Environmental Microbiology (2020) 00(00), 00—-00

S/am

Society /
applied microbiology

doi:10.1111/1462-2920.15180

Major changes in grapevine wood microbiota are
associated with the onset of esca, a devastating trunk

disease

Emilie Bruez ©,"2%* Jessica Vallance,'?

Angélique Gautier,* Valérie Laval,*

Stéphane Compant,® Wolfgang Maurer,®

Angela Sessitsch,® Marc-Henri Lebrun* and

Patrice Rey'2

"INRAE, ISVV, UMR1065 Santé et Agroécologie du
Vignoble (SAVE), Bordeaux Sciences Agro, Villenave
d’Ornon, F-33140, France.

2Bordeaux Sciences Agro, INRAE, UMR1065 Santé et
Agroécologie du Vignoble (SAVE), Gradignan, F-33130,
France.

SUniversité de Bordeaux, Unité de recherche CEnologie,
EA 4577, USC 1366 INRAE, Villenave d’Ornon, F-33882,
France.

“INRAE, AgroParisTech, UMR 1290 Biologie et gestion
des risques en agriculture (BIOGER), Thiverval-Grignon,
F-78850, France.

SAIT Austrian Institute of Technology GmbH,
Bioresources Unit, Center for Health & Bioresources,
Tulln, 3430, Austria.

Summary

Esca, a major grapevine trunk disease in old grape-
vines, is associated with the colonization of woody
tissues by a broad range of plant pathogenic fungi.
To identify which fungal and bacterial species are
involved in the onset of this disease, we analysed the
microbiota from woody tissues of young (10-year-
old) grapevines at an early stage of esca. Using
meta-barcoding, 515 fungal and 403 bacterial opera-
tional taxonomic units (OTUs) were identified in
woody tissues. In situ hybridization showed that
these fungi and bacteria co-inhabited in grapevine
woody tissues. In non-necrotic woody tissues, fungal
and bacterial microbiota varied according to organs
and seasons but not diseased plant status.
Phaeomoniella chlamydospora, involved in the
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Grapevine trunk disease, was the most abundant
species in non-necrotic tissues from healthy plants,
suggesting a possible non-pathogenic endophytic
behaviour. Most diseased plants (70%) displayed cor-
dons, with their central white-rot necrosis colonized
essentially by two plant pathogenic fungi (Fomitiporia
mediterranea: 60%-90% and P. chlamydospora: 5%—
15%) and by a few bacterial taxa (Sphingomonas spp.
and Mycobacterium spp.). The occurrence of a spe-
cific association of fungal and bacterial species in
cordons from young grapevines expressing esca-
foliar symptoms strongly suggests that that micro-
biota is involved in the onset of this complex
disease.

Introduction

Grapevine trunk diseases (GTDs) such as esca, Eutypa
and Botryosphaeria diebacks have been a major concern
in viticulture for the last two decades, resulting in huge
economic losses (Calzarano et al., 2004; Mondello
et al., 2018). Esca is associated with extensive necrosis
of grapevine trunk and cordon woody tissues, as well as
its typical foliar symptoms (reviews: Bertsch et al., 2013;
Mondello et al., 2018). This slow evolving disease can
lead to plant death (apoplexy) depending on plant physi-
ology, climatic factors and cultural practices (Lecomte
et al., 2012; Ouadi et al., 2019). This disease is associ-
ated with the colonization of wood tissues by unrelated
plant pathogenic fungi such as P. chlamydospora,
P. minimum, N. parvum and D. seriata, mainly isolated
from black necrotic sectors or punctuations, whereas
F. mediterranea is mostly isolated from white-rot necrotic
tissues (Bertsch et al., 2013; Mondello et al., 2018).
These GTD fungi are also found in woody tissues
(necrotic and non-necrotic) of healthy grapevines. A sta-
tistical analysis of the occurrence of different types of
necrosis in trunks from healthy and diseased grapevines
(esca) highlighted a significant correlation between the
amount of white-rot necrotic tissues and disease (Maher
et al., 2012; Bruez et al., 2014). These observations
suggested that fungi involved in the formation of white-rot
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necrotic tissues could equally be involved in the develop-
ment of this complex disease. Still, the inoculation of
each GTD fungus to grapevine woody tissues, only
induce local necrosis, in superficial and inner wood
(Surico et al., 2006; Bertsch et al., 2013). When
D. seriata, however, was inoculated to Tempranillo, a
particularly susceptible cultivar, typical esca-foliar symp-
toms could be observed (Reis et al., 2016). These results
suggest that several microorganisms are acting, either
together or sequentially over several years, to cause this
complex and slowly evolving disease.

Until now, only old grapevines (>15-25 years)
expressing esca disease symptoms for many years have
been monitored to identify which fungi colonized woody
tissues. To study the wood microbiota associated with
the onset of esca, we analysed young grapevines
(10-year-old) that had been displaying esca symptoms
for only a few years. Using classical microbiological isola-
tion methods, bacterial and fungal species colonizing
trunk and cordon woody tissues from these young grape-
vines were identified and their genetic diversity assessed
using fingerprinting methods (Bruez et al., 2014; Bruez
et al., 2015). GTD fungi were detected in necrotic and
non-necrotic tissues from both healthy and diseased
grapevines. As these microbiological isolation methods
could display some technical bias, we decided to analyse
the species composition of bacterial and fungal micro-
biota of these young grapevine woody tissues, using a
culture-independent method such as meta-barcoding.
This strategy allows an in-depth characterization of
microbiota, including the detection of species difficult to
cultivate, or only present at low abundance (Cuadros-
Orellana et al., 2013). These techniques have been suc-
cessfully applied to the analysis of fungal microbiota from
grapevine woody tissues (Del Frari et al., 2019; Niem
et al., 2020). In addition, we used in situ hybridization to
localize fungi and bacteria in grapevine woody tissues.
This strategy was efficient in determining the taxonomical
composition of fungal and bacterial microbiota colonizing
woody tissues (rootstock, trunk, and cordon) of either
healthy or diseased grapevines. It also highlighted a spe-
cific microbial association colonizing white-rot necrotic tis-
sues, specifically associated with esca disease.

Results

Experimental design and amplicon sequencing of fungal
and bacterial microbiota from grapevine woody tissues

