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The phyllosphere is colonized by complex microbial communities, which are adapted to the harsh habitat. Although the role and
ecology of nonpathogenic microorganisms of the phyllosphere are only partially understood, leaf microbiota could have a bene-
ficial role in plant growth and health. Pesticides and biocontrol agents are frequently applied to grapevines, but the impact on
nontarget microorganisms of the phyllosphere has been marginally considered. In this study, we investigated the effect of a
chemical fungicide (penconazole) and a biological control agent (Lysobacter capsici AZ78) on the leaf microbiota of the grape-
vine at three locations. Amplicons of the 16S rRNA gene and of the internal transcribed spacer were sequenced for bacterial and
fungal identification, respectively. Pyrosequencing analysis revealed that the richness and diversity of bacterial and fungal popu-
lations were only minimally affected by the chemical and biological treatments tested, and they mainly differed according to
grapevine locations. Indigenous microbial communities of the phyllosphere are adapted to environmental and biotic factors in
the areas where the grapevines are grown, and they are resilient to the treatments tested. The biocontrol properties of phyllo-
sphere communities against downy mildew differed among grapevine locations and were not affected by treatments, suggesting
that biocontrol communities could be improved with agronomic practices to enrich beneficial populations in vineyards.

Plants support a complex micro-ecosystem, and they host dis-
tinct bacterial communities on and inside various plant or-

gans (1). The aerial part of plants (phyllosphere) is normally col-
onized by a variety of bacteria, filamentous fungi and yeasts (2).
Microbial phyllosphere communities are complex and composed
by many uncultured microorganisms (2, 3), which are adapted to
the harsh environmental conditions (4, 5). In particular, micro-
bial epiphytes of the phyllosphere are exposed to the atmosphere
and must deal with direct UV radiation, wide fluctuations in tem-
perature, low water availability, and limited access to nutrients (2,
6). Therefore, the composition of phyllosphere communities
could be affected by environmental factors, such as UV radiation,
air pollution, and nitrogen fertilization, as well as by biotic factors,
such as plant species and invading microorganisms (6–8). More-
over, the phyllosphere is an open system and microbes can invade
plant leaves by migration from the atmosphere, soil, other plants,
insects, and animals (9).

The phyllosphere has been less intensively studied than the
rhizosphere and has received considerable attention in recent
years (1). The interest in phyllosphere microbiology was initially
driven by investigations into plant pathogens, but most phyllo-
sphere-colonizing microorganisms live as commensals and/or
mutualistic symbionts on their host plants (2, 4, 6). Phyllosphere
communities are involved in functional processes as large in scale
as the carbon cycle, nitrogen fixation, and degradation of organic
pollutants, pesticide residues included (2, 4). Phyllosphere com-
munities are also thought to be relevant for plant development
and health as biofertilizers, phytostimulators, and biopesticides to
protect against invading pathogens (1, 2, 6). As a consequence, it is
not surprising that axenic plants are more susceptible to infection
(10), suggesting that a barrier effect is conferred by the plant mi-
crobiota against pathogens (6). However, the role and ecology of
nonpathogenic microorganisms on phyllosphere is only partially
understood (2, 11), and many practical applications of leaf micro-

biota may result from studies on the interaction of microbes with
plants and among themselves (4). In particular, better under-
standing of community structure and multitrophic interactions in
the phyllosphere will be the key to develop new strategies for plant
protection (6). A prominent area of applied phyllosphere micro-
biology is the improvement of plant health to increase plant bio-
mass production and reduce pathogen infections by the use of
beneficial microbial communities (6).

Chemicals such as fertilizers and pesticides are frequently used
in agriculture. Many active molecules have a wide spectrum of
activity and might affect nontarget microorganisms within the
ecosystem, including those on the plant (12). The impact of chem-
ical treatments has been evaluated on the microbial structure of
soil (13, 14) and aquatic ecosystems (15), while only a few studies
have addressed the impact of pesticides on nontarget microorgan-
isms of the phyllosphere (9, 11, 12). The use of biological control
agents offers a promising alternative or supplement to chemical
fungicides for the control of crop diseases. In terms of safety, bio-
control agents should not have any effects on nontarget organisms
(16). Successful colonization of the phyllosphere by immigrating
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microorganisms may be highly dependent on the competitiveness
of biocontrol agents, and competitive biocontrol agents might
eventually harm not only pathogenic microorganisms but also
nontarget organisms (17, 18). However, the nontarget effects of
biocontrol agents have mainly been investigated on soil microbial
communities (17, 19), and the impact on indigenous leaf micro-
biota has only recently been analyzed (18, 20, 21). Therefore,
chemical and biological treatments could potentially affect taxo-
nomic structures and functional properties of the phyllosphere
microbiota, and deeper knowledge of different crops and environ-
mental conditions is required to better understand the impact on
indigenous leaf communities. The grapevine (Vitis vinifera L.) is
one of the major fruit crops worldwide, and it is susceptible to a
large spectrum of pathogens, which are mainly controlled by the
frequent use of chemical fungicides. Concerns about the environ-
mental impact of pesticide overuse have sparked increasing inter-
est in alternatives to chemical treatments (22). However, the im-
pact of commercial fungicides and/or promising biocontrol
agents on the phyllosphere microbiota has not yet been investi-
gated in grapevine. Phyllosphere communities of the grapevine
have been analyzed mainly in terms of bacterial composition in
relation to populations of the rhizosphere, bark, and berries (23,
24). The objective of the present study was to investigate the effect
of a chemical fungicide based on sterol biosynthesis inhibition
(penconazole) and a biocontrol agent, Lysobacter capsici AZ78
(AZ78), on the taxonomic structure and functional properties of
indigenous microbial communities on grapevine leaves at three
different locations.

