem vessels as it
has been long been known for other endophytic bacteria.
James and co-workers (1997) showed for instance how
plants of Sorghum bicolor are colonized by the endo-
phytic bacterium Herbaspirillum seropedicae, finding a
considerable amount of bacteria in the protoxylem and
inside the vessels. Furthermore, Gyaneshwar and co-

workers (2001) showed that rice is vastly colonized by
the endophytic diazotroph Serratia marcescens strain
IRBG500. This bacterium is able to colonize roots and
move towards the above-ground parts by efficiently colo-
nizing the xylem vessels. Compant et al. in 2005 showed
that the endophytic bacterium Burkholderia phytofirmans
PsJN is capable of colonizing xylem vessels, cortical cells
and the endodermis in primary roots of Vitis vinifera.

Colonization time was also an important factor that was
indirectly corroborated during DOPE-FISH experiments.
Previous research has shown that colonization of the
grapevine rhizosphere can occur between the first and
the third hour post inoculation, and that the bacteria can
reach xylem during the first days in in vitro plantlets and
spread relatively quickly to aerial plant parts as demon-
strated using a systemic colonizer (Compant et al. 2005).
Our data are in agreement with these findings since visu-
alization of bacteria in the rhizosphere and inside the
endorhiza was possible 10 days post inoculation with
bacterial cells colonizing the exodermis, the endodermis
and part of the xylem. However we did not observe
systemic colonization at that time of experiment. We spec-
ulate that either colonization of above-ground plant organs
may not occur when these endophytes enter through the
roots, or that the time required for such endophytes to
move to the upper parts of the plantlets might be longer
than the timeframe used in our experiments.

Our questions about colonization were further ad-
dressed by assessing the effect of bacteria once they have
established inside the plants. We inquired whether inoc-
ulation of plants with bacterial endophytes might lead to
characteristic changes in the plant. It is well known that
the endophyte-plant relationship is surrounded by a num-
ber of questions regarding what determines the
commensalistic nature of this association. Niche over-
lapping between pathogens and endophytes makes viru-
lence unpredictable and raises the question of whether it
is possible to single out a specific characteristic of
endophytism. Only a small set of investigations have
pursued answering this issue and surprisingly, informa-
tion on bacterial endophytes has been lagging behind
that of their fungal counterparts. Traits activated during
fungal colonization of plants have been extensively in-
vestigated and they are currently considered a fingerprint
for the endophyte-plant association (Torres et al. 2012).

The symbiosis between fungal endophytes and plants
relies on the production of fungal reactive oxygen species
(ROS). Hyphal tip growth and interkingdom crosstalk are
predominantly driven by ROS and ultimately affect how
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the plant keeps the endophyte in a symbiotic, non patho-
genic state (Kogel et al. 2006; Tanaka et al. 2006). During
the interaction with endophytic fungi, the content of anti-
oxidant substances (mostly phenolic compounds) in the
plant can be altered as shown previously (Malinowski
et al. 1998), because plants respond to the ROS produced
by the endophytes but also because the plant itself initiates
an oxidative burst on the colonizing microorganism
(White and Torres 2010). We searched for such a distinct
pattern of metabolite shifting in grapevine during coloni-
zation by endophytic bacteria under the assumption that
such patternsmay arise following bacterial colonization as
they do following colonization by fungal endophytes. We
found that in an analogous fashion, the metabolic profile
of plants inoculated with an endophytic bacterium chang-
es upon colonization. In our experiments, after inoculation
of micropropagated plantlets, UPLC-MS profiling
showed a plausible metabolic signature in which the
concentration of a specific set of phenolic compounds
changes after endophytic colonization of plants.
Interestingly, some of the metabolites whose concentra-
tion shifts during the interaction are phenylpropanoids,
whose antioxidant activity has been demonstrated
previously.

As suspected, changes in the concentration and dis-
tribution of phenylpropanoids in inoculated grapevine
tend to be divergent, with increase or decrease of differ-
ent metabolites. This somehow resembles previous ob-
servations where a decrease in the content of several
aminoacid and molecules related to the central metabo-
lism of the plant and an increase of a small subset of
metabolites were recorded post-inoculation with an en-
dophytic strain of Paenibacillus sp. producing a signa-
ture on the primary metabolism of poplar plants
(Scherling et al. 2009).