Our study was carried out on young (10-year-old)
Cabernet Sauvignon grapevines (Vitis vinifera L.) from
Luchey-Halde vineyard (Pessac Léognan, Bordeaux,
France). This vineyard has been monitored for esca-foliar
symptoms ever since its establishment in 2000. Plants

were defined as diseased (symptomatic) if they had pre-
viously expressed esca-foliar symptoms at least twice
over the last 4 years (2005-2009) before sampling
(2010). Plants were defined as healthy (asymptomatic) if
they had not displayed esca-foliar symptoms since 2000.
The 28 samples corresponded to different woody tissues
(non-necrotic or white-rot necrosis) from three different
organs (rootstock, trunk, cordon) from either healthy or
diseased grapevines sampled at different dates (April
2010, June 2010, September 2010, January 2011). Each
sample corresponded to the pooling of woody tissues
from four grapevines with similar characteristics (types of
tissue, organ, date, healthy/diseased). Woody tissues
from trunk and rootstock of diseased plants did not dis-
play any internal necrotic sectors. In 70% of diseased
plants, a central white-rot necrosis, typical of esca, was
observed only in the cordon. Such white-rot necrosis was
never observed in trunks of diseased plants, or in the cor-
don and trunk of healthy plants (Bruez et al., 2014).
Genomic DNAs were extracted from these woody tissues
and analysed by amplicon-based meta-barcoding, using
454-pyrosequencing (fungi: ITS; bacteria: 16S). Overall,
226 432 fungal and 12 065 bacterial sequences were
obtained from these 28 samples. After excluding single-
tons, 225491 fungal sequences were clustered using
QIIME (Caporaso et al., 2010), with a 97% similarity
threshold, generating 515 fungal OTUs. These fungal
OTUs corresponded mostly to Ascomycota (82%) and
Basidiomycota (10.4%). After excluding singletons,
11 372 bacterial sequences were clustered using QIIME,
generating 403 OTUs. These bacterial OTUs cor-
responded mostly to Alphaproteobacteria (33%),
Gammaproteobacteria (25%) and Actinobacteria (17%).
The order composition of these microbiota pooled for
sampling dates are presented in Fig. 1A for fungi, and in
Fig. 1B for bacteria. The main fungal microbiota orders
were Hypocreales and Pleosporales, together rep-
resenting 15% of all orders. For bacterial microbiota,
Rhizobiales, Actinomycetales and Xanthomonadales
were the most present in all samples.

Taxonomic diversity of fungal and bacterial microbiota of
grapevine non-necrotic woody tissues

Alpha-biodiversity was calculated using all OTUs with-
out singletons (Table 1). Values of Shannon indexes
(Peet, 1974) ranged from 2.52 to 3.44 for fungal micro-
biota, while values of Simpson indexes (Peet, 1974)
were lower than 0.93. These values showed that,
although fungal communities were diversified, the num-
ber of abundant species was low: the 20 most abundant
fungal OTUs (>0.8%), representing 20 different species,
accounted for 83% of all fungal sequences. The values
of Shannon indexes for bacterial communities ranged
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from 3.33 to 4.33, while values of Simpson indexes
were lower than 0.98. Both values showed that bacterial
communities were more diversified than fungal micro-
biota. This was reflected in the fact that the 20 most
abundant bacterial OTUs (>1%), representing 20 differ-
ent genera, only accounted for 60% of all bacterial
reads, and 30 bacterial OTUs were needed to account
for 83%. Rarefaction curves did not reach an asymptote
suggesting that species either sampling was not suffi-
cient or species saturation is difficult to reach in such a

microbiota of young vines 3

Fig 1. Meta-barcoding analysis of fungal
(A) and bacterial (B) microbiota colonizing
non-necrotic woody tissues from healthy and
diseased young grapevines. DNAs were
extracted from woody tissues of different
organs (rootstock, trunk and cordon) from
either healthy (asymptomatic) or diseased

(symptomatic) young Cabernet-Sauvignon
grapevines (10 -year-old) from a vineyard
Other located at Pessac Léognan (Bordeaux,
u Agaricales France). DNAs were used by amplicon-based
Capnodiales meta-barcoding (fungi: ITS, bacteria: 168S).

Only the 10 most abundant orders are
displayed.
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constrained environment (Supporting Information
Fig. S1). Statistical analyses using values from different
sampling dates as biological replicates, highlighted sig-
nificant differences in Shannon and Simpson index
values between fungal microbiota from necrotic (white-
rot) and non-necrotic cordon tissues from diseased
plants (Shannon index P =0.03, Simpson index
P value < 0.001; Table 1). As no significant differences
were observed for other comparisons (Table 1), white-
rot necrotic tissue of diseased plants displayed lower

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology



4 E. Bruez et al.

Table 1. Diversity of esca-diseased and asymptomatic grapevine organs microbiota at, respectively, 3% and 1% genetic dissimilarity based on

pyrosequencing of fungal (ITS) and bacterial (16 rRNA) communities.

Non-necrotic rootstock

Non-necrotic trunk

Non-necrotic cordon

White-rot cordon

Shannon
Healthy vines Fungi 3.39 £ 0.25
Bacteria 3.33 £ 0.99
Diseased vines Fungi 3.29 +£0.25
Bacteria 4.00 +0.19
Simpson
Healthy vines Fungi 0.92 + 0.004
Bacteria 0.86 = 0.01
Diseased vines Fungi 0.91 +£0.04
Bacteria 0.96 + 0.01

3.44 £0.10 2.79 £ 0.54

3.56 + 0.32 4.08 +0.28

2.52 +0.47 2.77 £ 0.38 0.96 + 0.37%
3.63 = 0.38 4.33+0.13 3.99 £ 0.29
0.93 +0.01 0.81 £0.1

0.95 + 0.02 0.97 + 0.01

0.80 + 0.09 0.83 + 0.06 0.41 £ 0.16%
0.94 +0.03 0.98 + 0.004 0.96 + 0.01

8Indicates significant differences, a < 5%, Chi square test, using sampling dates as biological replicates, n = 4.

fungal species diversity than in the case of neigh-
bouring non-necrotic tissue.

Large-scale analysis of variations in the taxonomic
composition of fungal and bacterial microbiota from
different grapevine non-necrotic woody tissues

NMDS and ANOSIM analyses (Buttigieg and Ramette,
2014) were performed with all the OTUs identified in non-
necrotic tissue without singletons, using a Bray—Curtis
dissimilarity index as a distance (Fig. 2). The taxonomic
compositions of fungal communities from non-necrotic tis-
sues of healthy and diseased grapevines were similar
(Fig. 2C; P =0.16). Fungal species composition varied
according to sampling dates (Fig. 2A; P <0.01) and
organs (Fig. 2B; P < 0.01). Comparison between pairs of
organs, using an ANOVA with pooled data (sampling
time, disease status), revealed that fungal microbiota of
cordon significantly differed from those of trunk and root-
stock (Table S1A; P =0.04 and P =0.06, respectively),
while those of trunk and rootstock were similar
(Table S1A; P =0.66). The taxonomic compositions of
bacterial communities from non-necrotic tissues of
healthy and diseased grapevines were similar (Fig. 2F;
P = 0.22). Bacterial taxonomical composition did not vary
with sampling dates (Fig. 2D; P = 0.243). However, com-
parison between pairs of sampling dates using an
ANOVA with pooled data (organs, disease status) rev-
ealed that bacterial microbiota sampled in January dif-
fered significantly from those of June (Table S1B;
P <0.05). Bacterial taxa composition also varied
according to organ (Fig. 2E; P =0.006). Comparison
between pairs of organs, using an ANOVA with pooled
data (sampling time, disease status), revealed that the
bacterial microbiota of rootstock significantly differed from
those of trunk and cordon (Table S1C; P <0.001 and
P =0.02, respectively). Those of trunk and cordon were
also statistically different (Table S1C; P = 0.05).