MATERIALS AND METHODS
Grapevine treatments and locations. Grapevine plants were treated with
penconazole (Support 10 EC, 10.2% penconazole; Cheminova Agro Ita-
lia, Bergamo, Italy) at a concentration of 0.3 ml/liter or with the biocon-
trol agent AZ78 at a concentration of 106 CFU/ml, while other plants were
left untreated. Penconazole is a widely used chemical fungicide, princi-
pally adopted against powdery mildews (25, 26), and it has a broad range
of activity against ascomycetes and basidiomycetes (27). Penconazole was
chosen in our experiments because it is not active against the oomycetes
(27); thus, it is not expected to affect the efficacy tests against Plasmopara
viticola on leaf disks. AZ78 is a promising biocontrol agent against grape-
vine downy mildew (28), and it is phylogenetically related to L. capsici
YC5194 and L. capsici PG4 (28), which showed broad range of activity
against fungi and bacteria (29, 30).

Treatments were applied in a randomized block design with three
replicates of four plants for each treatment. Treatments were applied
weekly on 29 May and on 5 and 12 June 2012 using a compressed-air hand
sprayer (with a volume of 500 liters/ha). In order to control possible
downy mildew infection before starting the experiment, phosphites (Fito-
fos; Sunchemical, Crespellano, Italy) were applied to all plants at a con-
centration of 1.5 ml/liter on 8, 15, and 22 May 2012.

Grapevine plants of the Vitis vinifera cultivar Pinot gris were analyzed
at three locations in northern Italy. A vineyard located in Udine (UD;
latitude, N46.081460; longitude, E13.228974; altitude, 113 m; 23-year-old
plants) and a vineyard located in San Michele all’Adige (SM1; latitude:
N46.184391, longitude: E11.124499, altitude: 228 m, 11-year-old plants)
were used. At a second location in S. Michele all’Adige (SM2; latitude,
N46.190723; longitude, E11.135518; altitude, 228 m), we used 2-year-old
plants grown in 2.5-liter pots containing a peat and pumice mixture (3:1),
protected from rain by a glass roof during the experiment.

Sample collection and isolation of phyllosphere microorganisms.
For each treatment and location, asymptomatic leaves were randomly
collected 1 day after the last treatment and three replicates (named from A
to C) of 50 leaves were obtained. Leaves were placed in sterile plastic boxes

and washed with 1-liter isotonic solution containing 0.01% Tween 80 by
manual shaking for 15 min. The leaf-washing suspension was filtered with
sterile cheesecloth, and 100 ml of suspension per each replicate were im-
mediately used for the efficacy tests against P. viticola on grapevine leaf
discs. The remaining part (900 ml) was centrifuged at 4,000 � g for 20 min
at 4°C, the supernatant was discarded, and a pellet of each replicate was
stored at �20°C before DNA extraction.

The viability of the phyllosphere microorganisms was determined us-
ing the classical plating method. Basically, 1 ml of each leaf-washing sus-
pension was 10-fold serially diluted, and 0.2 ml of each dilution was plated
on both nutrient agar (NA), in order to quantify total cultivable bacteria,
and potato dextrose agar (PDA) with 0.1 g of chloramphenicol/liter to
determine total cultivable fungi and yeasts. Plates were incubated at 25°C,
and after 24 and 48 h the CFU/ml of leaf-washing suspension was deter-
mined for bacteria and fungi, respectively.

DNA extraction and amplification. DNA was extracted from the pel-
lets of leaf-washing suspensions using the Meta-G-Nome isolation kit
(Epicentre; Illumina) according to the manufacturer’s instructions for the
isolation of metagenomic DNA from soil.

For identification of bacteria, amplicons of the 16S rRNA gene were
obtained by PCR using the fusion primer pair specific for the V5-to-V9
region: 799-forward (31) and 1520-reverse (32). The forward fusion
primer contained the Lib-L Primer A sequence specific for the Lib-L
chemistry of unidirectional 454 sequencing technology (Roche, Branford,
CT), the key sequence TCAG, the barcode multiplex identifier (MID)
sequence specific for each DNA sample, and the 799-forward sequence
(see Table S1 in the supplemental material). The reverse primer contained
the Lib-L Primer B sequence (Roche), the key sequence TCAG, and the
1520-reverse sequence.

For the identification of fungi, amplicons of the internal transcribed
spacer (ITS) were obtained by PCR using the fusion primer pairs ITS5-
forward and ITS4-reverse (33–35). The forward fusion primer contained
the Lib-L Primer A sequence for the Lib-L chemistry of unidirectional 454
sequencing technology (Roche), the key sequence TCAG, the MID se-
quence specific for each DNA sample, and the ITS5-forward sequence (see
Table S1 in the supplemental material). The reverse primer contained the
Lib-L Primer B sequence (Roche), the key sequence TCAG, and the ITS4-
reverse sequence.

PCR products were generated by amplifying 5 �l of extracted DNA
using the FastStart High-Fidelity PCR system (Roche) with 0.25 mM each
deoxynucleoside triphosphate (dNTP), 0.5 mg of bovine serum albumin
(BSA)/ml, 4% (vol/vol) dimethyl sulfoxide, a 0.3 �M concentration of
each primer, and 2.5 U of FastStart High-Fidelity DNA polymerase
(Roche). The PCR protocol consisted of denaturation at 95°C for 5 min,
followed by 30 cycles at 95°C for 30 s, annealing 1 min at 53 and 51°C for
bacteria and fungi, respectively, and extension at 72°C for 2 min, followed
by a final extension at 72°C for 10 min.

