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A B S T R A C T

Plants host a complex microbiota inside or outside their tissues, and phyllosphere microorganisms can be in-
fluenced by environmental, nutritional and agronomic factors. Rare sugars are defined as monosaccharides with
limited availability in nature and they are metabolised by only few certain microbial taxa. Among rare sugars,
tagatose (TAG) is a low-calories sweetener that stimulates and inhibits beneficial and pathogenic bacteria in the
human gut microbiota, respectively. Based on this differential effect on human-associated microorganisms, we
investigated the effect of TAG treatments on the grapevine phyllosphere microorganisms to evaluate whether it
can engineer the microbiota and modify the ratio between beneficial and pathogenic plant-associated micro-
organisms. TAG treatments changed the structure of the leaf microbiota and they successfully reduced leaf
infections of downy mildew (caused by Plasmopara viticola) and powdery mildew (caused by Erysiphe necator)
under field conditions. TAG increased the relative abundance of indigenous beneficial microorganisms, such as
some potential biocontrol agents, which could partially contribute to disease control. The taxonomic composi-
tion of fungal and bacterial leaf populations differed according to grapevine locations, therefore TAG effects on
the microbial structure were influenced by the composition of the originally residing microbiota. TAG is a
promising biopesticide that could shift the balance of pathogenic and beneficial plant-associated microorgan-
isms, suggesting selective nutritional/anti-nutritional properties for some specific taxa. More specifically, TAG
displayed possible plant prebiotic effects on the phyllosphere microbiota and this mechanism of action could
represent a novel strategy that can be further developed for sustainable plant protection.

1. Introduction

Plants support a complex microbiota on and inside various plant
organs (Bulgarelli et al., 2013). The aerial part (phyllosphere) is usually
colonised by a variety of bacteria, filamentous fungi and yeasts adapted
to this harsh habitat (Lindow and Brandl, 2003; Rastogi et al., 2013).
Phyllosphere microorganisms include not only plant pathogens, but
also several microorganisms known to exert beneficial effects on the
plant (Lindow and Brandl, 2003; Müller and Ruppel, 2014; Vorholt,
2012). In particular, some phyllosphere communities contribute to the
plant health through the plant resistance stimulation and the biocontrol
activities against phytopathogens (Bulgarelli et al., 2013; Perazzolli
et al., 2014; Vorholt, 2012). However, the role and ecology of beneficial
microorganisms on the phyllosphere is only partially understood

(Müller and Ruppel, 2014). A better knowledge on plant and phyllo-
sphere microbiota interactions may encourage the development of
novel approaches for plant protection (Lindow and Brandl, 2003;
Rastogi et al., 2013). For example, stimulating natural beneficial com-
munities with the application of selected protein-derived nutritional
factors reduced the severity of phytopathogens and may represent a
new tool to be integrated into sustainable plant protection strategies
(Cappelletti et al., 2016).

The phyllosphere is an open environment and microorganisms may
migrate on it from soil, through rain splash, wind or human action in
agronomic practices (Martins et al., 2013; Vacher et al., 2016;
Zarraonaindia et al., 2015), and from other substrates (other plants,
plant residues, etc.) through atmosphere dispersion (Fort et al., 2016;
Zarraonaindia et al., 2015). The phyllosphere microbiota can be
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affected by environmental and biotic factors, such as air pollution, leaf
age, nitrogen fertilization, plant species, UV radiation and invading
microorganisms (Vacher et al., 2016; Vorholt, 2012), as well as the
agronomic management (Vitulo et al., 2019). In particular, the micro-
bial structure of grapevine (Vitis vinifera) leaf communities changed
during the vegetative cycle according to the plant developmental stage
and agricultural practices (Fort et al., 2016; Pinto et al., 2014). Phyl-
losphere communities are resilient to some chemical or biological
pesticides (Ottesen et al., 2015; Perazzolli et al., 2014; Sylla et al.,
2013a, b) and the abundance of specific taxa on grapevine leaves can be
affected by plant treatments (Fort et al., 2016; Perazzolli et al., 2014;
Pinto et al., 2014), as in the case of a protein-derived product under
greenhouse conditions (Cappelletti et al., 2016). Therefore, it has been
suggested that the plant microbiota can be engineered to optimize the
plant-associated microbial consortia, but this strategy has not been
applied anywhere (Syed Ab Rahman et al., 2018; Toju et al., 2018). In
this study, grapevine was used as model system under field conditions,
since its phyllosphere microbiota was previously characterized for pa-
thogenic and beneficial interactions (Perazzolli et al., 2014; Pinto et al.,
2014) and for impacts on organoleptic properties of grapes and wine
(Bokulich et al., 2016; Pinto et al., 2015; Zarraonaindia et al., 2015).
Grapevine is susceptible to a large number of devastating diseases
(Armijo et al., 2016), such as downy mildew (caused by Plasmopara
viticola) and powdery mildew (caused by Erysiphe necator), that nega-
tively affect grape production (Buonassisi et al., 2017; Gadoury et al.,
2012; Gessler et al., 2011).

The term ‘rare sugars’ refers to monosaccharides and their deriva-
tives that rarely exist in nature (Granström et al., 2004) and are me-
tabolised by only certain microbial taxa (Van der Heiden et al., 2013).
The ecological role of rare sugars is not yet understood and their pro-
mising biological properties are underestimated due to the limited
availability of these compounds in nature (Li et al., 2013). However, the
implementation of novel enzymatic and microbial processes lowered
the cost of rare sugars synthesis (Granström et al., 2004; Izumori, 2006;
Oh, 2007) and made scientific studies and industrial applications on
these molecules more accessible (Li et al., 2013; Oh, 2007). In parti-
cular, tagatose (TAG) is a rare sugar that inhibits the growth of phy-
topathogenic oomycetes and fungi, such as grapevine and cucumber
downy mildew, cucumber and barley powdery mildew, potato and to-
mato late blight (Ohara et al., 2019). TAG was generally recognised as
safe (GRAS) by the food and drug administration (FDA) and it can be
used as a natural low-calories sweetener in several countries, United
Stated and European Union included (Levin, 2002; Vastenavond et al.,
2011), indicating no negative impacts on the human health. TAG
showed potential health and prebiotic benefits for humans, including
the treatment of type 2 diabetes, hyperglycemia and anemia (Levin,
2002; Oh, 2007). Specifically, TAG increases the proportion of bene-
ficial bacteria (Enterococcus spp. and Lactobacillus spp.) of the gut mi-
crobiota (Hasibul et al., 2018; Vastenavond et al., 2011), inhibits the
growth of Streptococcus mutants (Hasibul et al., 2018) and is not cata-
bolised by some human pathogenic bacteria, such as Bacillus cereus,
Escherichia coli, Listeria monocytogenes, Salmonella enterica Typhimurium
and Staphylococcus aureus (Bautista et al., 2000; Lobete et al., 2017).
Thus, TAG can be catabolised by only certain microbial taxa, such as
Erwinia spp., Exiguobacterium spp., Lactobacillus spp. (Hao et al., 1990;
Martinussen et al., 2013; Raichand et al., 2012; Wu and Shah, 2017),
suggesting some possible nutritional/anti-nutritional effects of this
carbohydrate on specific microbial taxa. Building on this potential
differential effect on microbial populations, the aim of this study was to
investigate whether TAG treatments can shape indigenous leaf micro-
bial populations of grapevine under field conditions acting as nutri-
tional/anti-nutritional factor for the grapevine leaf microbiota.