Variations in the taxonomic composition of fungal and
bacterial microbiota from non-necrotic woody tissues
according to organs and disease status

The twenty most abundant fungal species (> 0.8%)
detected in non-necrotic woody tissues are presented in
Table 2A (cordons) and Supporting Information Table S3
(all organs). The GTD fungus P. chlamydospora was the
most abundant fungal species in non-necrotic woody tis-
sues (average 30%, range 11%—62%). Other GTD fungi,
such as D. seriata, N. parvum, P. minimum and
F. mediterranea, were also detected, but at lower abun-
dances (3%—7.5%). Four fungal species not involved
in GTDs (Bionectria ochroleuca, Camarographim
koreanum, Diaporthe eres, Microsphaeropsis arundinis)
were also detected in relatively high abundance (>5%).
Among these four taxa, the two most abundant species
were M. arundinis (10.8%) and D. eres (9.6%), described
as common tree endophytes (Sieber, 2007; Sun
et al., 2012; de Freitas Sia et al., 2013). Statistical ana-
lyses were performed for each fungal species using
values from different sampling dates as biological repli-
cates. In healthy plants, the relative abundances of three
fungal species (Aureobasidium pullulans, C. koreanum,
and P. chlamydospora) significantly differed between
cordon and trunk (Supporting Information Table S2).
C. koreanum and P. chlamydospora were more abun-
dant in cordon (2.3- and 1.8-fold, respectively, Supporting
Information Table S3), while A. pullulans was more abun-
dant in trunk (2.6-fold, Supporting Information Table S3).
In diseased plants, we did not detect significant differ-
ences in the relative abundance of fungal species
between organs (Supporting Information Table S2). Com-
parisons of fungal microbiota between healthy and dis-
eased plants were performed for each organ (Supporting
Information Table S2), with an emphasis on cordon
(Table 2A). We did not detect significant differences in
the relative abundance of fungal species in rootstock and
trunk between healthy and diseased plants. However, the
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relative abundances of two fungal species (A. pullulans
and P. chlamydospora) differed in cordon between
healthy and diseased plants (Supporting Information
Table S2). A. pullulans and P. chlamydospora were more
abundant in cordon from healthy than diseased plants
(both onefold and fourfold, Table 2A). This observation
suggested that these fungal species decreased in abun-
dance in non-necrotic tissues from cordon during disease

development.
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Fig 2. Comparison of the OTU compo-
sition of bacterial and fungal microbiota
colonizing  grapevine  non-necrotic
woody tissues using Non-metric multi-
dimensional scaling (NMDS). NMDS
analysis was based on Bray—Curtis
dissimilarity indexes. Data used for this
analysis contained all OTUs from
meta-barcoding. ANOSIM test: Differ-
ences between parameters tested are
significant if the P-value is <0.01.

A. Comparison of OTU compositions
of grapevine non-necrotic woody tis-
sues according to sampling dates
(April, June, September, and January).
Six replicates: three organs x two
healthy/diseased status.

B. Comparison of fungal OTU compo-
sitions of grapevine non-necrotic
woody tissues according to organs
sampled (rootstock, trunk, and cor-
don). Seven replicates: four time
points x two healthy/diseased status.
C. Comparison of fungal OTU compo-
sitions of grapevine non-necrotic
woody tissues according to healthy
(asymptomatic) and diseased (symp-
tomatic) vines. Seven replicates: four
time points x two healthy/diseased
status.

D. Comparison of bacterial OTU com-
positions of grapevine non-necrotic
woody tissues according to sampling
dates (April, June, September, and
January). Six replicates: three organs
x two healthy/diseased status.

E. Comparison of bacterial OTU com-
positions of grapevine non-necrotic
woody tissues according to organs
sampled (rootstock, trunk, and cor-
don). Seven replicates: four time
points x two healthy/diseased status.
F. Comparison of bacterial OTU com-
positions of grapevine non-necrotic
woody tissues according to healthy
(asymptomatic) and diseased (symp-
tomatic) vines. Seven replicates: four
time points x two healthy/diseased
status.

The 20 most abundant bacterial genera (>1%) detected
in non-necrotic woody tissues are presented in Table 2B
(cordons) and Supporting Information Tables S4 (all sam-
ples). The most abundant bacterial families were the
Sphingomonadaceae
(6%—22%) and Rhizobiaceae (6%—19%). Most bacterial
families were composed of a few bacterial OTUs, with
some assigned to a single genus or two genera
Information

Enterobacteriaceae

Table S4). For example,
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Sphingomonadaceae included only two OTUs, correspon-
ding to Sphingomonas spp. and Kaistobacter spp., respec-
tively. Cytophagaceae also included only two OTUs,
corresponding to Pelomonas spp. and Spirosoma spp.,
respectively. Pantoea spp. from Enterobacteriaceae, one
of the most abundant genera in woody tissues (13%,
Supporting Information Table S4), and Bacillus spp. (1.7%,
Supporting Information Table S4) had antagonistic proper-
ties. Strains from these two genera, isolated from grape-
vine woody tissues inhibited the growth of fungi involved in
GTDs (Haidar et al., 2016; Rezgui et al., 2016). Their pres-
ence in grapevine woody tissues may influence the devel-
opment of GTD fungi, and their effectiveness as biological
control agents merits further evaluation. Statistical analyses
were performed for each bacterial species, using values
from different sampling dates as biological replicates. In
healthy plants, the relative abundance of OTUs from two
families (Geodermatophilaceae, Sphingomonadaceae) dif-
fered between cordons and other organs (Supporting Infor-
mation Tables S2 and S4). In diseased plants, the relative
abundance of OTUs from four families (Acetobacteraceae,
Geodermatophilaceae,  Oxalobacteraceae,  Sphingo-
monadaceae) significantly differed between organs
(Supporting Information Table S2). Comparisons of bacte-
rial microbiota between healthy and diseased plants were
performed for each organ (Supporting Information
Table S2), with an emphasis on cordon (Table 2B). In cor-
don, the relative abundance of a single OTU from
Mycobacteriaceae, Mycobacterium spp., significantly dif-
fered between healthy and diseased plants (1.5-fold
decrease in diseased plants (Table 2B and Supporting
Information Table S2).

Variations in the taxonomic composition of bacterial and
fungal microbiota between necrotic and non-necrotic
woody tissues of cordon from diseased plants

The woody tissues of cordon from diseased plants were
split into non-necrotic tissues and white-rot necrotic
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tissues. ANOSIM analyses showed that fungal taxonomic
composition  significantly differed between white-rot
necrotic and surrounding non-necrotic tissues (P = 0.03,
Fig. 3A). Fungal microbiota from white-rot necrotic tis-
sues were dominated by the two species F. mediterranea
(68%—97%, average 85%, Table 3A) and P. chlamydo-
spora (2%—28%, average 13%, Table 3A). All other fun-
gal species were detected at a low abundance (<0.5%).
We did not identify fungal species specific of white-rot tis-
sues (Table 3A). The dominance of fewer fungal species
in white-rot necrotic tissues was mirrored by their low
Shannon and Simpson index values (0.97 and 0.41,
respectively, Table 1), compared to values from sur-
rounding non-necrotic tissues (2.77 and 0.83, respec-
tively, Table 1). The taxonomic diversity of fungal
microbiota was more diverse in non-necrotic tissue
(Tables 1 and 3A) than was the case in white-rot necrotic
tissue. The most abundant species in non-necrotic tis-
sues was P. chlamydospora (15%—51%, average 34%).
It was associated with 14 other fungal species (>1%),
including GTD fungi such as F. mediterranea (6.5%),
D. seriata (6.6%) and N. parvum (2.5%). Comparisons of
fungal microbiota between white-rot and non-necrotic tis-
sue from diseased plant cordons were performed for
each fungal species, using values from different sampling
dates as biological replicates (Supporting Information
Table S2). F. mediterranea was the only fungal species
in which abundance significantly increased in white-rot
necrotic tissues compared with the surrounding non-
necrotic tissue (13-fold; Table 3A; Supporting Information
Table S2). Seven fungal species from non-necrotic tis-
sues were not identified in white-rot necrotic tissues
(Table 3A). The relative abundance of seven other fungi
strongly decreased in white-rot necrotic tissues (10- to
150-fold, Table 3A), even though significant differences
were only detected for two of them, Camarographorium
koreanum and Microsphaeropsis arundinis (Table 3A).
Five fungal species showed similar relative abundances
between white-rot and non-necrotic tissues including the