Library construction and pyrosequencing. The PCR products were
analyzed by gel electrophoresis and cleaned using an AMPure XP bead kit
(Beckman Coulter, Brea, CA) according to the manufacturer’s instruc-
tions. The PCR products of the different 27 DNA samples (three replicates
of three treatments at three locations) were quantified with quantitative
PCR using a Roche 454 Titanium library quantification kit (KAPA Bio-
systems, Boston, MA) and pooled in equimolar amounts in a final ampli-
con library for each specific amplicon (16S and ITS library). 454 pyrose-
quencing was carried out on a GS FLX� system (Roche) using XL�
chemistry (Roche) according to the manufacturer’s instructions.

Bioinformatics analysis and data processing. Raw sequences were
preprocessed using Mothur (36), and sequence quality was checked using
PRINSEQ (37). Sequence analysis was carried out using the quantitative
insights into microbial ecology (QIIME) pipeline (38). For sequence fil-
tering, reads shorter than 200 bases or longer than 1,000 bases were dis-
carded, sequences with homopolymer runs longer than six bases or more
than six ambiguous bases were also discarded, whereas one barcode cor-
rection and two primer mismatches were accepted. Reads with an average
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of the Phred quality score lower than 25 in a sliding window of 50 bases
were discarded. Barcodes and tags were removed and sequences were
denoised using the built-in Denoiser algorithm (39). Chimeras were re-
moved using the UCHIME program (40), according to the USEARCH
pipeline (41). Specifically, the strategy for the chimera search was both a de
novo and reference-based approach for 16S rRNA sequences and a de novo
approach for ITS sequences. For the reference-based approach, the
ChimeraSlayer database was used as a gold standard for 16S rRNA se-
quences (42). Operational taxonomic units (OTU) were determined us-
ing the UCLUST algorithm (41) at 97% sequence similarity. The taxon-
omy assignment of the bacterial OTU was carried out using the Naive
Bayesian RDP classifier with a minimum confidence of 0.8 (43) against the
Greengenes database downloaded from October 2012 (44). Fungal OTU
were assigned using BLAST search against the UNITE database down-
loaded from November 2012 (45), with an E value lower than 0.001.
Singleton OTU were removed for statistical analysis. To correct for sam-
pling effort, randomly selected subsets of bacterial and fungal data were
obtained using the QIIME pipeline (38), on the basis of the lowest number
of 16S and ITS sequences in any sample, and these data were further
analyzed.

Assessment of the biocontrol activity of leaf microbial communities
against Plasmopara viticola. For efficacy tests against P. viticola, leaf discs
(18 mm in diameter) were obtained from the third and fourth leaves from
the top of grapevine shoots (Pinot gris cultivar) grown under controlled
greenhouse conditions at 25 � 1°C with a photoperiod of 16 h of light and
a relative humidity of 60% � 10% for 2 months. To remove leaf microbial
communities, the leaf discs were surface sterilized by incubation in 1%
hypochlorite for 10 min and then washed four times with sterile water
(46). Leaf discs were dried using sterile absorbent paper and transferred
(lower surface uppermost) onto sterilized moist filter paper (three foils) in
90-mm petri dishes (five discs for each dish). P. viticola inoculum was
grown and propagated on grapevine plants as previously described (47),
and sporangia were collected by washing the abaxial surfaces carrying
freshly sporulating lesions. The inoculum suspension was adjusted to a
concentration of 104 sporangia/ml by counting with a hemocytometer.

To evaluate the efficacy of leaf microbial communities from the dif-
ferent locations and treatments in controlling grapevine downy mildew,
each leaf-washing suspension (100 ml) was centrifuged at 4,000 � g for 20
min at 4°C. The pellets were resuspended in 10 ml of 0.01% Tween 80, and
1 ml was then centrifuged at 4,000 � g for 20 min at 4°C. Pellets were
resuspended in 1 ml of the P. viticola suspension (104 sporangia/ml), and
the pure P. viticola suspension was used as a control.

Leaf discs were inoculated with 40 �l of each suspension, and two petri
dishes were analyzed for each leaf-washing suspension. Dishes were incu-
bated in the dark at 25 � 1°C overnight and then maintained under
controlled greenhouse conditions. At 7 days after inoculation, the severity
of downy mildew disease was assessed visually as the proportion (percent-
age from 0 to 100) of abaxial leaf area covered by white sporulation of P.
viticola, according to the standard guidelines of the European and Medi-
terranean Plant Protection Organization (48).

Statistical analysis. Alpha-diversity metrics were calculated after rar-
efaction by random subsampling of the OTU table in the QIIME pipeline
(38), and an OTU-based analysis was performed to calculate the richness,
diversity, evenness, and coverage at 97% sequence similarity. Rarefaction
curves were obtained for each sample by random resampling without
replacement in Mothur (36) based on the lowest number of 16S and ITS
sequences. Sample richness was estimated using the Chao1 estimator (49)
and the abundance-based coverage estimator (ACE) (50). The diversity
within each sample was estimated using the Shannon diversity index (51),
and the Good’s coverage (52) was calculated to estimate the percentage of
total taxa sequenced in each sample.