2. Materials and methods

2.1. Optimization of the tagatose concentration

Two-year-old plants of V. vinifera cultivar ‘Pinot noir’ were in-
dividually planted in 2.5 l- pots and grown under greenhouse condition
for two months as previously described (Perazzolli et al., 2012). To
assess the efficacy against downy mildew under greenhouse conditions,
healthy plants were sprayed with a water solution of 0.8, 4, 8 and 24 g/l
TAG on all leaves using a compressed air hand sprayer (20–30 ml for
each plant). As control, plants were left untreated (UNT) or sprayed
with copper (2 g/l Copranthol Hi Bio, Syngenta AG, Basel, Switzerland)
as reference fungicide against downy mildew. Plants were left to dry for
two hours under greenhouse conditions and a P. viticola suspension (1
× 105 sporangia/ml) was sprayed on the abaxial surface of all leaves
(20–30 ml per plant), according to Perazzolli et al. (2012). Plants were
incubated overnight in the dark at 95± 4 % relative humidity and kept
under greenhouse conditions to allow downy mildew development. Six
days after P. viticola inoculation, plants were incubated overnight in the
dark at 95±4 % relative humidity to allow downy mildew sporulation
and the disease severity was assessed visually as the percentage of
abaxial leaf area covered by P. viticola sporulation, according to the
standard guidelines of the European and Mediterranean Plant Protec-
tion Organization (EPPO, 2001). To assess the efficacy against powdery
mildew under greenhouse conditions, plants naturally infected with E.
necator (powdery mildew severity 8.5±1.7; mean± standard error
values) were sprayed with a water solution of 0.8, 4, 8 and 24 g/l TAG
on all leaves as described above (20–30 ml for each plant). As control,
UNT plants and plants sprayed with sulphur (5 g/l Thiamon 80 Plus, Du
Pont, Wilmington, DE, USA) were used. Seven days after incubation
under greenhouse conditions, powdery mildew severity was assessed
visually as the percentage of leaf area covered by E. necator sporulation,
according to the EPPO standard guidelines (EPPO, 2002). A randomised
complete block design with four replicates (plants) was used for each
treatment, the downy and powdery mildew experiment was carried out
twice.

2.2. Grapevine treatments under field conditions

A randomised complete block design with four replicates of eight
plants for each treatment was used in two locations in San Michele
all’Adige (northern Italy), namely, vineyard 1 (‘San Donà’, ‘Pinot gris’
cultivar) and vineyard 2 (‘Facchinelli’, ‘Schiava gentile’ cultivar;
Table 1). Grapevine plants were treated with a water solution of 8 g/l
TAG or left untreated (UNT). UNT plants were used as control, since
water treatment did not cause major changes on the taxonomic struc-
ture of bacterial and fungal communities on grapevine leaves
(Cappelletti et al., 2016). Treatments were applied weakly before
rainfall according to the ‘Meteo 3B’ weather forecast (www.3bmeteo.

Table 1
Characteristics of the two vineyards.

Characteristic a Vineyard 1 Vineyard 2

Coordinates N 46.184474; e 11.124458 N 46.180685; e 11.125867
Name San Donà Facchinelli
Altitude (m a.s.l.) 200 250
Topography Valley floor Low hill
Slope (%) – 3-5
Cultivar Pinot gris SMA514 Schiava gentile sel. Sebber
Rootstock SO4 Teleki 5C
Training system Double ‘pergola trentina’ Simple ‘pergola trentina’
Planting pattern (m) 5.5 × 0.66 3.00 × 0.8
Planting year 2003 1997
Irrigation Not irrigated Drip system

a Characteristics of the two vineyards analysed in San Michele all’Adige,
Trentino (Northern Italy).
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com) to predict the probable infections of E. necator and P. viticola from
18 April to 18 August 2014. A motorised backpack mist blower (450,
Solo, Newport News, VA, USA) was used with a spray volume of 500 l/
ha. Under field conditions, the downy and powdery mildew severity
was assessed visually on 40 leaves randomly chosen on the four central
plants of each replicate (plot with eight to nine plants) at the end of the
experiment (BBCH 85; 19 August 2014). The disease severity was as-
sessed as a percentage of infected leaf area covered by downy mildew
(oil spots, P. viticola sporulation or leaf necrosis) or powdery mildew
symptoms (E. necator sporulation or leaf necrosis), according to the
EPPO guidelines (EPPO, 2001, 2002).

2.3. Sample collection and isolation of phyllosphere microorganisms

Phyllosphere microorganisms were collected by leaf washing as
described by Perazzolli et al. (2014). Briefly, asymptomatic leaves were
randomly collected one day after the last treatment (19 August 2014,
BBCH 85 corresponding to the stage ‘softening of berries’, 30 days be-
fore harvesting) and three replicates (named from A to C) of 50 leaves
were randomly collected from ten plants for each treatment and vine-
yard. Leaves were washed as described by Cappelletti et al. (2016), to
isolate culturable microorganisms and to obtain a bacterial pellet for
DNA extraction by centrifuging 900 ml at 4000 × g for 20 min. The
TAG quantity in each leaf washing suspension was assessed by ion
chromatography (Chemistry Unit at Fondazione Edmund Mach)
(Cataldi et al., 2000) and it was converted as TAG residual per unit of
fresh leaf weight (mg/g) using a calibration curve of 98.5 % pure TAG
(Sigma-Aldrich, St. Louis, MO, USA) dissolved in ultrapure water within
a range between 2 and 40 μg/mL. Briefly, samples were diluted 50 fold
in ultrapure water, filtered through a 0.45 μm PTFE membrane (Sar-
torius, Goettingen, Germany) and analysed with an ionic chromato-
graph ICS 5000 (Dionex-Thermo Scientific, Waltham, MA, USA),
equipped with an autosampler, a quaternary gradient pump, a column
oven and a pulsed amperometric detector with a gold working electrode
and a palladium counter electrode. The separation was obtained by
injecting 5 μl of diluted sample onto a CarboPac PA200 3 × 250 mm
analytical column (Dionex-Thermo Scientific, Waltham, MA, USA),
preceded by a CarboPac PA200 3 × 50 mm guard column (Dionex-
Thermo Scientific), with a KOH gradient (from 1 to 100 mM) at 0.4 ml/
min flow rate.

