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Abstract: In this study, an amplicon metagenomic approach was used to determine the effect of
repeated treatments with ozonized oleic acid on the microbial community of grapevine carpoplane.
Differences in community composition of treated vineyards were compared to non-treated and
conventionally treated samples regarding the prokaryotic and eukaryotic microbiome at two develop-
mental stages (BBCH 83, BBCH 87). The results showed effects both on occurrence and on abundance
of microorganisms and the community assembly. Wine-relevant genera such as Acetobacter and mem-
bers of the former genus Lactobacillus could be identified as part of the natural microbiota. The impact
of the new viticultural treatment on these organisms was assessed in liquid culture-based microtiter
assays. Therefore, we investigated an array of two acetic acid bacteria (AAB), four lactic acid bacteria
(LAB) and nine saccharomyces and non-saccharomyces yeasts. Brettanomyces bruxellensis, Saccharomyces
cerevisiae, Pediococcus sp. and Acetobacter aceti revealed the highest sensitivities against ozonized oleic
acid (LIQUENSO® Oxygenat). Culture growth of these organisms was significantly reduced at an
ozonide concentration of 0.25% (v/v), which corresponded to a quarter of the concentration used
in the vineyard. The metabarcoding approach in combination with complementary in vitro assays
allow new insights into treatment effects on the community and species scale.

Keywords: ozonized oleic acid; ozonide; Oxygenate; grape carpoplane microbial community; biodi-
versity; 16S sequencing; ITS sequencing; metabarcoding; LIQUENSO® Oxygenat

1. Introduction

Grapevine epiphytic microorganisms can be neutral, beneficial or pathogenic to the
plant [1]. Interactions depend on many biotic, abiotic and anthropogenic factors deter-
mining grapevine microbial communities and their structure [2,3]. Biotic factors include
intrinsic biological properties such as the grapevine variety, the stage of ripening [1] and the
dissemination of microorganisms by insects and birds [4]. Abiotic factors are temperature,
humidity, UV radiation, oxydo-reduction potential, pH and soil composition [2,5]. The use
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of agrochemicals is one of the major anthropogenic determinants of the grape microbial
community [3,6]. Nevertheless, resistance development of plant pathogenic organisms is
threatening viticulture [7–9]. Thus, research must be conducted concerning new antimi-
crobial active compounds in plant pest management. A promising field of development
is concerned with ozonized plant oils. The broad effective spectrum of these compounds
is based on a rather unspecific mode of action conducted by trioxolanes, peroxides and
aldehydes [10,11]. The efficiency against human pathogenic yeasts and bacteria has been
proven in various publications in the past two decades [10,12,13]. Ozonized sunflower oil
has been shown to be effective against cucumber powdery mildew caused by Podosphaera
xanthii [14].

A complete disinfection of the grape berries is yet not desirable due to the bene-
ficial effects of certain microorganisms on plant health and vinification [15]. They are
determining the microbial terroir and influencing sensory quality of the wine [16]. Yeasts
and Gram-positive lactic acid bacteria (LAB) are important drivers of the alcoholic and
malolactic fermentations, as reviewed by Capozzi et al. (2021) [17]. The effect of these organ-
isms during fermentation depends on interspecific interactions [18–20], the fermentation
temperature [20] and wine chemical parameters such as pH nutrient and oxygen availabil-
ity [21–25]. Non-Saccharomyces yeasts are often referred to in the context of incomplete or
sluggish fermentations and undesirable off-flavors [21,26]. Nevertheless, positive effects of
non-Saccharomyces yeasts, e.g., Torulaspora delbruckii, Metschnikowia pulcherrima, Schizosaccha-
romyces pombe, Hanseniaspora spp. and Zygosaccharomyces bailii, as well as members of the
genus Pichia, have been reported, as summarized by Vicente et al. (2021) [22]. On the other
hand, the negative potential of non-Saccharomyces yeasts and LAB in terms of wine quality
shows in the form of diverse off-flavors [25]. Mousy off-flavors caused by Brettanomyces
bruxellensis, Lentilactobacillus hilgardii, Levilactobacillus brevis, Lactiplantibacillus plantarum
and Oenococcus oeni [27,28] are just one example. The effect of LAB on the wine quality
depends on the species- and strain-specific enzymatic activities and their mechanism of
glucose catabolism [17,29]. LAB reduce wine acidity by converting L-malic acid to L-lactic
acid, thereby providing microbiological stabilization of the wine [17,29]. Esterase and
glycosidase activities of some LAB add beneficial complexity to the wine flavor [17,24,30].
Likewise, LAB can reduce wine quality by the formation of acetic acid or the production
of biogenic amines and carcinogenic ethyl carbamate [17,31]. Acetic acid bacteria (AAB)
are Gram-negative obligate aerobic bacteria within the family of Acetobacteraceae [32,33].
Some AABs are desirable in the production of foods, beverages and biotechnological appli-
cations [33–35], yet they have detrimental potential in the vinification process [32]. This is
due to their ability of metabolizing ethanol into acetic acid, acetaldehyde, ethyl acetate and
dihydroxyacetone [36].

To determine to what extent treatment with ozonized oleic acid and the grape ripening
influence the grapevine health and vinification, studies of the microbial biota of wine
berries appear to be important. Nevertheless, few studies have been conducted in Germany
on grape microbial diversity and its response to these factors [37].