The microbial community structure and diversity among samples
were calculated using the QIIME pipeline (38) with a Bray-Curtis dissim-
ilarity matrix (53) on jackknifed read abundance data at the deepest level
possible. The results were displayed using principal coordinate analysis

(PCoA) (54) and plotted with the KiNG software (55). Differences in
community structure related to the specific categories were displayed by
means of constrained ordination technique using the Vegan R package
(56). To detect significant differences among treatments and locations, a
PERMANOVA analysis (57) was carried out with the Vegan R package
(56) using the ADONIS function on the Bray-Curtis distance matrix for
multidimensional scaling ordination.

The data of efficacy tests on leaf discs, OTU, Shannon index, and
microbial relative abundance were analyzed using Statistica 9 software
(StatSoft, Tulsa, OK). After validation of normal distribution (K-S test,
P � 0.05) and variance homogeneity (Levene’s test, P � 0.05) of the data,
analysis of variance (ANOVA) was carried out using Tukey’s test (� 	
0.05) to detect significant differences among treatments and locations.
CFU data were normalized by log10 transformation, and relative abun-
dance data were normalized by root square transformation. To detect
significant differences in microbial abundances among treatments and
growth conditions, ANOVA was applied using Tukey’s test (� 	 0.05)
(58, 59). Spearman’s rank correlations (P 
 0.01) (60, 61) were used to
compare relative microbial abundances with the efficacy against downy
mildew on leaf discs and with the environmental parameters of rainfall
(mm), maximum, minimum, and mean temperatures (°C) at each loca-
tion.

BioProject accession number. Pyrosequencing data obtained in this
study were submitted to NCBI under BioProject number PRJNA237062.

RESULTS
Identification of leaf microbial communities. The composition
of microbial communities was analyzed on leaves treated with
penconazole and AZ78, and on untreated leaves, located in Udine
(UD), San Michele all’Adige (SM1), and San Michele all’Adige
protected from rain (SM2). The viabilities of cultivable phyllo-
sphere microorganisms were comparable in the cases of un-
treated, AZ78-treated, and penconazole-treated leaves for each
grapevine location (see Fig. S1 in the supplemental material). Bac-
terial and fungal populations were 2 orders of magnitude greater
in UD than in the two SM locations.

After filtering out low-quality reads and short sequences, 30,515
and 134,172 reads of bacteria and fungi were obtained, respectively.
The total number of filtered reads for each replicate ranged from 140
to 3,294 for bacteria and from 1,353 to 9,303 for fungi (see Table S2 in
the supplemental material). The average sequence lengths of the
pyrosequencing data were 750 and 650 bases for bacterial 16S and
fungal ITS amplicons, respectively (BioProject accession number
PRJNA237062). Good’s coverage was used to estimate the com-
pleteness of sampling with a probability calculation based on ran-
domly selected sequences, and it ranged from 69.3 to 97.9% for
bacterial data and from 98.3 to 99.7% for fungal data (see Table S2
in the supplemental material). Significant (P 
 0.01) positive cor-
relations between replicates were obtained (see Table S3 in the
supplemental material), and rarefaction curves reached satura-
tion, merging the results of triplicates (see Fig. S2 in the supple-
mental material). Good’s coverage of merged replicates ranged
from 93.0 to 98.3% for bacteria and was �99.6% for fungal sam-
pling (Table 1), which means that more than 250 extra reads [1/(1
� 0.996)] would need to be sequenced before detecting a new
fungal OTU.

Richness and diversity of leaf microbial communities. Chao1
and ACE indexes revealed that more than 50 and 42% of the esti-
mated bacterial richness was covered by the sequencing effort,
respectively (Table 1). Specifically, adequate saturation of taxo-
nomic richness was obtained for the leaf communities of un-
treated plants of UD and for all treatments in SM1. The richness
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estimators also showed adequate saturation (�87%) of the fungal
richness present on grapevine leaves (Table 1).

The ecological diversity of microbial communities was esti-
mated using the Shannon index (H=), which ranged from 2.16 to
6.17 for bacteria and from 2.46 to 5.09 for fungi (Table 1). The
richness and diversity of bacterial communities was greater in
SM1 than in UD and SM2 (Fig. 1). Fungal diversity was lower in
SM1 than in SM2. The microbial diversity of penconazole- and
AZ78-treated plants was comparable to that of untreated plants at
each grapevine location.

Distribution of bacterial OTU among grapevine treatments
and locations. Of all of the bacterial reads, 61.8% were attributed
to a bacterial genus (1,312 OTU), while 38.1 and 0.1% were as-
signed to taxa at family (716 OTU) and order level (15 OTU),
respectively (see Table S4 in the supplemental material). Four
dominant and six rare phyla were identified (Fig. 2). The propor-
tions of bacterial phyla were not affected by treatments, but they
differed according to grapevine locations. Comparing untreated
leaves, the relative abundance of Actinobacteria, Alphaproteobac-
teria, and Archaea was greater in SM1 than in SM2. Moreover, the
abundance of Archaea was greater in SM1 than in UD, whereas the
abundance of Deltaproteobacteria was greater in UD than in SM1.

The relative abundance of bacterial families revealed greater
diversity in SM1 than in UD and SM2 (Fig. 3A). The proportions
of bacterial families were minimally affected by penconazole treat-
ment, which increased only the abundance of Alcaligenaceae on

plants of SM2. AZ78 treatment reduced the abundance of Micro-
bacteriaceae and Methylobacteriaceae in UD, increased Moraxel-
laceae and Bacillaceae in SM1 and reduced Enterobacteriaceae
in SM2.