Culturable bacteria and fungi were assessed as previously described
(Cappelletti et al., 2016) by plating serial dilutions of each leaf-washing
suspension on Nutrient Agar supplemented with 100 mg/l cyclohex-
imide and on Potato Dextrose Agar supplemented with 0.25 % lactic
acid, respectively. After incubation at 25 °C for 48 h, colony forming
units (CFUs) per unit of fresh leaf weight (CFUs/g) were calculated. To
test the effect of TAG in vitro on culturable microorganisms, leaf-
washing suspensions obtained by leaf washing of UNT plants of vine-
yard 1 and vineyard 2 were incubated overnight in a 50 m L-tube
containing 10 ml of distilled water (control) or distilled water amended
with 8 g/l TAG under orbital shaking (80 rpm) at 25 °C. Culturable
bacteria and fungi were then assessed by plating serial dilutions on the
selective media described above and the concentration of bacteria and
fungi (CFUs/ml) were determined after incubation at 25 °C for 48 h.

2.4. DNA extraction, amplification and sequencing

DNA was extracted from microbial pellets using the FastDNA SPIN
Kit for Soil (MP Biomedicals, Santa Ana, CA, USA). Bacterial and fungal
sequences were amplified with primer pairs previously used in grape-
vine phyllosphere studies (Cappelletti et al., 2016; Pinto et al., 2014)
that amplify the V6-V8 region of the 16S rRNA (Baker et al., 2003) and
the ITS2 region of the internal transcribed spacer (ITS) fragment (White
et al., 1990) respectively (Table S1). Amplification (from 50 ng of ex-
tracted DNA), PCR product purification and quantification, library
construction and sequencing with a GS FLX + system (Roche, Branford,

CT, USA) were carried out as described by Cappelletti et al. (2016)
(Sequencing Platform at Fondazione Edmund Mach). Sequences of the
24 samples [two treatments (TAG and UNT), two locations (vineyard 1
and vineyard 2), two amplicons (bacterial 16S and fungal ITS) and
three replicates] were obtained and they are available at the Sequence
Read Archive of the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/sra) under accession number
SRP065900 and BioProject number PRJNA301110.

2.5. Bioinformatic analysis and sequence processing

Bacterial and fungal sequences were processed as reported by
Cappelletti et al. (2016) with some modifications. Sequence quality
check and filtering were carried out with PRINSEQ (Schmieder and
Edwards, 2011) and FlowClus (Gaspar and Thomas, 2015), respec-
tively. For quality filtering, reads shorter than 150 bases or longer than
1000 bases were discarded, and homopolymer runs longer than six
bases were excluded, as well as ambiguous sequences longer than six
bases. A Phred quality score greater than 25 in a sliding window of 50
bases was considered as the minimum average allowed; one barcode
correction and two primer mismatches were accepted. Quality filtered
reads were processed using V-Xtractor (Hartmann et al., 2010) (http://
www.microbiome.ch/software) and ITSx (Bengtsson-Palme et al.,
2013) (http://microbiology.se/software/itsx), in order to obtain highly
reliable 16S V6-V8 rRNA and ITS2 sequences, respectively. USEARCH
v7 (Edgar, 2013) (http://www.drive5.com) was used to de-replicate
and sort the extracted regions and chimeras were removed with
UCHIME (Edgar et al., 2011) (http://drive5.com/usearch/manual/
uchime_algo.html) using the RDPClassifier trainset N.16 database
(https://sourceforge.net/projects/rdp-classifier/files/
RDP_Classifier_TrainingData/) and the UNITE reference sequences
(Kõljalg et al., 2013) for bacterial and fungal sequences, respectively.

Clustering of operational taxonomic units (OTUs) was carried out
using the UPARSE algorithm (USEARCH v7 tool) with 97 % of pairwise
sequence identity (Edgar, 2013). QIIME (Caporaso et al., 2010) (http://
qiime.org) was used for taxonomic assignments of bacterial and fungal
OTUs with a naïve Bayesian RDP classifier and a minimum confidence
of 0.8 (Wang et al., 2007) respectively against the SILVA 123 database
(Quast et al., 2013) (www.arb-silva.de) and UNITE 7.1 database
(Kõljalg et al., 2005), which does not include oomycete sequences
(https://unite.ut.ee). Taxonomic assignments of fungal OTUs were
confirmed by BLAST search against the NCBI nucleotide database
(https://www.ncbi.nlm.nih.gov/nucleotide/) and no reads of oomy-
cetes were found, possibly due to the absence of downy mildew spor-
ulation on collected leaves and/or to the washing protocol of leaves
that was not able to eradicate P. viticola hyphae. After taxonomic
classification, OTUs corresponding to chloroplasts and mitochondrial
sequences were discarded.

The composition of bacterial and fungal populations on grapevine
leaves was visualised using the Krona software (Ondov et al., 2011). A
neighbor-joining tree was generated on 16S and ITS sequences of bac-
terial and fungal OTUs using MEGA 7.0 (Kumar et al., 2016) (www.
megasoftware.net) with the Maximum Likelihood method and 999 re-
plicates of bootstrap testing. Phylogenetic trees were visualised using
the iTOL software (Letunic and Bork, 2011) (http://itol.embl.de). TAG-
affected bacterial and fungal genera comprising species with potential
pathogenic and/or beneficial properties (biocontrol) on grapevine
plants were identified according to the previous literature.