. . N . m roroomt F—— Fig _3. Non-metric mult_idimensional
N 1 . . . K 2 o | m Syxm‘:)maﬁc R20.03 scaling (NMDS) analygs of fungal
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GTD fungus P. chlamydospora (Table 3A). Overall,
white-rot necrotic tissue was characterized by a simplified
microbiota compared to non-necrotic tissue (-70% of
species), corresponding mostly to the co-existence of
the two fungal species, P. chlamydospora and
F. mediterranea.

Bacterial microbiota from white-rot necrotic tissues were
dominated by two OTUs, one from Sphingomonadaceae
(37%) the other from Mycobacteriaceae (16%,
Table 3B). These dominant OTUs were associated with
two other major OTUs (>7%), respectively, from
Bradyrhizobiaceae and Comamonadaceae. We did not
identify bacterial OTUs specific of white-rot tissues.
Bacterial microbiota from surrounding non-necrotic tis-
sue were dominated by a single OTU from
Sphingomonadaceae (24%), associated with four other
major OTUs (>7%, Table 3B). All bacterial OTUs from
white-rot necrotic tissues and surrounding non-necrotic
tissues were identified at the genus level (Supporting
Information Table S5). Four families included only two
OTUs from different genera, as observed for
Sphingomonadaceae, corresponding to Kaistobacter
spp. and Sphingomonas spp. Other families cor-
responded to a single OTU from a specific genus, as
observed for Mycobacteriaceae (Mycobacterium spp.)
and Enterobacteriaceae (Pantoea spp.). ANOSIM ana-
lyses showed that the bacterial taxonomic composition
significantly differed between white-rot necrotic and sur-
rounding non-necrotic tissues (P = 0.03, Fig. 3B). Com-
parisons of bacterial microbiota from white-rot and non-
necrotic tissues from diseased plant cordons were per-
formed for each bacterial species, using values from dif-
ferent sampling dates as biological replicates (Table 3B;
Supporting Information Table S2). Mycobacterium spp.
displayed a higher relative abundance in white-rot
necrotic tissues (4.5-fold) compared with non-necrotic
tissues (Table 3B). However, this difference was not
supported statistically (Supporting Information
Table S2). Four other bacterial OTUs, including Sphin-
gomonas spp., had a pattern similar to Mycobacterium
spp. (increase in white-rot tissues not statistically
supported). Four bacterial OTUs from non-necrotic tis-
sues were not identified in white rot necrotic tissues
(Table 3). The relative abundance of five bacterial OTUs
detected in non-necrotic tissues strongly decreased in
white-rot necrotic tissues (Table 3B). Significant differ-
ences were detected for three of them (Modestobacter,
Steroidobacter, Stenotrophomonas, Supporting Infor-
mation Table S2). Overall, bacterial microbiota from
white-rot necrotic tissues were characterized by a sim-
plified microbiota compared to non-necrotic tissues
(—50% absent or reduced OTUs) corresponding mainly
to the co-existence of two bacterial taxa, Sphingomonas
spp. and Mycobacterium spp.

microbiota of young vines 9

Visualization of fungi and bacteria inside grapevine
woody tissues

Fungi and bacteria colonizing grapevine woody tissues
were observed using cytological methods (Figs. 4-6 and
S3 and S4). The plant selection (June and January) was
based on our NMDS analysis, which highlighted differ-
ences in bacterial communities between June 2010 and
January 2011 (Fig. 2C). Using WGA-Alexa staining, fungi
were detected in all woody tissues of cordon and trunk
from healthy and diseased plants sampled in June and
January (Fig. 4). In non-necrotic woody tissue of cordon
from both healthy and diseased plants, fungi were abun-
dant in xylem vessels, in tissue surrounding fiber, and in
parenchyma (Fig. 4). Fungi were also observed in white-
rot necrotic tissue specific of cordon from diseased
plants, despite technical difficulties in staining such highly
decomposed tissues (data not shown). Using DOPE-
FISH and a mixed EUB probe, we observed large num-
bers of bacteria in xylem, and their surrounding woody
tissues of cordon (Fig. 5) and trunk (Figs. S2-S4)
from both healthy and diseased plants from June
and January. Actinobacteria, Alphaproteobacteria,
Gammaproteobacteria, and Firmicutes were detected
in all woody tissues from cordons and trunks (Fig. 5
and Supporting Information Figs. S2-S4). Only
Actinobacteria, Alphaproteobacteria and Gammapro-
teobacteria were detected in abundance in non-necrotic
cordon tissues (Fig. 5). According to these observations,
Proteobacteria were the most abundant bacteria in non-
necrotic woody tissue of cordon, while Actinobacteria dom-
inated the non-necrotic woody tissue of trunks. These cyto-
logical observations are in agreement with our meta-
barcoding data, showing that these bacterial taxa are the
most abundant in their respective woody tissues
(Tables 2B and 3B; Supporting Information Table S4).
Visualization of bacteria in white-rot necrotic tissue from
cordons of diseased plants highlighted mainly Alphaprote-
obacteria, Gammaproteobacteria, and Firmicutes (Fig. 6).
Sphingomonas spp., one of the most abundant genera in
white-rot necrotic tissues according to meta-barcoding
(37%, Table 3B), belongs to Alphaproteobacteria. Sin-
ce this genus corresponded to 18% of all the
Alphaproteobacteria detected by meta-barcoding in these
tissues (Table 3B), we suggest that the Alphaprote-
obacteria specific DOPE-FISH signal we have observed,
mostly reflects the abundance of Sphingomonas spp. in
these tissues. Overall, our cytological observations were in
agreement with our meta-barcoding data, identifying Prote-
obacteria (Alpha-, Gamma-) and Actinobacteria as the
most abundant bacterial taxa in grapevine woody tissues.
In addition, these cytological observations strongly
suggested that fungi and bacteria co-existed in the same
woody tissues of trunks and cordons. We observed fungi
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A June

Fig 4. Detection of fungi in non-
necrotic woody tissues of cordons

Asymptomatic plants

Cordon
non necrotic tissues

B January

from healthy (asymptomatic) and dis-

Symptomatic plants eased (symptomatic) grapevines.

Non-necrotic woody tissues from
grapevine cordons were sampled in
June 2010 (A) or January 2011 (B).
Fungi were stained using WGA-Alexa
Fluor488®. Fib = fiber, Xyl = xylem,
Par = parenchyma.

A, a: Fungi detected in green in
parenchyma of non-necrotic tissue
asymptomatic grapevines sampled in
June 2010.