Other symbiotic associations in non-endophytic or-
ganisms are also characterized by a strong chemical
cross-talk between the host and the symbiont. For ex-
ample, the Sinorhizobium-alfalfa symbiosis is character-
ized by the increase in the content of dicarboxylic acids
and aminoacids like proline and 4-aminobutyrate whose
accumulation befalls the nodules (Barsch et al. 2006)
together with a strong shift in the concentration of
molecules including flavonoids that act as messengers
between the host and the bacterium (Jones et al. 2007).
The outcome of this cross-talk (i.e., an effective symbi-
osis) is achieved by a finely-tuned regulation in the gene
expression of both partners (Long 1996) in part due to
the metabolic cross-talk.

Our findings suggest that the association between
endophytic bacteria and grapevine is also characterized
by a strong metabolic cross-talk where the plant re-
sponds to bacterial colonization by shifting the concen-
tration of specific metabolites. We highlight the impor-
tance of the metabolites whose concentration change
due to bacterial inoculation. The fact that the increase
or depletion of several metabolites, did not affect the
colonization by bacterial endophytes, suggests that this
shifts in the metabolic profile of the plant favor the
colonization by these microorganisms. Further investi-
gations should be done in which mutant plants in key
genes for some of the pathways involved in the meta-
bolic signature, interact with endophytes to deeply eval-
uate the meaning of this phenomenon in the symbiosis
process.

In our experimental setting, we observed mainly an
increase of vanillic acid while the compounds esculin,
catechin, kampferol, arbutin, astringin, pallidol,
ampelopsin and isohopeaphenol decreased in concen-
tration after endophytic inoculation. This evidence rein-
forces the existence of a trademark metabolic signature
that accompanies the endophytic colonization of plants.
We hypothesize that the metabolic signature found
might be related to the overproduction or depletion of
metabolites that play key roles in the colonization pro-
cess, as previous evidence suggests for non-endophytic
associations. In agrobacteria-plant symbiosis, microor-
ganisms are able to recognize signals from the host
which include a number of chemical entities like vanil-
lin, guaiacol, sinapinic acid and several other phenolic
compounds (Winans 1992). In the colonization process,
agrobacteria are able to manipulate the plant cells to
such an extent that growth of agrobacterial populations
(and no other population of co-inoculating microorgan-
ism) will be supported by the bacterially induced syn-
thesis in plants cells of secondary amines known as
opines (McCullen and Binns 2006). Finally, in
actinorhizal symbiosis, a third major archetype for col-
onization, Frankia species and dicotyledonous plants
are subject to an intense chemical exchange (Capoen
et al. 2009; Perrine-Walker et al. 2010). Moreover, the
bacterium is capable of producing auxins and to sense
isoflavonols to achieve colonization of the plant
(Hocher et al. 2011).

Phenolic compounds are hitherto the most impor-
tant class of antioxidant molecules present in plants
(Duthie and Crozier 2000). Pathogen attack is char-
acterized by the accumulation of pterocarpans,
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isoflavans, prenylated isoflavonoids, stilbenes, cou-
marins, furanocoumarins, 3-deoxyanthicyanidins,
flavonols and aurones (Dixon and Paiva 1995).
How the concentration of these classes of compounds
may shift in other contexts (such as colonization by
endophytes) is still poorly understood, especially in
the case of bacterial endosymbionts.

In this study we detected changes in the concentra-
tion of secondary metabolites of the phenylpropanoid
group during endophytic colonization of grapevine. For
these molecules, fundamental evidence show diverse
roles in plant protection against pathogens but to our
knowledge, no information is available regarding their
role in endosymbiosis.

Most of these compounds function as phytoalexins,
substances involved in protection and antibiosis against
plant pathogens. It is therefore plausible that these mol-
ecules are related to the non-self recognition of coloniz-
ing organisms in different symbiotic scenarios. For ex-
ample, our findings show that vanillic acid accumulates
in the plant after inoculation with the endophytic strain
EnVs6. Previous work has demonstrated the role of
vanillic acid in the activation of root microbiota. The
proposed mechanisms for this substance includes and
enhancement of the production of antifungal substances
in the bacterial community of the rhizosphere (Jousset
et al. 2010), thus we presume that the accumulation of
the metabolite during endophytic colonization might be
related with an activation mechanism whereby the col-
onizing endophyte recognizes the molecule and initiates
colonization, as is the case for nodule-forming
rhizobacteria. This last biological question should be
later on addressed through experimental approaches.