The genera Pseudomonas, Erwinia, and Acetobacter were found
in all samples, and they showed no significant changes in abun-
dance (Fig. 3B), representing the core bacterial community. Con-
versely, the distribution of the dominant genera Sphingomonas,
Janthinobacterium, Methylobacterium, and Pelomonas varied
among the grapevine locations. Penconazole did not affect the
abundance of the dominant genera, and AZ78 reduced the relative
abundance of Deinococcus in UD and increased Sphingobium
in SM2.

TABLE 1 Richness and diversity of phyllosphere microbiota based on
pyrosequencing of bacterial (16S rRNA gene) and fungal (ITS fragment)
communities collected from grapevine leaves

Leaf community
and samplea

Identified
OTUb

Good’s
coverage

Estimated OTU
richness

H=Chao1 ACE

Bacteria
UD-UNT 106 96.9 91 95 4.30
UD-PEN 78 97.0 87 92 4.23
UD-AZ78 51 98.3 70 56 4.06
SM1-UNT 201 94.1 173 186 6.01
SM1-PEN 215 93.0 202 202 6.17
SM1-AZ78 201 95.1 158 162 5.96
SM2-UNT 114 94.8 159 151 3.19
SM2-PEN 87 96.9 132 139 2.16
SM2-AZ78 49 96.5 99 117 3.05

Fungi
UD-UNT 110 99.7 102 99 3.42
UD-PEN 123 99.7 127 122 4.51
UD-AZ78 121 99.7 121 116 3.54
SM1-UNT 124 99.7 140 121 2.46
SM1-PEN 142 99.6 139 140 2.67
SM1-AZ78 125 99.8 117 116 3.02
SM2-UNT 135 99.7 145 143 5.09
SM2-PEN 110 99.7 123 127 4.62
SM2-AZ78 117 99.8 112 113 4.75

a Leaf samples were collected from untreated plants (UNT) or plants treated with
penconazole (PEN) or with Lysobacter capsici AZ78 (AZ78) grown in Udine (UD), San
Michele all’Adige (SM1), and San Michele all’Adige protected from rain (SM2). Data of
three replicates for each sample (reported in Table S2 in the supplemental material)
were merged.
b Number of operational taxonomic units (OTU) identified with the UCLUST
algorithm (41) at 97% sequence similarity.

FIG 1 Richness (A) and diversity (B) of microbial populations on grapevine
leaves. Operational taxonomic units (OTUs) and Shannon index (H=) were
determined for bacteria (white) and fungi (black) identified on the leaves of
untreated plants (UNT) or of plants treated with penconazole (PEN) or Lyso-
bacter capsici AZ78 (AZ78) in Udine (UD), San Michele all’Adige (SM1), and
San Michele all’Adige protected from rain (SM2). The means and standard
errors of three replicates are presented for each sample. Different letters indi-
cate significant differences according to Tukey’s test (� 	 0.05).
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OTUs belonging to the order of Xanthomonadales, which com-
prises the Lysobacter genus, were removed to avoid bias due to
AZ78 sequences (see Table S2 in the supplemental material), and
the effect of treatments and locations was examined using princi-
pal coordinate analysis (PCoA) (Fig. 4A). Leaf bacterial commu-
nities were clustered according to grapevine locations. The first
principal component discriminated samples of UD and SM1 vine-
yards from samples of SM2, whereas the second axis highlighted
differences between SM1 and UD. PERMANOVA analysis re-
vealed significant differences in bacterial populations among
grapevine locations (P 	 0.001) but not among treatments (P 	
0.112). However, sample distribution in the PCoA suggested a
partial effect of penconazole and AZ78 treatment on SM2 bacte-
rial communities.

Distribution of fungal OTU among grapevine treatments
and locations. Of fungal reads, 25.1, 23.9, and 26.5% were as-
signed to taxa at the genus (130 OTU), family (117 OTU), and
order (150 OTU) levels, respectively (see Table S5 in the supple-
mental material). The OTU identified were affiliated with four
phyla, and reads attributed to unannotated OTU were assigned to
an undefined group, named Fungi (Fig. 5A). The proportions of

fungal phyla were not affected by treatments and they differed
according to grapevine locations. The relative abundance of asco-
mycetes was greater in SM1 than in UD and SM2. Conversely, the
relative abundances of Basidiomycota and Fungi were greater in
UD and SM2 than in SM1. Likewise, the relative abundance of
dominant families differed according to grapevine locations (Fig.
5B). In particular, the relative abundances of Sebacinaceae and
Cystofilobasidiaceae were greater in SM2 than in UD and SM1. On
leaves of UD, AZ78 treatment increased only the abundance of
Tremellaceae and Microstromataceae, while penconazole increased
the abundance of Tremellaceae. At the level of fungal genera, the
abundance of Epicoccum and Entrophospora was greater in SM1
than in UD and SM2 (Fig. 5C). AZ78 treatment increased the
abundance of Dioszegia and Microstroma in UD, and penconazole
increased the abundance of Rodotolura in SM2.

PCoA revealed that fungal communities clustered according to
grapevine locations (Fig. 4B). The first component highlighted
differences between fungal communities in UD and SM1, while
the second axis discriminated samples of SM2 from UD and SM1.
Distribution of SM2 samples suggested a partial effect of pencona-
zole and AZ78 treatment on the community structure. However,

FIG 2 Relative abundance of bacterial phyla and proteobacterial classes on grapevine leaves. Percentages of relative abundance of dominant (A) and rare (B)
bacterial phyla and proteobacterial classes were determined for bacteria of leaves of untreated plants (UNT) or of plants treated with penconazole (PEN) or
Lysobacter capsici AZ78 (AZ78) in Udine (UD), San Michele all’Adige (SM1) and San Michele all’Adige protected from rain (SM2). The means of three replicates
are presented for each sample. For each phylum indicated with the color given in the legend, different letters indicate significant differences according to Tukey’s
test (� 	 0.05).
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PERMANOVA analysis revealed significant differences in fungal
populations among grapevine locations (P 	 0.007) but not
among treatments (P 	 0.542).