A, b: Fungi detected in green in fiber
and xylem of non-necrotic tissue
asymptomatic grapevines sampled in
June 2010.

A, c: Fungi detected in green in
parenchyma, fiber and xylem of non-
necrotic tissue symptomatic grape-
vines sampled in June 2010.

Asymptomatic plants

Cordon
non necrotic tissues

and bacteria in the same zones of woody tissues such as
fiber, parenchyma and xylem vessels (Figs. 5A and 6B,C).

Discussion

This study identified variations in the taxonomical compo-
sition of fungal and bacterial communities colonizing
grapevine woody tissues according to season, organ,
and esca disease status. These communities were char-
acterized using meta-barcoding, revealing 515 fungal and
4083 bacterial OTUs. Only 20 fungal species and 50 bacte-
rial genera, however, were detected in abundance
greater than 1%, and most taxa were in very low abun-
dance (<0.1%), as observed in other ecosystems (Buée
et al., 2009; Zhang et al., 2012).

Fungal microbiota of non-necrotic woody tissues from
young grapevines

Our meta-barcoding analysis revealed that P. chlamydospora
is the most abundant fungal species in non-necrotic woody
tissues from cordons and trunks of young grapevines (11%—
60%, average: 30%; Table 2A; Supporting Information

Symptomatic plants

B, a: Fungi detected in green in xylem
of non-necrotic tissue asymptomatic
grapevines sampled in January 2011.
B, b: Fungi detected in green in
parenchyma and fiber of non-necrotic
tissue asymptomatic grapevines sam-
pled in January 2011.

B, c: Fungi detected in green in
parenchyma of non-necrotic tissue
asymptomatic grapevines sampled in
January 2011.

Table S3). However, only a few strains of P. chlamydospora
were isolated from the same non-necrotic woody tissues
using microbiological methods (10/1500 isolates: 0.6%;
Bruez et al., 2014). Quantification of P. chlamydospora
using qPCR confirmed its high abundance in our samples,
suggesting that taxa quantification using meta-barcoding
was reliable, as observed for microbiota on grapevine leaves
(Gobbi et al., 2020). The discrepancy in fungal quantification
between meta-barcoding and microbiological methods could
result from the difficulty in isolating P. chlamydospora from
the woody tissues studied. This fungal species is easily iso-
lated in the black necrotic sectors of trunks from old diseased
grapevines, which are almost exclusively colonized by this
fungus (Bertsch et al., 2013; Mondello et al., 2018). The fun-
gal microbiota of non-necrotic woody tissues was more com-
plex, and contained fungal species with very different growth
behaviour, including fast growing species such as D. seriata
and N. parvum, and slow growing species such as
P. chlamydospora (Supporting Information Table S3). For
example, D. seriata and N. parvum were isolated at a high
frequency from trunks using microbiological methods
(822/1500 isolates: 21%; Bruez et al., 2014), despite
their lower relative abundance according to meta-barcoding

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology



All bacteria

January symptomatic cordon

All bacteria

Firmicutes

January asymptomatic cordon

«= Unspecific bacteria

(8%; Supporting Information Table S3). This comparison
suggests that microbiological methods suffer from a competi-
tion between fast and slow growing fungi, which could
reduce the recovery of P. chlamydospora from non-necrotic
woody tissues. Other meta-barcoding studies were per-
formed to characterize the fungal microbiota occurring on
the surface of grapevine leaves and berries. Pinto
et al. (2014) and Gobbi et al. (2020) identified a few abun-
dant fungal taxa on the surface of grapevine leaves such
as Alternaria spp., A. pullulans, Cladosporium spp.,
Sporobolomyces spp. and species from Pleosporalaceae.
Except for A. pullulans and Cladosporium spp., these fungal
species from leaves were not identified in young grapevine
woody tissues (Supporting Information Table S3). Bokulich
et al. (2013) identified, mostly on grape berries, Cla-
dosporium spp., Botryotinia fuckeliana (Botrytis cinerea),
Penicillium spp., Davidiella tassiana, and A. pullulans.

Negative control

«= Specific bacteria
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Fig 5. Detection of bacterial taxa in non-
necrotic woody tissues of cordons from
healthy (asymptomatic) and diseased
(symptomatic) grapevines using DOPE-
FISH/CLSM. Non-necrotic woody tis-
sues from cordons were sampled in
January 2011 from either diseased
(symptomatic: A—F) or healthy (asymp-
tomatic: G-L) grapevines. Orange/red-
dish dots = positive detection of specific
bacterial taxa from, Actinobacteria (B,
H), Alpha-proteobacteria (C, I), Gamma-
Proteobacteria (D, J) or Firmicutes (E,
K). Negative control (F, L). Green
dots = non-specific detection of all
bacterial taxa.

Except for A. pullulans and Cladosporium spp., these fungal
species from berries were not identified in young grapevine
woody tissues (Supporting Information Table S3). Overall,
only 3 abundant taxa (>1%) out of 20 were shared between
these studies and our analysis (15%), indicating that fungal
microbiota from inner wood strongly differs from those of
berry and leaf surface.

Bacterial microbiota of non-necrotic woody tissues from
young grapevines

Our meta-barcoding analysis revealed a few abundant
bacterial taxa in non-necrotic woody tissues, corres-
ponding to Pantoea spp., Bacillus spp., Enterobacter
spp., Paenibacillus spp. and Stenotrophomonas spp.
(>10%, Supporting Information Table S4). In the work of

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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 ghe®
Alphaproteobactefia

January White rot

«= Unspecific bacteria == Specific bacteria

Fig 6. Detection of bacterial taxa in white-rot necrotic woody tissues
of cordons from diseased (Symptomatic) grapevines using DOPE-
FISH/CLSM. White-rot necrotic woody tissues from cordons were
sampled in January 2011 from diseased grapevines (A-D). Orange/
reddish dots = positive detection of bacterial taxa from Alpha-
proteobacteria (A), Gamma-Proteobacteria (B), or Firmicutes (C).
Negative control (D). Green dots = non-specific detection of all
bacterial taxa.

Niem et al. (2020), meta-barcoding analysis of bacterial
microbiota from woody tissues was performed, using old
grapevines from Australia that displayed BDA, but not
esca disease. In trunks from healthy plants, these
authors identified mostly Pseudomonas (50%—75%),
Roseococcus (16%) and Chitinophagaceae (13%). In
our study, Pseudomonas and Chitinophagaceae were
detected in the non-necrotic woody tissue of trunks from
healthy plants, but at a much lower abundance (1.4%
and 1.7%, respectively, Supporting Information
Table S4). These quantitative differences were also
observed for Sphingomonas spp., detected at a lower
abundance in woody tissues of Australian grapevines
(6%) than those of French grapevines (17%, Table S4).
In these studies, 7 abundant taxa (>1%) out of 20 were
identified to a total of 35%. These differences could result
from variations in ecological factors affecting microbial
colonization between these two vineyards (location, culti-
var, age, cultural practices). We also compared our data
with those obtained using microbiological isolation
methods and the same young grapevines (Bruez
et al., 2015). This study identified Pantoea spp., Bacillus
spp., Enterobacter spp., Paenibacillus spp. and
Stenotrophomonas spp. as the main bacterial genera,
which were also identified as abundant by meta-
barcoding. However, Sphingomonas spp., the most
abundant bacterial taxa according to meta-barcoding
(average 18%, Supporting Information Table S4), was
only poorly recovered by microbiological methods (<2%;
Bruez et al., 2015). This comparison showed that both