On the other hand, some of the metabolites were less
concentrated in plants treated with the enterobacterial
strain EnVs6. Although the interpretation of this phe-
nomenon might be difficult given the multiple purposes
of such molecules in the plant, our results are in agree-
ment with several experimental evidence showing that
these metabolites are acting not only as antibiotics but
also as symbiosis mediators. In one such case,
kampferol has been studied as an anti-nodulation sub-
stance given that plants treated with this molecule show
reduced numbers of nodules after inoculation with
Azospirillum (Zhang et al. 2009). We question whether
the decrease in the concentration of this metabolite
during the endophytic colonization might be related to
an effect on plants that leads to reduction of anti-
symbiosis molecules during colonization, as a means

of facilitating endo-symbiosis. In a similar way, previ-
ous work highlighted the role played by arbutin and
esculin (whose concentration was reduced in plants
treated with strain EnVs6) as inducers of the syrB gene
in Pseudomonas syringae pv syringae (Mo and Gross
1991). The shifts in concentration of these metabolites,
is in agreement with previous experiments showing
similar trends in poplar. Although we don’t have cer-
tainty on whether these substances affect the symbionts
directly or have indirect mechanisms, we propose a
possible scenario in which endophytic colonization
might trigger a plant response that leads to the depletion
of particular metabolites, enhancing thus the Bbalanced
antagonism^ that has been described before for other
endophytic organisms (Schulz et al. 1999) . We suggest
that the accumulation of vanillic acid might be associ-
ated with an intrinsic response of the plant to coloniza-
tion of endophytes while the lowering of other metabo-
lites might be involved in the entrance of the bacterium
to the plant in a scenario where the host probably holds
back its defense mechanisms so the symbiosis can be
established.

Other possible roles for these metabolites are the
involvement in defense mechanisms against plant path-
ogens, as it has been shown for catechin, that confers
resistance to attack byPseudomonas syringae pv tomato
in Arabidopsis thaliana (Prithiviraj et al. 2007) and
astringin, whose accumulation in Picea abies occurs
after infection with the insect-transmitted fungus
Ceratocystis polonica (Hammerbacher et al. 2011).

A role of the accumulation of ampelopsin D and
quadrangularin A in the plant against Plasmopara
viticola has been recently established suggesting that
increase in its concentration acts as a defense mecha-
nism against infection (Malacarne et al. 2011).
Similarly, for pallidol, evidence exists of its role in
resistance of grapevine against P. viticola (Pezet et al.
2004). The accumulation of these metabolites in inocu-
lated grapevines could explain the ability of E. ludwigii
EnVs6 to control P. viticola infection on grapevine leaf
discs (Campisano et al. 2014b).

Our experiments also show a systemic effect of endo-
phytic colonization by strain EnVs6 in micropropagated
grapevine. The fact that inoculation with the strain in-
duces changes mostly in the stems of plants suggests the
existence of an extensivemodulation of plant metabolism
affecting not only the bacterial attachment and entry
points in the plant but also the upper roots and the
above-ground organs. This is an important finding since
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it implies that the re-introduction of endophytes in plants
as a tool for plant protection might be pharmacologically
designed to achieve systemic effects.

Finally we claim that our approach to depict the
metabolic signature is a novel method for metabolite
analysis. It is a multitarget analytical method and in-
cludes compounds of different classes in order to be able
to analyze a wide range of different matrices. The first
screen was done on all compounds included in the
method (more than 150). Of those, 56 compounds were
reported in the study that correspond to those above the
limit of detection in a given matrix. Thus, we are certain
that the use of this technology is valuable tool in eco-
logical studies of plant-bacteria interactions.

In conclusion, two of the three endophytes isolated
from grapevine can recolonize grapevine plantlets as
endophytes. E. ludwigii EnVs6 left a metabolic signature
that is characterized by the accumulation of
hydroxycinnamic acids and flavonoids and a decrease
in phytoalexins. This metabolic signature may reflect the
process of colonization and suggests the existence of a
possible biological marker associated with endophytism.
The mentioned metabolites are expected to counter the
penetration of pathogens in grapevine plants when simul-
taneously accumulated. In our experiments their accumu-
lation is associated to the successful and non-
symptomatic colonization of the root endosphere.
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