Functional characterization of leaf microbial communities.
Leaf microbial communities collected from untreated leaves of SM1
significantly reduced downy mildew symptoms on surface-sterilized
leaf discs (Fig. 6). The disease severity was not affected by the micro-
bial communities of untreated leaves of UD and SM2. For each loca-
tion, communities of AZ78-treated leaves partially reduced downy
mildew severity compared to communities of untreated leaves, and
this effect was significant for UD populations. However, the disease
severity of discs treated with microbial communities of penconazole-
treated plants was comparable to untreated plants at the same loca-
tion, indicating that the fungicide did not alter the properties of the
indigenous community against the pathogen tested.

Correlation analysis of leaf microbiota, grapevine locations,
and disease control. The taxonomic structure of microbial com-
munities were mainly related to the grapevine location, and the
relative abundance of bacterial and fungal taxa correlated with the
rainfall and temperature (Table 2). Rainfall was positively corre-

lated with the abundance of Alphaproteobacteria, Actinobacteria,
and Bacteroidetes, whereas it was negatively correlated with Beta-
proteobacteria. Maximum and mean temperatures were positively
correlated with Ascomycota and Zygomycota and negatively cor-
related with Basidiomycota. In particular, the bacterial and fungal
genera strongly correlated with rainfall were Agrobacterium (r 	
0.949), Curtobacterium (r 	 0.948), Stenotrophomonas (r 	
0.958), Rothia (r 	 0.908), Sebacina (r 	 �0.899), Cystofilobasi-
dium (r 	 �0.843), and Drechslera (r 	 0.845). The maximum
and mean temperatures of the grapevine locations correlated with
Frigoribacterium (r 	 �0.822), Janthinobacterium (r 	 �0.819),
Microbacterium (r 	 0.825), Kondoa (r 	 �0.976), Rhodotorula
(r 	 �0.985), and Hannaella (r 	 �0.905).

The relative abundance of bacterial and fungal genera related to
the biocontrol of downy mildew differed among grapevine locations
(Table 3). Greater abundance of Bacillus was found in SM1 than in
SM2 and UD. Conversely, the highest proportion of Alternaria
was found on untreated leaves of UD. Microbial communities
included genera negatively correlated with the disease severity on
leaf discs, indicating possible biocontrol properties of some strains

FIG 3 Relative abundance of dominant bacterial families (A) and genera (B) on grapevine leaves. Percentages of relative abundance of dominant (relative
abundance �1%) families and genera were determined for bacteria of leaves of untreated plants (UNT) or of plants treated with penconazole (PEN) or with
Lysobacter capsici AZ78 (AZ78) in Udine (UD), San Michele all’Adige (SM1), and San Michele all’Adige protected from rain (SM2). The means of three replicates
are presented for each sample. For each taxa indicated with the color given in the legend, different letters indicate significant differences according to Tukey’s test
(� 	 0.05).
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against downy mildew. In particular, negative correlations were
found for bacteria of Haemophilus (r 	 �0.842), Swaminathania
(r 	 �0.814), Paracoccus (r 	 �0.817), Roseomonas (r 	
�0.842), Kineosporia (r 	 �0.822) and Porphyromonas (r 	
�0.851), and fungi of Epicoccum (r 	 �0.929), Teratosphaeria
(r 	 �0.888), Exophiala (r 	 �0.858), Claviceps (r 	 �0.913),
and Chalastospora (r 	 �0.858).

DISCUSSION

The structure and dynamics of indigenous bacterial and fungal
populations of the phyllosphere are important aspects, due to sig-
nificant effects on the promotion of plant growth and protection

against pathogens (5, 6). As regards the phyllosphere, it is well
known that environmental factors, including radiation, pollution,
and nitrogen fertilization, as well as biotic factors such as plant
species and the presence of other microorganisms, affect the mi-
crobial community structure (6, 8, 62). However, little is known
about the effect of plant protection strategies on the equilibrium
of indigenous microbial communities on the leaves of crops. We
investigated here the impact of treatments with a biocontrol agent
and a commercial fungicide on the phyllosphere microbiota of the
grapevine at three different locations, and we analyzed bacterial
and fungal populations in terms of taxonomic structure and func-
tional properties against downy mildew.

Bacteria belonging to the Betaproteobacteria, Alphaproteobac-
teria, Actinobacteria, and Gammaproteobacteria phyla predomi-
nated on untreated grapevine leaves, accordingly to previous find-
ings (24, 63). Ascomycota and Basidiomycota were the most
abundant fungal phyla, and a substantial part of sequenced reads
was assigned to unannotated fungal OTU, which possibly repre-
sent environmental sequences of uncultured fungi. The dominant
bacterial genera were Sphingomonas, Frigoribacterium, Pseudomo-
nas, and Curtobacterium, as previously reported for grapevine
leaves (23, 24, 63). Sphingomonas and Pseudomonas are wide-
spread on plant leaves (64, 65), while Curtobacterium are com-
monly found in soil, and they possibly spread by aerial migration
(24).