methods have a similar efficiency in detecting most of the
main bacteria colonizing woody tissues. Other meta-
barcoding studies were performed to characterize the
bacterial microbiota occurring on the surface of grapevine
berries, flowers, leaves and roots (Compant et al., 2011,
Bokulich et al., 2013; Gilbert et al., 2014; Zarraonaindia
et al., 2015; Gobbi et al., 2020). These studies identified
Pseudomonas spp. as the most abundant genus on the
surface of flowers and leaves, while berry bacterial micro-
biota was predominantly composed of OTUs from Erwinia
spp., Klebsiella spp., Lactococcus spp., Pseudomonas
spp., Sphingomonas spp., and Methylobacterium spp.
Overall, only 2 abundant taxa (>1%, Sphingomonas spp.,
Pseudomonas spp., Supporting Information Table S4)
out of 20 were shared between these studies and our
analysis (10%). These comparisons showed that bacte-
rial taxa colonizing inner wood strongly differ from those
occurring at the surface of grapevine.

Fungal and bacterial microbiota of white-rot necrotic
tissues, a hallmark of cordons from diseased grapevines

Most cordons from diseased plants (70%) displayed white-
rot necrotic tissues colonized by only a few plant patho-
genic fungi (F. mediterranea and P. chlamydospora) and
bacterial taxa (Sphingomonas spp. and Mycobacterium
spp.). Since these fungal and bacterial taxa are known to
degrade plant cell walls, their association could be essen-
tial for the degradation of inner wood and the formation of
white-rot necrotic tissues. The presence of white-rot
necrotic tissues is strongly associated with esca disease
(70% of diseased grapevines, absence in healthy grape-
vines). However, these tissues were not detected in the
trunks of these diseased grapevines. To account for this
observation, we suggest that F. mediterranea was recently
infected cordons of these young grapevines through prun-
ing wounds. We propose that the development of
F. mediterranea in these cordons could ultimately lead to
the formation of the observed central white-rot necrosis.
This colonization has not reached yet trunks that are
devoid of white-rot necrosis. Such entry and development
of F. mediterranea in woody tissues has been observed
after citrus pruning (Kalomira et al. 2006), but not yet for
grapevine. Consequently, we propose a scenario for the
involvement of this white-rot specific microbiota in the
onset of esca disease. First, we propose that
F. mediterranea infects cordon from young grapevine via
pruning wounds. It then progresses in cordon woody tissue
already colonized by P. chlamydospora. The interaction
between P. chlamydospora, F. mediterranea and bacteria
found in these tissues is probably essential for the forma-
tion of white-rot necrotic tissue in the cordon of young
grapevines. We also propose that F. mediterranea and its
associated microbiota will over time progress from cordon

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology



to trunk. This would allow the formation of white-rot necrotic
tissues in trunks, as observed in old grapevines with esca-
disease (Maher et al., 2012; Bertsch et al., 2013; Bruez
etal., 2014; Bruez et al., 2015; Mondello et al., 2018; Elena
et al., 2018; Del Frari et al., 2019; Nerva et al., 2019).
Finally, we propose that this white-rot associated
microbiota is essential for the onset of esca disease. In par-
ticular, the interaction between F. mediterranea,
P. chlamydospora and bacteria from white-rot necrotic tis-
sues could induce the production of novel phytotoxic sec-
ondary metabolites, thereby giving rise to typical esca-
foliar symptoms. This production of novel fungal secondary
metabolites by co-culture with bacteria is now well-
documented in vitro (Haidar et al., 2016), and this phenom-
enon could happen in natura. This hypothesis needs to be
supported by experiments, such as inoculating a mixture of
fungal and bacterial species to pruning wounds of cordons,
followed by the assessment of white-rot necrotic tissues,
and esca symptom development over multiple years. Such
experiments have already been performed with young
grapevines (7-9 years old; Surico et al., 2008) with some
success. Various mixtures of F. mediterranea and
P. chlamydospora were able to induce the formation of
white-rot necrotic tissues and esca leaf symptoms over
3 years of survey (Surico et al., 2008). Novel mixed inocu-
lations were recently performed with P. chlamydospora
and either F. polymorpha or T. texanus, two Basidiomycota
colonizing white-rot necrotic tissues of US grapevines
(Brown et al., 2020). These mixed inoculations induced
large brown lesions of woody tissues not observed when
inoculating a single species, and leaf lesions typical of
esca, although at a low frequency. These experiments sug-
gest a synergy between these fungi during the onset of
esca. Additional mixed inoculations of fungal species (with
wood inhabiting bacteria or not) should performed with dif-
ferent grapevines to validate these first results. For exam-
ple, F. mediterranea could also be inoculated to
grapevines already colonized by P. chlamydospora.
Finally, in vitro co-cultures of F. mediterranea and
P. chlamydospora (with or without bacteria) could be used
to monitor the production of novel secondary metabolites
toxic to grapevine. One possible reservation against gener-
alizing our hypothesis to other vineyards is that
Basidiomycota other than F. mediterranea are colonizing
the trunk of from diseased grapevines in vineyards from
other countries such as South/North America (Fomitiporia
polymorpha and T. texanus: NorthAmerica; [nocutis
jamaicensis and Fomitiporella vitis: SouthAmerica;
Fisher, 2006; Brown et al., 2020) and South Africa
(Fomitiporia capensis, Cloete et al., 2014). However, it is
still possible that white-rot necrotic tissues from such
grapevines are colonized by a few fungal taxa, including a
major wood-degrading species other than F. mediterranea.
Meta-barcoding analyses of cordon microbiota from other

microbiota of young vines 13

young and old grapevines are needed to generalize our
finding (see below).

Comparison of fungal microbiota of woody tissues
from young grapevines to those reported for old
grapevines

Two other meta-barcoding studies of fungal microbiota
from woody tissues were performed, using old grape-
vines from Portugal (Del Frari et al., 2019), or Australia
(Niem et al., 2020). These authors studied old grapevines
that were either healthy or displaying esca (Portugal) or
BDA (Australia). The methods used for sampling the
wood differed from ours. In Portugal, trunks and arms/
cordons were drilled with a gimlet to avoid plant destruc-
tion. This method, however, does not allow easy charac-
terization of the type and amount of internal necroses, or
enable the split between non-necrotic and necrotic tis-
sues to be split for microbiota analysis. In Australia,
woody tissues from trunks were dissected, but necrotic
and non-necrotic tissues were not split. Because of their
sampling strategies, these authors could not identify
which microbiota was colonizing necrotic tissues in dis-
eased plants. Still, we nonetheless their results can be
compared to our data for healthy plants. Both authors
showed that P. chlamydospora was the most abundant
fungal species in woody tissues from healthy old grape-
vines (50% in Portugal; 80% in Australia), as observed in
France (41%, Supporting Information Table S3). In Portu-
gal, P. chlamydospora was also the most abundant fun-
gal species in woody tissues of cordons/arms from
healthy grapevines (40%), as observed in France (48%,
Supporting Information Table S3). The abundance of
P. chlamydospora in grapevine woody tissues was unex-
pected, but the Portuguese results strongly suggest that
this fungal species is one of the main colonizers of grape-
vine woody tissue. Grapevines displaying esca-foliar
symptoms for at least 4 years have only been studied in
Portugal. The authors showed that P. chlamydospora
was less abundant in woody tissues from trunks of dis-
eased plants (21%, twofold reduction) compared to
healthy plants. The only fungal species in which relative
abundance increased in trunks and arms/cordons of dis-
eased compared to healthy plants was F. mediterranea
(fivefold, up to 35%). The authors also stated that
whereas they observed white-rot necrotic tissues only in
diseased plants, this was limited to in 15% of their drilling
samples. These observations suggest that esca disease
is associated with the development of white-rot necrosis
in woody tissues that are probably dominated by
F. mediterranea in both cordon and trunk in old grape-
vines, thereby supporting our hypothesis which is based
on observations of young grapevines.
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Conclusion