2.6. Statistical analysis

Statistical analysis of bacterial and fungal data were carried out as
reported by Cappelletti et al. (2016), with some modifications. The
BIOM table generated by the 16S rRNA gene and ITS analysis was
subsampled via multiple rarefaction in QIIME (Caporaso et al., 2010)
and the Simpson’s diversity index (Simpson, 1949) was calculated to
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estimate microbial diversity. For beta-diversity metrics, BIOM tables
were obtained by rarefaction at 21,542 and 3831 read depth, for the
16S rRNA and ITS data respectively. A multivariate analysis was per-
formed with an unsupervised Principal Coordinate Analysis (PCoA)
followed by its constrained ordination counterpart, i.e. a Constrained
Analysis of Principal coordinates (CAP) (Anderson and Willis, 2003)
applied to Bray-Curtis dissimilarity matrices (Bray and Curtis, 1957) as
re-implemented in the vegan R package. To detect significant differ-
ences among treatments and locations, a permutation test (anova.cca
function, vegan R package) (Legendre and Legendre, 1998) on CAP
(capscale function, vegan R package) and a multivariate generalised
linear model (multivariate GLM, vegan R package) on the normalised
OTU table were applied (manyglm function, vegan R package) on
bacterial and fungal data. In both CAP and multivariate GLM, location
and treatment were used as fixed categorical predictors, together with
their interaction. The test applied on CAP was carried out with the
vegan::anova.cca function after 9999 permutations (vegan R package).
The applicability of CAP was verified by homogeneity analysis of var-
iances, as implemented by the vegan::betadisper function, followed by
permutational test (9999 iterations) for location and treatment factors
on bacterial and fungal data (vegan R package). The multivariate GLM
was built assuming a negative binomial (log-link) distribution of the
data, graphically verified by plotting fitted vs residual values. Analysis
of deviances was conducted on multivariate GLM (mvabund::anova.-
manyglm, vegan R package) using a score test after 9999 permutations
with Montecarlo resampling. Ordination analysis was carried out with
the phyloseq R package (McMurdie and Holmes, 2013).

Bacterial and fungal alpha-diversity was analysed in R by fitting
richness (OTU counts) and diversity (Simpson's index) values in a linear
model where location and treatment were considered as factors. After
graphical verification of fitted versus residual values, differences be-
tween locations and between treatments were assessed by analysis of
variance (ANOVA). Data on disease severity and relative abundances
were processed using Statistica 13.3 software (TIBCO Software Inc.,
Palo Alto, CA, USA). After validating data for normal distribution (K–S
test, P>0.05) and variance homogeny (Cochran’s test, P>0.05),
ANOVA was carried out for each taxon. Tukey’s test or Student’s t-test
was used to detect significant differences among treatments (P ≤ 0.05)
in pairwise and multiple comparison, respectively. When ANOVA pre-
requisites were not met, disease severity and relative abundance values
were transformed by square root and CFU counts were transformed by
Log10, in order to satisfy ANOVA assumptions without affecting the
statistical results (Kim et al., 2018).

3. Results

3.1. Tagatose treatments controlled downy and powdery mildew symptoms
and affected culturable phyllosphere microorganisms under field conditions

TAG treatments reduced downy mildew and powdery severity on
grapevine leaves under greenhouse conditions, the lowest concentra-
tion that maximise the disease reduction was 8 g/l (Fig. S1) and it was
used in the following experiments. Under field conditions, downy
mildew severity on grapevine leaves (vineyard 1, UNT: 46.0±6.5 %;
vineyard 2, UNT: 42.0±5.1 %) was reduced by 8 g/l TAG treatments
in the two vineyards characterised by different cultivars and agri-
cultural characteristics (vineyard 1, TAG-treated: 33.6± 2.7 %; vine-
yard 2, TAG-treated: 21.2±3.2 %; Student’s t-test, P ≤ 0.05). Powdery
mildew severity was reduced by TAG treatments in vineyard 2 (UNT:
21.4±6.8 %; TAG-treated: 1.2± 0.2 %; Student’s t-test, P ≤ 0.05),
while no powdery mildew symptoms were detected on UNT and TAG-
treated plants in vineyard 1. TAG treatments did not affect the number
of culturable epiphytic bacteria and fungi per leaf unit under field
conditions (Fig. 1A), although TAG residues were present in the leaf
washing suspension of TAG-treated leaves (Table 2). However, when
culturable phyllosphere microorganisms of UNT plants were incubated

with TAG in vitro, the number of bacteria and fungi was respectively
increased and impaired (Fig. 1B).

3.2. Tagatose changed bacterial populations and increased the relative
abundance of putative beneficial bacteria on grapevine leaves

The composition of bacterial communities was analysed on TAG-
treated and UNT leaves in the two vineyards. After filtering out low-
quality and short sequences, a total of 378,083 bacterial reads were
obtained, with more than 21,542 of quality filtered reads for each re-
plicate (Table S2), and rarefaction curves reached the saturation (Fig.
S2A). Bacterial richness and diversity were affected by the grapevine

Fig. 1. Tagatose effect on culturable microorganisms of the grapevine phyllo-
sphere. Plants were left untreated (UNT) or treated with tagatose (TAG) in vi-
neyard 1 and vineyard 2 and colony forming units (CFUs) of phyllosphere
bacteria (orange) and fungi (green) per unit of leaf fresh weight (CFUs/g) were
assessed by plating method (A). Phyllosphere bacteria (orange) and fungi
(green) collected form UNT plants were incubated with water (UNT) or TAG
overnight in vitro and CFUs were assessed by dilution plating method (B). Mean
Log10-transformed values and standard errors from three replicates are pre-
sented for each sample. Bacterial and fungal data were analysed separately,
different coloured letters indicate significant differences among treatments and
vineyards according to Tukey’s test (P≤ 0.05) with the ‘a’ letter assigned to the
condition with the highest mean CFU/g value.
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location (F = 5.98, P = 0.04 and F = 5.98, P = 0.04), respectively)
and treatment (F = 7.16, P = 0.03 and F = 7.29, P = 0.03, respec-
tively), according to ANOVA test (Fig. S3A and S3B). Almost the totality
of bacterial reads was assigned to taxa at the taxonomic level of family
and genus (99.2 and 91.4 %, respectively) and 315 OTUs were identi-
fied in total (Table S3). Gammaproteobacteria was the most abundant
phylum of phyllosphere bacteria (relative abundance of 97.1±1.69
%); Orbaceae, Enterobacteriaceae and Pseudomonadaceae were the most
abundant bacterial families (Figs. S4A and S5A).