According to the PERMANOVA analysis, treatments with the
biocontrol agent and the chemical fungicide did not affect the
structure of indigenous bacterial and fungal communities on
grapevine leaves, demonstrating the resilience of indigenous com-
munities to the treatments tested. However, the distribution of
bacterial and fungal data in the PCoA suggested a partial effect of
the biological and chemical treatments on communities of plants
protected from rain (SM2). In particular, AZ78 treatment de-
creased the abundance of the Enterobacteriaceae family and in-
creased the abundance of the Sphingobium genus on plants of
SM2. Negligible changes in microbial composition have been also
observed after the introduction of fungal and bacterial biocontrol
agents on strawberry leaves in field conditions (18, 21). Likewise,
treatments with Bacillus thuringiensis and a parathyroid insecti-
cide only minimally altered the leaf microflora of Brassica oleracea
in field conditions (66). However, significant changes in leaf com-
munities have been shown for greenhouse-grown pepper after B.
thuringiensis treatment (20). Thus, indigenous communities of
the phyllosphere in fields seem to be more stable than those on
leaves under controlled conditions, suggesting that exogenous mi-
crobes should compete strongly with indigenous communities to
occupy leaf niches. The biocontrol agents introduced could com-
pete with indigenous microorganisms for nutrients and space (21,
67), and successful colonization could be affected by the resilience
of the leaf community. AZ78 treatment increased the abundance of
Xanthomonadaceae (which comprises AZ78 reads) on the leaves of
plants of SM2, but not in the vineyard in a very closed location
(SM1), suggesting a different level of AZ78 immigration based on
pyrosequencing analysis. Leaf communities of the SM1 vineyard
showed high bacterial diversity and high biocontrol properties to
downy mildew, suggesting greater stability and antagonistic prop-
erties to exogenous microbes. However, further investigations on
the interaction between exogenous and indigenous microorgan-
isms in the phyllosphere are required to better evaluate the proper

FIG 4 Principal coordinate analysis (PCoA) of bacterial (A) and fungal (B)
communities on grapevine leaves. PCoA was obtained with the Vegan R pack-
age using a Bray-Curtis dissimilarity matrix on data of untreated plants (UNT;
blue) or of plants treated with penconazole (PEN; green) or Lysobacter capsici
AZ78 (AZ78; orange) in Udine (UD), San Michele all’Adige (SM1), and San
Michele all’Adige protected from rain (SM2). PERMANOVA was performed
using ADONIS function and a Bray-Curtis dissimilarity matrix. Significant
differences were detected among grapevine locations for both bacterial (P 	
0.001) and fungal (P 	 0.007) data but not among treatments (P 	 0.112 and
P 	 0.542 for bacteria and fungi, respectively).
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establishment of the biocontrol agent AZ78 on above-ground
plant parts.

The chemical fungicide partially affected fungal (Rhodotorula
and Cystofilobasidium) and bacterial (Alcaligenaceae family) com-

munities on plants of SM2. Penconazole treatment reduced the
abundance of Deltaproteobacteria of UD populations, but did not
significantly modify the structure of SM1 populations. Chemical
treatments used in the grapevine protection program affected the

FIG 5 Relative abundance of fungal phyla (A), dominant family (B), and dominant genera (C) on grapevine leaves. Fungal operational taxonomic units (OTU)
were identified at 97% sequence similarity and grouped according to the taxonomy. Percentages of relative abundance were calculated for leaves of untreated
plants (UNT) or of plants treated with penconazole (PEN) or Lysobacter capsici AZ78 (AZ78) in Udine (UD), San Michele all’Adige (SM1), and San Michele
all’Adige protected from rain (SM2). Unannotated fungal OTU are grouped in the general category of Fungi (A), and OTU affiliated to undefined or minor
families (relative abundance, 
0.3% [B]) or to rare genera (relative abundance, 
0.3% [C]) are not shown. The means of three replicates are presented for each
sample. For each taxa indicated with the color given in the legend, different letters indicate significant differences according to Tukey’s test (� 	 0.05).
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microbial populations on and inside plant leaves during the grow-
ing season, and modified the balance between pathogenic and
beneficial microorganisms (63). Likewise, the fungicides enostro-
burin and metalaxyl caused changes in the bacterial communities
of the wheat and pepper phyllosphere (9, 11), as well as the insec-
ticides cypermethrin, abamectin, and imidacloprid in the com-
munities of the pepper, cucumber, and broccoli phyllosphere (11,
12). However, the impacts of chemical and biological treatments
on the phyllosphere microbiota are dependent on the dosage and
frequency of applications and the mechanisms of action of the
products tested, as well as the types of indigenous microorganisms
and the weather conditions.

Under the conditions tested, the phyllosphere microbiota of
the grapevine was mainly influenced by the field site rather than by
plant treatments, as shown for indigenous populations of the let-
tuce rhizosphere and endophyllosphere (68). Vineyards of UD
and SM1 differed significantly in terms of the abundance of
Archaea, Deltaproteobacteria, Ascomycota, and Basidiomycota.
Moreover, the proportions of Actinobacteria and Alphaproteobac-
teria were lower on plants of SM2 than in vineyards, whereas the
proportion of Cystofilobasidiaceae and Sebacinaceae showed the
opposite pattern. The abundance of these bacterial and fungal taxa
correlated significantly with the environmental parameters of
grapevine locations, such as temperature and the amount of rain-
fall. However, plant age and soil were different in the locations
tested, suggesting that leaf communities could be influenced by
other biotic and abiotic factors of the areas where plants are
grown.