Accurately determining the microbiota of grapevine
woody tissues, using meta-barcoding, is crucial in under-
standing esca disease. Our statistical analyses showed
that fungal microbiota from non-necrotic woody tissues
from healthy or diseased grapevines, did not significantly
differ (Supporting Information Table S2). We also showed
that P. chlamydospora is the main fungal species colo-
nizing woody tissues of grapevines. In healthy grape-
vines, its high incidence did not cause either visible local
necrosis, or esca symptoms, suggesting a possible non-
pathogenic endophytic behaviour. Our results support
previous findings that P. chlamydospora could switch
from an endophytic to a pathogenic lifestyle in response
to biotic and abiotic factors (Bertelli et al., 1998; Pierron
et al., 2016). The only difference that we found between
healthy and diseased young grapevines was the pres-
ence of white-rot necrotic tissue in cordon. This typical
necrotic tissue was dominated by F. mediterranea, asso-
ciated with P. chlamydospora, and a few bacterial taxa
(Table 3). Our hypothesis is that this microbial associa-
tion is essential for the development of white-rot necrosis
in the inner wood of cordon and is associated with the
onset of esca. In future work, it will be important to study
the microbiota of grapevine wood in other vineyards with
esca disease by splitting non-necrotic and necrotic tis-
sues, in order to survey the presence of white-rot necrotic
tissue and decipher its associated microbiota in relation
to the onset of esca disease. Other meta-barcoding stud-
ies in Portugal (Del Frari et al., 2019) suggest that our
observations on young grapevines could be extended to
old grapevines, since its authors identified only white-rot
necrotic tissue in the trunk of diseased plants and con-
firmed the high abundance of F. mediterranea in trunk
and cordon of these diseased plants.

Experimental procedures
Study site and sampling collection

The experimentation was carried out on 10-year-old
Cabernet Sauvignon grapevines (Vitis vinifera L.) grafted
on the rootstock 101-14 Mgt, and planted in a sandy-clay
soil. The sampling site was located at the Luchey-Halde
vineyard in Pessac Léognan (Bordeaux, France). This
vineyard has been inspected annually for esca-foliar
symptoms ever since its plantation in 2000. Plants were
defined as diseased (symptomatic) if they had previously
expressed esca-foliar symptoms at least twice over the
last 4 years (2005—-2009) before sampling (2010). Plants
were defined as healthy (asymptomatic) if they had not
displayed any esca-foliar symptoms since 2000. Four
healthy and four diseased grapevines were uprooted
every 12 weeks during a 1-year period. Sampling was

performed at four stages of grapevine development: April
2010 (bud break), June 2010 (flowering), September
2010 (harvest), and January 2011 (pruning). This sam-
pling method was destructive, as plants were first
uprooted before their organs, i.e., cordon, trunk and root-
stock, were cut longitudinally, in order to verify their
necrotic or healthy wood status. Non-necrotic tissues
were sampled in both healthy and diseased plants, while
white-rot necrosis, which is associated with esca, was
sampled only in diseased plants. A total of 112 wood
samples was therefore collected, corresponding to the
non-necrotic tissues of 3 organs (rootstock, trunk, cor-
don) x 4 dates x 8 grapevines (4 esca-foliar symptomatic
and 4 asymptomatic grapevines), plus 16 additional sam-
ples of white-rot (4 dates x 4 asymptomatic grapevines).

DNA extraction and tag-encoded 454 pyrosequencing

DNA extraction. For each grapevine collected in 2010
and 2011, 10 g of non-necrotic and white-rot (only dis-
eased plants) tissues were sampled from cordons,
trunks, and rootstocks. All samples were ground in liquid
nitrogen with a one-ball mill of Dangoumau type, and kept
at —80°C, prior to DNA extraction. DNA was extracted
from 60-mg aliquots of woody tissues using the Indvisorb
Spin Plant mini Kit (Eurobio, France), according to the
manufacturer’s instructions. DNA extracts were then
quantified with a nanodrop (ND-1000; Nano-Drop Tech-
nologies, Wilmington, USA), and homogenized at a con-
centration of 10 ng.ul~". Based on previous fingerprinting
analyses which showed no significant microbial differ-
ences between replicates (Bruez et al., 2014), DNA sam-
ples were then pooled (four DNAs from four independent
dissected grapevines) at equimolar concentrations to
obtain 28 samples to be analysed, corresponding to
[4 dates x 2 disease status x 3 organs] + 4 samples of
white-rot (sampled only in cordons of symptomatic
grapevines).

The composition of grapevine wood microbial commu-
nites was characterized by tag-encoded 454
pyrosequencing. In the case of fungi, the pair of primers,
ITS1 and ITS4F (White et al., 1990), was used to amplify
the ITS1 and ITS2 regions of the nuclear ribosomal
repeat unit. For bacteria, PCR amplifications targeted the
V5-V6 variable region of the 16S rDNA gene. The pair of
primers, 799f and 1115r (Redford et al., 2010), were cho-
sen, as they do not amplify chloroplastic DNA. DNA was
amplified by PCR in an Applied Biosystem 9700 (Applied
Biosystem) in a reaction mixture (50 pl final volume) con-
sisting of 25U of Taq polymerase (GoTagFlexi,
Promega), 1X buffer, 1.5 mM MgCl,, 200 uM of each
dNTP, 0.5 pM of each tagged-primer and 60 ng of DNA.
The cycling parameters were as follows: enzyme activa-
tion at 95°C for 5 min; 28 cycles of denaturation at 95°C
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for 30 s, 55°C (fungi)/54°C (bacteria) for 30 s, 72°C for
1 min 15 s (fungi)/45 s (bacteria); and a final extension at
72°C for 5 min.

PCR products were then purified using the QIAquick
PCR purification kit (Qiagen), and quantified using the
Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen,
Saint Aubin, France) on a ABI Prism 7900HT (Life
Technologies-Invitrogen-A-BIOSYSTEM,  Villebon-sur-
Yvette, France). Libraries were then prepared at equimo-
lar concentrations, i.e. 500 ng of DNA and sequenced
using a Roche GS FLX+ 454 pyrosequencer (454 Life
Sciences — Roche Company, Branford, CT) at the GeT-
PlaGe sequencing service (Genome and Transcriptome
Laboratory, Toulouse, France).