Global effects on bacterial phyllosphere populations were examined
using an unsupervised approach offered by PCoA and its constrained
counterpart represented by CAP analysis. The first CAP axis dis-
criminated samples according to the grapevine location (75.6 % of ei-
genvalue variance), the second axis highlighted differences between
TAG-treated and UNT plants (20.0 %, Fig. 2A) and PCoA analysis cor-
roborated these results (Fig. S6A), with significant differences among
locations (pseudo-F = 14.55, P = 0.001) and treatments (pseudo-F =
4.05, P = 0.025) according to the permutation test (Table S4). A
multivariate GLM analysis confirmed the significant effect of the loca-
tion (score = 401.20, P = 0.001) and treatment (score = 356.40, P =
0.001) on beta-diversity of phyllosphere bacteria and highlighted sig-
nificant changes (P = 0.001) on TAG-treated plants as compared with
UNT plants in both locations (Table S4).

The relative abundance of bacterial phyla was generally consistent
in the two vineyards, except for Betaproteobacteria (Fig. S5A), but the
relative abundance of bacterial families varied according to grapevine
locations pooling data of UNT and TAG-treated samples of each vine-
yard (Fig. 3A, Table S5). In particular, the relative abundance of Bifi-
dobacteriaceae, Leuconostocaceae, Neisseriaceae and Orbaceae was
greater in vineyard 2 than in vineyard 1, while that of Micrococcaceae,
Enterobacteriaceae, Pseudomonadaceae and Xanthomonadaceae showed
an opposite profile (Fig. 3A, Table S5). Considering UNT leaves, vine-
yard 2 showed greater relative abundance of the dominant bacterial
genera (relative abundance> 2 %) Gilliamella, Frischella and Snod-
grassella, while vineyard 1 showed greater relative abundance of Pseu-
domonas, Pantoea and Stenotrophomonas (Fig. 4A). However, the re-
lative abundance of dominant genera Acinetobacter, Enterobacter,
Lactococcus, Orbus and Variovorax was consistent among treatments and
locations and they represent the conserved core microbiota of the
grapevine phyllosphere.

The relative abundance of dominant genera was affected by TAG
treatments, which increased the relative abundance of the Pseudomonas
genus in both vineyards and reduced that of Frischella and Snodgrassella
in vineyard 2 (Fig. 4A). The pairwise comparison between TAG-treated
and UNT leaves within each vineyard confirmed profiles of Pseudo-
monas, Frischella and Snodgrassella and revealed a TAG-dependent in-
crease in relative abundance of the rare genera (relative abundance≤ 2
%) Chroococcidiopsis, Exiguobacterium, Leifsonia, Methylobacterium, Pe-
lomonas and Rhodobium in vineyard 1 (Table S6). Moreover, TAG
treatments increased and decrease the relative abundance of Erwinia

and Fructobacillus in vineyard 2, respectively (Table S6). TAG-affected
bacterial genera were classified as potential phytopathogens or poten-
tial biocontrol agents of grapevine according to the previous literature
and the relative abundance of a genus (Exiguobacterium) comprising
potential biocontrol species was increased by TAG (Fig. 5A and Table
S6). Pseudomonas comprised species with both pathogenic and bene-
ficial activities on grapevine and potential properties cannot easily be
assigned at the level of genus without a further taxonomic character-
isations.

Table 2
Tagatose residual on grapevine leaves.

Vineyard Treatment a Tagatose residual (mg/g) b

Vineyard 1 UNT <0.05 b
TAG 1.07±0.03 a

Vineyard 2 UNT <0.05 b
TAG 0.92±0.11 a

a Plants were left untreated (UNT) or treated with tagatose (TAG) in vine-
yard 1 and vineyard 2.

b Tagatose residual was assessed on supernatants of leaf washing suspension
and expressed per unit of leaf fresh weight (mg/g). Different letters indicate
significant differences across treatments and vineyards according to Tukey’s
test (P ≤ 0.05) with the ‘a’ letter assigned to the condition with the highest
mean tagatose value.

Fig. 2. Tagatose effects on the grapevine phyllosphere microbiota. Constrained
analysis of principal coordinates (CAP) was obtained with the Vegan R package
using a Bray-Curtis dissimilarity matrix on bacterial (A) and fungal data (B) of
untreated plants (blue) and plants treated with tagatose (red) in vineyard 1
(triangles) and vineyard 2 (circles) in triplicate. Significant differences were
detected between treatments and vineyards according to the permutation test
and multivariate generalised linear model analysis (Table S4).
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3.3. Tagatose changed fungal populations, reduced the relative abundance
of fungal pathogens and increased that of putative beneficial fungi on
grapevine leaves

The composition of fungal communities was analysed on TAG-
treated and UNT leaves in the two vineyards. A total of 61,559 quality
filtered reads were obtained for fungal data (Table S2), and rarefaction
curves reached the saturation for each replicate (Fig. S2B). Fungal
richness was not affected by the grapevine location (F = 2.15, P =
0.18) and treatment (F = 0.0004, P = 0.99), fungal diversity was af-
fected by the grapevine treatment (F = 7.99, P = 0.02), but not by the
location (F = 0.60, P = 0.46), according to ANOVA test (Fig. S3A and
S3B). The majority of fungal reads were assigned to taxa at family and
genus level (79.4 and 77.9 %, respectively) and 458 OTUs were iden-
tified in total (Table S7). In particular, Ascomycota (relative abundance
of 50.6± 4.9 %) and Basidiomycota phyla (relative abundance of
49.3±4.8 %) dominated on grapevine leaves (Fig. S4B).