The benefits provided by the plant include a supply of nutri-
ents, but the advantages provided by phyllosphere inhabitants to
their host plants are not necessarily as apparent (6). Epiphytes are

involved in processes affecting plant growth and health (4). Be-
cause of the importance of phyllosphere microbial inhabitants for
the plant, there are likely to be many practical applications from a
better understanding of the interaction of microbes with plants
and among themselves (4). In the human gut, many community
members that were previously considered commensals are now
regarded as beneficial symbionts because of their contribution to
the host metabolism and immunity (69). The barrier effect against
pathogens conferred by human gut microbiota (70) might simi-
larly affect the outcome of plant-pathogen interactions in the
phyllosphere (6). Microbial populations of untreated plants of
SM1 reduced downy mildew severity on sterilized leaf discs,
whereas populations of UD and SM2 did not. In particular, the
relative abundances of indigenous bacteria (Haemophilus, Swami-
nathania, Paracoccus, Roseomonas, Kineosporia, and Porphyromo-
nas) and fungi (Epicoccum, Teratosphaeria, Exophiala, Claviceps,
and Chalastospora) was negatively correlated with downy mildew
severity, suggesting that some strains of these genera could have a
role as biocontrol agents. Indigenous microbes also play a key role
in fruit quality, yield, and the flavors produced during alcoholic
fermentation (71–73). Thus, beneficial communities could be
seen as potential plant probiotic agents (74), which could defend
the host, promote its growth, and improve fruit quality. In agree-
ment with pyrosequencing results, functional analysis of leaf com-
munities against downy mildew revealed the resilience of the in-

FIG 6 Downy mildew severity of leaf discs treated with microbial communi-
ties of grapevine leaves. Surface-sterilized leaf discs were treated with each
leaf-washing suspension (10� concentrated) mixed with a P. viticola inocu-
lum suspension (104 sporangia/ml), and the pure P. viticola suspension was
used as a control (Control). After incubation under controlled greenhouse
conditions, disease severity was assessed as the percentage of leaf area covered
by sporulation. Leaf-washing suspensions were obtained from grapevine
leaves of untreated plants (UNT) or of plants treated with penconazole (PEN)
or Lysobacter capsici AZ78 (AZ78) in Udine (UD), San Michele all’Adige
(SM1), and San Michele all’Adige protected from rain (SM2). The mean scores
and standard errors of six replicates are presented for each sample. Different
letters indicate significant differences according to Tukey’s test (� 	 0.05).

TABLE 2 Correlations among bacterial and fungal OTU identified on
grapevine leaves with environmental conditions and functional
properties against downy mildewa

Leaf community and
phylum

Correlation of relative
abundance with indicated
environmental parameter

Correlation of
relative
abundance with
downy mildew
severityTmax Tmin Tavg Rainfall

Bacteria
Betaproteobacteria –0.09 0.09 –0.09 –0.90 0.70
Alphaproteobacteria 0.09 –0.09 0.09 0.90 –0.50
Actinobacteria –0.18 0.18 –0.18 0.84 –0.18
Gammaproteobacteria –0.27 0.27 –0.27 –0.79 0.37
Firmicutes 0.00 0.00 0.00 0.74 –0.30
Archaea 0.37 –0.37 0.37 0.74 –0.55
Deinococcus-Thermus 0.00 0.00 0.00 0.63 –0.18
Bacteroidetes 0.00 0.00 0.00 0.84 –0.67
Acidobacteria 0.41 –0.41 0.41 0.72 –0.79
Deltaproteobacteria –0.25 0.25 –0.25 0.29 0.07

Fungi
Ascomycota 0.82 –0.82 0.82 0.47 –0.73
Basidiomycota –0.82 0.82 –0.82 –0.47 0.75
Fungi –0.37 0.37 –0.37 –0.74 0.82
Glomeromycota 0.65 –0.65 0.65 0.59 –0.73
Zygomycota 0.82 –0.82 0.82 0.05 –0.75

a Spearman’s rank correlation coefficients are based on the relative abundances of
bacterial and fungal OTU identified on grapevine leaves and the effect of microbial
communities against downy mildew (Fig. 6) and the environmental parameters of
maximum temperature (Tmax), minimum temperature (Tmin), mean temperature
(Tavg), and rainfall (mm). Significant (P 
 0.01) correlations are indicated in boldface.
Maximum temperatures (Tmax): 28.5°C at Udine (UD), 31.5°C at San Michele (SM1),
and 31.5°C at San Michele protected from rain (SM2). Minimum temperatures (Tmin):
12.1°C at UD, 9.7°C at SM1, and 9.7°C at SM2. Mean temperatures (Tavg): 20.0°C at
UD, 21.1°C at SM1, and 21.1°C at SM2. Rainfall: 49.2 mm at UD, 56.6 mm at SM1, and
0 mm at SM2.
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digenous communities and only limited perturbation after
treatment with the fungicide or the biocontrol agent. Further sys-
tem-level analysis of the complex interaction that governs out-
comes among community members in the context of the plant
host is required, in order to identify beneficial interaction and
selection processes for beneficial communities in specific environ-
mental conditions and pathogen pressures. In the present study,
we attempted to link functional traits (biocontrol against P. viti-
cola) of phyllosphere communities with pyrosequencing analysis
of these populations, and we identified beneficial microbial com-
munities, which could represent a new tool for crop protection. In
particular, natural microbial communities with beneficial proper-
ties could be manipulated with agronomic practices to restore the
beneficial microbiota for plant defense.
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