Post-run analysis

Fungal and bacterial data were processed as similarly as
possible, using the Quantitative Insights Into Microbial
Ecology (QIIME) pipeline (version 1.7.0) (Caporaso
et al., 2010). In brief, sequences were selected according
to the following initial criteria: (i) =450 nucleotides in
length; (i) a perfect match to the primers and the
barcodes; and (iii) no ambiguous base allowed. Although
the bacterial primers were designed to amplify bacterial
DNA, we verified, using the software Metaxa, that, after
denoising, no sequences of chloroplastic or mitochondrial
origin were present in the bacterial dataset (Bengtsson
et al., 2011). The V-Xtractor (Hartmann et al., 2010) and
FungallTSextractor softwares were then used, respec-
tively, to extract the V5-V6 region of the bacterial 16S
rDNA gene and the fungal ITS1 and ITS2 regions. Micro-
bial sequences were then binned into OTUs, using a
97% identity threshold with the UPARSE algorithm
implemented in the USEARCH pipeline (Edgar, 2013),
with the most abundant sequence from each OTU being
selected as a representative sequence for that OTU. Tax-
onomy was assigned to OTUs, using the Basic Local
Alignment Search Tool (BLAST) (Altschul et al., 1990) for
each representative sequence against the GreenGenes
reference database for bacteria (99% similarity), and the
Fungal ITS Database produced by Nilsson and co-
workers (Nilsson et al., 2010) (97% similarity).

Statistical analysis

All the statistical analyses were carried out using the R
statistical software, version 3.1.1. OTU-distribution
matrixes were used to perform rarefaction analyses and
to calculate diversity (Shannon and Simpson) indexes
with the EstimateS software package (Colwell, 2005). To
compare different indexes between samples, an analysis
of variance and a Kruskal-Wallis test were performed.
Using the Vegan package, non-metric multidimensional
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scaling (NMDS) was performed based on Bray—Curtis
dissimilarity and validated with an ANOSIM test.

DOPE-FISH/CSLM microscopy

Bacterial DOPE-FISH. DOPE-FISH microscopy was car-
ried out to visualize bacterial taxa within plant tissues.
Wood tissues were stored at —20°C after sampling. The
samples were obtained from non-necrotic cordon and
trunk tissue from healthy and diseased plants sampled in
June or January. Only the white-rot necrotic tissues from
diseased plants sampled in January were analysed. Fix-
ation was carried out overnight at 4°C, in a paraformal-
dehyde solution (4% w/v in PBS 7.2) in Eppendorf tubes,
and rinsed three times with PBS. Samples were then
treated with a lysozyme solution (1 mg mI~" in PBS) for
10 min at 37°C, followed by dehydration in an ethanol
series (25%, 50%, 75%, and 99.9%; 15 min each step).
DOPE-FISH was performed after cutting samples
into small pieces, and then using probes from
Eurofins (Germany) labelled at both 5’ and 3’ positions.
A mixEUB (equivalent mixture of EUB338, EUB338lI,
EUB338III coupled with an ATTO488 fluorochrome), an
ALF1B probe specific of Alphaproteobacteria, some
Deltaproteobacteria and Spirochetes, a Gam42a probe
specific of Gammaproteobacteria, a LGC probe specific
of Firmicutes, and a HGCB9A probe specific of
Actinobacteria, all coupled to Cy5, were used. A NON-
EUB probe, coupled with ATTO488 and Cy5, was also
used independently as a negative control (Wallner
et al., 1993; Daims et al., 1999). Hybridization was per-
formed at 46°C, during 2 h 30 min, with 10—20 pl hybridi-
zation solution applied to each plant sample, placed on
slides in a 50ml moist chamber (also housing a piece of
tissue imbibed with 5 ml hybridization buffer). Each
hybridization solution contained 20 mM Tris—HCI pH 8.0,
0.01% w/v SDS, 0.9 M NaCl, formamide at the concen-
tration adapted for each probe: 15 ng ul~"' for a general
probe, and 10ngpl~" for a specific probe. Post-
hybridization was performed in 20 pl at 48°C for 30 min
with a post-FISH pre-warmed solution containing 20 mM
Tris—HCI pH 8.0, 0.01% (w/v) SDS, 5 mM EDTA pH 8.0
and NaCl at a concentration corresponding to the form-
amide concentration used. Samples were rinsed with
distilled water before air-drying in the dark.

Fungal visualization. Plant sections used for bacterial
observations were also used for fungal visualization.
DOPE-FISH was not used for fungi, but fungal detection
was performed instead using wheat germ agglutinin
(WGA) coupled with an Alexa fluor488 fluorochrome.
Samples were immersed in 1 ml of phosphate buffer
saline (PBS, pH7.2) containing 50 ugml~" of wheat
germ agglutinin (WGA)-AlexaFluor®488 conjugate (Life
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Technologies, USA), and incubated 2 h at 37°C, before
rinsing twice with PBS.

Image analysis. For microscopic examination, samples on
slides were observed under a confocal microscope
(Olympus Fluoview FV1000 with multiline laser FV5-
LAMAR-2 and HeNe(G)laser FV10-LAHEG230-2). X, Y, Z
pictures of samples were taken at 405, 488, 633 nm using
10x and 20x objectives, observed with Imaris software
and merged (RGB) using ImageJ software. Z Project Sta-
cks were used to create figures. Pictures were cropped,
and sharpened. All experiments were repeated at least
eight independent times, using samples from three differ-
ent plants.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1 Rarefaction curves illustrating the observed numbers
of fungal (A) and (B) and bacterial (C) and (D) (genera in
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wood samples obtained from different vine organs/tissues
(rootstock, trunk and cordon / non-necrotic and white-rot tis-
sues) and at four different sampling dates (April, June,
September 2010 and January 2011).

Fig. S2 DOPE-FISH/CLSM detection of bacteria in non-
necrotic woody tissues of trunk from diseased (A-F) and
healthy (G-L) grapevines sampled in June 2010. Orange/red-
dish = specific bacteria, Actinobacteria, Alphaproteobacteria,
Gammaproteobacteria, Firmicutes. Green = all non-specific
bacteria.

Fig. S3 DOPE-FISH/CLSM detection of bacteria in non-
necrotic woody tissues of trunk from diseased (A-F) and
healthy (G-L) grapevines sampled in January 2011. Orange/
reddish = specific bacteria, Actinobacteria, Alphaprote-
obacteria, Gammaproteobacteria, Firmicutes. Green = all non-
specific bacteria.

Table S1 P-values (P) representing comparison between
each sampling date of fungi (A) and bacteria (B) and

between fungi (C) and bacteria (D) of the non-necrotic tissue
rootstock, trunk and cordon of asymptomatic and symptom-
atic vines (E) and (F).

Table S2 Results of ANOVA tests comparing different part
for healthy or diseasec vines of fungal and bacterial commu-
nities (A) and (B) or from fungal or bacterial communities of
the different organs (C) and (D). NS = no significant
differences.

Table S3 Proportions of the 20 most abundant fungal spe-
cies of non-necrotic tissue of disease and healthy vines sam-
pled at four seasons (April, June, September and January).
Average of all samples of cordon or trunk or rootstock.
Sym = symptomatic and Asym = asymptomatic.

Table S4 Proportions of the 20 most abundant bacterial fam-
ilies of non-necrotic tissues of healthy and disease vines
sampled at four seasons (April, June, September and
January). Average of all samples of cordon or trunk or root-
stock. Sym = symptomatic and Asym = asymptomatic.
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