The CAP analysis on fungal data discriminated samples according to
the grapevine locations in the first axis (63.2 %) and according to the
grapevine treatments in the second axis (33.9 %, Fig. 2B) and PCoA
analysis corroborated these results (Fig. S6B). Significant differences

among locations and treatments were confirmed by the permutation
test (pseudo-F = 7.81, P = 0.001 and pseudo-F = 3.08, P = 0.026,
respectively) and the multivariate GLM analysis (score = 569.60, P =
0.001 and score = 431.50, P = 0.001, respectively). The former test
also highlighted significant effects of the TAG treatments in vineyard 2
(P = 0.001) and vineyard 1 (P = 0.012; Table S4). Specifically, the
relative abundance of fungal phyla differed according to the grapevine
location and it was not affected by TAG treatments; Ascomycota and
Basidiomycota were dominant phyla in vineyard 2 and vineyard 1,
respectively (Fig. S5B). Therefore, the distribution of fungal families
varied according to the grapevine location pooling data of UNT and
TAG-treated samples of each vineyard (Fig. 3B, Table S5). The relative
abundance of Dothioraceae, Erysiphaceae and Mytilinidiaceae was greater
in vineyard 2 than in vineyard 1, while that of Amphisphaeriaceae,
Agaricaceae, Botryobasidiaceae, Cystofilobasidiaceae, Hydnodontaceae,
Sarcosomataceae and Xylariaceae showed the opposite profile. However,
the dominant fungal genera (relative abundance>2%) Chalastospora,

Fig. 3. Taxonomic composition of bacterial and fungal families in the two vi-
neyards. Mean values of relative abundance (percentage) of dominant (relative
abundance> 0.2 and 1 %, respectively) bacterial (A) and fungal (B) families
was determined for vineyard 1 and vineyard 2 pooling the data of untreated
plants (UNT) and plants treated with tagatose (TAG). For each taxon indicated
with the colour specified in the legend, asterisks indicate significant differences
between vineyards according to Student T-test (P ≤ 0.05). Asterisks were
omitted for taxa with no significant differences. The Filobasidiales, Pleosporales,
Sporidiobolales and Tremellales orders include fungal operational taxonomic
units with incomplete taxonomic annotation. The full list of bacterial and
fungal families with significant changes in the relative abundance between
vineyard 1 and vineyard 2 is reported in Table S5.

Fig. 4. Tagatose effects on relative abundance of dominant bacterial and fungal
genera. Relative abundance (percentage) of dominant (relative abundance>2
and 1 %, respectively) bacterial (A) and fungal genera (B) was determined for
leaves of untreated plants (UNT) and plants treated with tagatose (TAG) in
vineyard 1 and vineyard 2. Mean values of three replicates are presented for
each sample. For each taxon indicated with the colour specified in the legend,
different letters indicate significant differences among treatments and vineyards
according to Tukey’s test (P ≤ 0.05). Letters were omitted for taxa with no
significant differences among treatments and vineyards (i.e.Acinetobacter,
Enterobacter, Lactococcus, Orbus and Variovorax bacterial genera, Cryptococcus,
Gibberella, Paraconiothyrium and Rhodosporidium fungal genera). The
Sporidiobolales order includes operational taxonomic units with incomplete
taxonomic annotation. Dominant genera that comprise potential biocontrol
agents [Alternaria alternata (Musetti et al., 2006), Aureobasidium pullulans
(Harm et al., 2011)] and phytopathogens (Erysiphe necator) of grapevine are
underlined by blue and orange lines, respectively.
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Cryptococcus, Gibberella, Paraconiothyrium, Rhodosporidium and Spor-
obolomyces were consistent among treatments and locations and they
represent the conserved core microbiota of fungal leaf populations
(Fig. 4B).

The relative abundance of the dominant genera Erysiphe decreased

by TAG treatments in vineyard 2 and it was low in UNT and TAG-
treated plants in vineyard 1 (Fig. 4B), in agreement with the reduction
of powdery mildew severity in vineyard 2 and the absence of visible
symptoms in vineyard 1. Moreover, the pairwise comparison between
TAG-treated and UNT leaves within each vineyard demonstrated also

Fig. 5. Phylogenies and potential properties of genera affected by
tagatose treatments. Bacterial (A) and fungal genera (B) with a
significant increase (light green) or decrease (light red) in relative
abundance on tagatose (TAG)-treated plants as compared with
untreated plants were selected for each vineyard, according to
Student’s t-test (P ≤ 0.05; Table S6). The neighbor-joining tree
was generated based on 16S and ITS sequences using MEGA 7.0
with bootstrap and visualised using the iTOL software. Bacterial
and fungal genera that comprise potential biocontrol agents
[Alternaria alternata (Musetti et al., 2006), Aureobasidium pullulans
(Harm et al., 2011), Exiguobacterium acetylicum (Lee et al., 2014)
and Exophiala jeanselmei (Redmond et al., 2015)] and phyto-
pathogens (Erysiphe necator) of grapevine are highlighted by blue
and orange lines, respectively.
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the decrease in relative abundance of the rare genera (relative abun-
dance ≤ 2 %) Coprinellus and Plectania in vineyard 1, Erythrobasidium
and Hydnopolyporus in vineyard 2 (Table S6). Moreover, the increase in
relative abundance of two (Lecythophora and Perenniporia) and three
(Alternaria, Aureobasidium and Exophiala) genera was found on TAG-
treated leaves of vineyard 1 and vineyard 2, respectively. In particular,
TAG increased the relative abundance of three genera that comprised
potential biocontrol species against grapevine pathogens in at least one
vineyard, such as Alternaria, Aureobasidium and Exophiala (Fig. 5B and
Table S6).

4. Discussion

Dynamics of the phyllosphere microbiota and the ratio between
pathogenic and beneficial microorganisms could influence grapevine
health and production (Bokulich et al., 2016; Perazzolli et al., 2014;
Pinto et al., 2015, 2014; Zarraonaindia et al., 2015). In particular,
proportions of beneficial taxa can be affected by plant treatments, en-
vironmental conditions and anthropogenic factors (Fort et al., 2016;
Perazzolli et al., 2014; Pinto et al., 2014; Vitulo et al., 2019). The plant
microbiota engineering has been proposed as possible approach to
optimize microbial consortia that harbour beneficial microbes, but this
potential biocontrol strategy has not been applied yet (Syed Ab Rahman
et al., 2018; Toju et al., 2018). In particular, the possibility of stimu-
lating phyllosphere indigenous biocontrol agents and plant defences by
leaf treatments with a protein-derived product raised the question
whether beneficial plant microbiota can be artificially shaped by the
application of selected nutritional substrates (Cappelletti et al., 2016).
TAG is a rare sugar, which is metabolised only by certain microbial taxa
and has an inhibitory activity against some important crop pathogens
(Ohara et al., 2019). TAG was recognised as GRAS with no negative
effects on human health (Levin, 2002; Vastenavond et al., 2011), sug-
gesting a low risk in field application as a fungicide in agriculture. In
addition, this rare sugar showed prebiotic properties on the human gut
microbiota (Oh, 2007; Vastenavond et al., 2011) letting us hypothesise
that it might positively affect the grapevine phyllosphere microbiota.
TAG influenced the growth of culturable plant-associated bacteria and
fungi in vitro and affected the diversity and taxonomic structure of leaf
bacterial and fungal populations under field conditions. In particular,
the contrasting TAG effects on culturable bacteria and fungi between
the in vitro and field condition assay indicated a strong effect in the
bacterial stimulation and fungal inhibition during the short incubation
in vitro and suggested possible selection of plant associated micro-
organisms to TAG treatments under field conditions. Specifically, we
showed here that the relative abundance of a fungal genus that com-
prises grapevine pathogens (Erysiphe spp.) was decreased by TAG
treatments, in agreement with the reduction of powdery mildew
symptoms on grapevine leaves under field conditions. Conversely, the
relative abundance of bacterial and fungal genera comprising potential
biocontrol agents against grapevine pathogens was increased by TAG
under field conditions, such as Alternaria spp. (Musetti et al., 2006),
Aureobasidium spp. (Harm et al., 2011), Exiguobacterium spp. (Lee et al.,
2014) and Exophiala spp. (Redmond et al., 2015). Therefore, TAG
treatments could have a role in the reduction of two grapevine diseases
(i.e. downy mildew and powdery mildew) and in the consequent in-
crease in relative abundance of potential beneficial microorganisms.
However, three replicates for each condition have been analysed in this
study and the promising preliminary results obtained need further va-
lidation. In particular, our amplicon sequencing approach allowed a
taxonomic identification at the level of genera and, in some cases, the
same genus comprises both pathogenic and beneficial microorganisms
of grapevine, as in the case of Pseudomonas. The potential properties of
TAG-affected genera were assigned in relation to the possible grapevine
interaction and some taxa can also include potential pathogens of other
plant species, as for example Alternaria, Erwinia and Exophiala. Thus,
potential properties of plant-associated microorganisms cannot be

easily assigned with a taxonomic identification at the level of genus and
only putative effects can be hypothesized. Further molecular analyses
are therefore required to identify TAG-stimulated microorganisms at
deep taxonomic resolution on a large study with several grapevine
cultivars and locations, in order to asses TAG effects under different
environmental conditions.

TAG effects on the balance between potential pathogenic and ben-
eficial microorganisms observed on grapevine leaves was in agreement
with previous studies on human-associated microorganisms. For ex-
ample, TAG increased and reduced the abundance of beneficial
(Enterococcus spp. and Lactobacillus spp.) and pathogenic bacteria (co-
liform bacteria) in the human gut microbiota, respectively
(Vastenavond et al., 2011). TAG was not metabolised by some human
pathogens, such as Bacillus spp., Escherichia spp., Listeria spp., Salmo-
nella spp., Staphylococcus spp. and Streptococcus spp. (Bautista et al.,
2000; Hasibul et al., 2018; Lobete et al., 2017; Sawada et al., 2015).
Although limited information is available on the TAG catabolic path-
ways, it can be used as carbohydrate source by only certain microbial
taxa (Hayer et al., 2013; Komoń-Zelazowska et al., 2007; Van der
Heiden et al., 2013). To be more precise, TAG can be either transported
into the cell by phosphotransferase uptake systems or used as an in-
termediate in the lactose, galactose and galactitol catabolism by some
bacterial species (Van der Heiden et al., 2013). For example, the Lac-
tobacillus spp. metabolism includes the TAG-6-phosphate pathway
(Martinussen et al., 2013; Wu and Shah, 2017) and the incubation with
TAG caused a complex transcriptional reprogramming of the carbohy-
drate metabolism in L. rhamnosus with activation of the phospho-
transferase system (Koh et al., 2013). Moreover, Erwinia persicinus (Hao
et al., 1990) and Exiguobacterium aurantiacum (Raichand et al., 2012)
were able to produce acid from the TAG fermentation and a TAG epi-
merase implicated in the TAG metabolism was cloned in Pseudomonas
cichorii (Ishida et al., 1997), in line with the TAG-dependent stimulation
of the phyllosphere Erwinia, Exiguobacterium and Pseudomonas genera in
our samples. It was also reported that TAG supported the growth of
Trichoderma aggressivum and T. pleuroticola (Komoń-Zelazowska et al.,
2007), but not that of Aspergillus niger (Hayer et al., 2013), indicating
that TAG prebiotic properties are possibly related to its nutritional and
anti-nutritional effects on specific microbial taxa. Therefore, TAG could
have a double effect on plant health: it could act as an anti-nutritional
molecule on some phytopathogens (direct effect) and as a nutritional
factor on some indigenous biocontrol microorganisms (indirect effect).
TAG could increase the relative abundance of some natural beneficial
microorganisms and they could partially contribute to disease control
by competing for space, antagonism or plant resistance activation, as
shown for leaf microorganisms stimulated by a protein-derived product
(Cappelletti et al., 2016). However, further functional studies are re-
quired to better characterize nutritional and anti-nutritional properties
of TAG on culturable plant-associated pathogenic and beneficial mi-
croorganisms in vitro and on grapevine leaves. Moreover, additional
investigations are required to understand potential TAG impacts on
insects and soil-borne microorganisms. Although TAG residues were
detectable on grapevine leaves at the collection date, further studies are
required to characterise the TAG persistence on grapevine leaves, its
rain fastness and possible routes of degradation by leaf-associated mi-
croorganisms.

TAG-dependent changes on leaf microbial populations different in
the two vineyards tested, indicating that TAG effects were influenced by
the indigenous communities originally residing on grapevine leaves,
consistently with previous findings with a protein-derived product
(Cappelletti et al., 2016). Plants of the ‘Schiava gentile’ cultivar located
in vineyard 2 on a low hill with north-west exposition showed high
relative abundance of the bacterial families Bifidobacteriaceae, Leuco-
nostocaceae, Neisseriaceae and Orbaceae and the fungal families Do-
thioraceae, Erysiphaceae and Mytilinidiaceae. Conversely, the ‘Pinot gris’
plants in vineyard 1 in the valley floor with a different training system
from vineyard 1 hosted high relative abundance of Micrococcaceae,
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Enterobacteriaceae, Pseudomonadaceae and Xanthomonadaceae bacteria
and Amphisphaeriaceae, Agaricaceae, Botryobasidiaceae, Cystofilobasidia-
ceae, Hydnodontaceae, Sarcosomataceae and Xylariaceae fungi. At the
genus level, UNT plants of vineyard 2 showed greater relative abun-
dance of three dominant bacterial (Gilliamella, Frischella and Snod-
grassella) and one dominant fungal (Erysiphe) genera, while vineyard 1
showed greater relative abundance of Pseudomonas, Pantoea and Ste-
notrophomonas. In agreement with previous findings (Fort et al., 2016;
Mezzasalma et al., 2018; Perazzolli et al., 2014; Pinto et al., 2014;
Varanda et al., 2016), the structure of the phyllosphere microbiota
differed according to the grapevine location. Although the two vine-
yards were at less than 5 km from each other, differences in the host
genotype, microclimatic conditions, agricultural practices and soil
properties could exert a selective pressure and consequent adaptation of
the phyllosphere microbiota of grapevine (Fort et al., 2016;
Mezzasalma et al., 2018; Perazzolli et al., 2014; Pinto et al., 2014;
Vitulo et al., 2019; Zarraonaindia et al., 2015). However, some domi-
nant bacterial (Acinetobacter, Enterobacter, Lactococcus, Orbus and Var-
iovorax) and fungal genera (Chalastospora, Cryptococcus, Gibberella,
Paraconiothyrium, Rhodosporidium and Sporobolomyces) were not af-
fected by the grapevine location and they represent a conserved core
microbiota of the analysed vineyards.

Although the structure of the phyllosphere microbiota differed ac-
cording to the plant genotype, climatic conditions and anthropogenic
factors, common features with microorganisms residing on grapevine
leaves can be recognised (Fort et al., 2016; Perazzolli et al., 2014; Pinto
et al., 2014; Zarraonaindia et al., 2015). For example, leaf communities
of this study were dominated by Ascomycota, Basidiomycota and Pro-
teobacteria, in agreement with previous findings (Cappelletti et al.,
2016; Fort et al., 2016; Perazzolli et al., 2014; Pinto et al., 2014;
Zarraonaindia et al., 2015). The relative abundance of Proteobacteria
commonly increased during the growing season (Singh et al., 2018),
supporting the high proportions of these bacteria at the collection date
of this study. The large proportion of Gammaproteobacteria was mainly
due to the high relative abundance of Enterobacteriaceae, Moraxellaceae,
Orbaceae, Pseudomonadaceae and Xanthomonadaceae. In particular, Fri-
schella, Gilliamella and Orbus (Orbaceae), Enterobacter and Pantoea
(Enterobacteriaceae), Pseudomonas (Pseudomonadaceae), Steno-
trophomonas (Xanthomonadaceae), Acinetobacter (Moraxellaceae) were
found on grapevine leaves. Moreover, Neisseriaceae (e.g.Snodgrassella),
belonging to the Betaproteobacteria, were also highly represented.
Acinetobacter, Enterobacter, Leuconostocaceae, Pantoea, Pseudomonas and
Stenotrophomonas have been commonly found on grapevine leaves
(Cappelletti et al., 2016; Perazzolli et al., 2014; Pinto et al., 2014). On
the other hand, Frischella, Gilliamella, Orbus and Snodgrassella were
usually hosted by honey bee, bumble bee and fruit fly (Kwong and
Moran, 2013; Stathopoulou et al., 2019; Yong et al., 2019). However, a
genus phylogenetically related to Snodgrassella was isolated from poplar
bark (Li et al., 2017) and plant-mediated transmission of Snodgrassella
was found in wild bees (McFrederick et al., 2017), suggesting possible
microbial exchanges among insects and plants. Possible insect-derived
taxa could be only temporary present and they are probably not per-
sistent colonisers of grapevine leaves. In consequence to the presence of
possible insect-derived microorganisms, the relative abundance of some
typical grapevine-associated taxa was lower than expected, as for ex-
ample that of Acetobacter, Comamonadaceae, Curtobacterium, Serratia
and Sphingomonas (Cappelletti et al., 2016; Perazzolli et al., 2014; Pinto
et al., 2014). Possible microaerophilic bacteria belonging to Bifido-
bacteriaceae and Leuconostocaceae were found on grapevine leaves and
the relative abundance Fructobacillus was affected by TAG. Interest-
ingly, OTUs belonging to the Lactobacillaceae family (e.g.Lactobacillus)
were previously found on grapevine leaves (Singh et al., 2018), sug-
gesting that microaerophilic bacteria can be hosted by the leaf en-
vironment. In agreement with previous studies, fungal communities
were dominated by Dothideomycetes, Microbotryomycetes and Tre-
mellomycetes classes (Fort et al., 2016); Erysiphaceae (Cappelletti et al.,

2016), Pleosporaceae and Tremellales (Perazzolli et al., 2014) family, as
well as by Alternaria, Areobasidium, Erisiphe, Cryptococcus genus (Fort
et al., 2016; Pinto et al., 2014) (Cappelletti et al., 2016; Castañeda
et al., 2018).

The role and ecology of the phyllosphere microbiota is only partially
understood (Bulgarelli et al., 2013; Lindow and Brandl, 2003), but
many practical applications on plant health and grape quality are af-
fected by the equilibrium between pathogenic and beneficial micro-
organisms (Bokulich et al., 2016; Perazzolli et al., 2014; Pinto et al.,
2015, 2014; Zarraonaindia et al., 2015). Beneficial communities of the
gut microbiota display a barrier effect against human pathogens
(Hooper, 2009). Likewise, a protective effect was assumed for the
phyllosphere microbiota (Vorholt, 2012) and beneficial communities of
the plant microbiota were described as plant probiotic agents (Berlec,
2012). TAG has prebiotic benefits for the human gut microbiota
(Vastenavond et al., 2011) and, in our study, changed the structure of
phyllosphere communities of grapevine. Thus, TAG could have plant
prebiotic properties and it may represent a novel strategy for sustain-
able plant protection that will possibly gain deeper investigations in the
future for the control of grapevine pathogens. This work represents one-
step forward on research studies focusing on the engineering of in-
digenous phyllosphere populations by the application of selected nu-
tritional factors to control phytopathogens and to increase the relative
abundance of plant beneficial microorganisms. In particular, TAG
seems able to shift the relative abundance of phyllosphere pathogenic
and beneficial microorganisms, possibly thanks to its possible nutri-
tional/anti-nutritional properties for specific microbial taxa. Further
functional analyses of TAG-dependent stimulatory and inhibitory ef-
fects are required on selected phytopathogenic and biocontrol micro-
organisms, in order to better understand genetic determinants and
metabolic pathways affected by this rare sugar.
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