The aim of the present study was to elucidate the influence of a new agrochemical
treatment based on ozonized oleic acid (OT) on the microbiota of the grape carpoplane
and wine-relevant microorganisms. The OT was compared to non-treated (NT) and con-
ventionally treated (CT) samples. Microbial community composition of grape carpoplane
was investigated in a metabarcoding analysis of bacterial 16S ribosomal RNA (rRNA) and
fungal internal transcribed spacer (ITS) regions of the ribosomal DNA (rDNA). Bacterial
16S rRNA gene [38] and fungal ITS regions of the ribosomal rDNA [39] are broadly used as
targets for amplicon sequencing. They provide inter- and intraspecific highly conserved
regions [2]. By the number of “reads” associated with each Operational Taxonomic Unit
(OTU) assigned to a species, the NGS method delivers semi-quantitative information on
the taxa abundance in the sample. Thus, metabarcoding offers high-resolution information
on microbial community richness and structure [40].
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2. Experimental Section
2.1. Ozonides

Ozone was generated by passing oxygen from a bottle (99.5%) through an ozone
generator COM-AD-08 (Anseros Klaus Nonnenmacher GmbH, Tübingen Germany) with a
constant flow rate of 100 L/h. The ozone concentration was measured by an ozone analyzer
GM-OEM-6000 from Anseros. The generated ozone was bubbled into 250 mL of oleic acid
(Sigma-Aldrich, 65–88%, St. Louis, MO, USA) in a 500 mL glass reactor with a concentration
of 130 g/m3 for four hours. During ozonation, ozone and oleic acid were mixed by vigorous
stirring on a high-speed laboratory stirrer from IKA (EUROSTAR 20 high-speed control).
The reactor was tempered at 12 ◦C during the reaction time. At the end of the reaction, the
product (ozonized oleic acid, C250/10 V1) was obtained as a highly viscous colorless liquid
with a peroxide value of 1800. Peroxide values were determined by measuring the amount
of iodine via titration with sodium thiosulphate solution (volumetric standard solution,
Carl Roth). The ozonized oleic acid was provided by Anseros, Tübingen. Anseros provided
a system (Oxygenat System (OXY400)) which enabled the production of a homogeneous
spray solution with the desired concentration.

2.2. Agrochemical Treatments

The samples used for the analysis were collected in parcels of one vineyard of Vitis
vinifera L. cv. Portugieser in Neustadt (Weinstraße), Rhineland-Palatinate, Germany. Within
the vineyard, parcels chosen in a randomized block design samples received weekly
treatments with 0.8% [v/v] ozonized oleic acid (OT), a conventional treatment (CT) or no
treatment (NT) from developmental stage BBCH 13 to BBCH 83. All samples with their
corresponding information (date of treatment, fungicide, date of sampling) are listed in
Table S1.

2.3. Wine Grape Sampling

Intact wine berries with stalks were collected separately with disinfected scissors
and gloves. One hundred berries per sample were counted directly into 100 mL of a
sterile aqueous solution of 0.9% [w/v] NaCl + 0.1% [v/v] Tween 80 and incubated for
24 h, at 28 ◦C and 90 rpm. Then, 50 mL of this “washing solution” was used to perform
the NGS sequencing (conducted by the Advanced Identification Method GmbH (AIM),
Leipzig, Germany). Sampling was realized two times: grapes of the category Portugieser I
were collected on 30 July 2019 (BBCH 83), and Portugieser II samples on 12 August 2019
(BBCH 87).

2.4. 96-Well Microtiter Assays

The 96-well in vitro assays for analysis of the efficacy spectrum of ozonized oleic
acid were performed following a modified protocol of the IBWF gGmbH (Institute for
Biotechnology and Drug Research gGmbH, Mainz, Germany) published, e.g., in Petit
et al. (2021) [41]. For further information on fungal and bacterial strains and experimental
conditions, see Table S2. All yeast strains were cultivated in YPD liquid medium (Carl
Roth, Karlsruhe, Germany). MRS liquid medium (Carl Roth, Karlsruhe, Germany) was
used for in vitro cultivation of lactic acid bacteria. YPM liquid medium (yeast extract 0.5%
[w/v], peptone 0.3% [w/v], n-mannitol 2.5% [w/v] [42]) was used for in vitro cultivation of
acetic acid bacteria. Then, 96-well microtiter plates were filled with 100 µL of liquid culture
(OD600 = 0.1) and 100 µL of liquid medium supplemented with oleic acid or ozonized
oleic acid at a final concentration of 0.25% [v/v], 0.4% [v/v], 0.8% [v/v], 1.6% [v/v], 2.5%
[v/v] or 5% [v/v]. Samples consisting of 100 µL of liquid culture and 100 µL of the
corresponding liquid medium with or without antibiotics (yeast: Hygromycin 2.5 µg/µL
final concentration, Cycloheximide 2.5 µg/µL final concentration; Delvocid 100 µg/mL [43]
bacteria: Streptomycin 2.5 µg/µL, Cefuroxime 2.5 µg/µL; Chloramphenicol 0.03 µg/µL)
served as controls. Data were derived from at least three sample replicates. All microtiter
plates were incubated at 27 ◦C under constant shaking.
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2.5. DNA Extraction and NGS Sequencing

DNA extraction and NGS sequencing were executed by AIM (Advanced Identi-
fication Methods, Leipzig). The DNEasy Plant Tissue Kit (Qiagen, Hilden, Germany)
and 5 µL of extracted genomic DNA were used, along with Plant TAQ (Bioline, Lucken-
walde, Germany) and High-Throughput Sequencing (HTS)-adapted mini-barcode primers:
341f-16s/341r-16s specific for the hypervariable region V3-V4 of the 16S rRNA gene [38].
ITS3_KYO2_NGS/ITS4_KYO3_NGS primers targeted the internal transcribed spacer (ITS)
region of the nuclear ribosomal repeat, 5.8S rRNA-ITS2 [39]. High-Throughput Sequencing
was performed on an Illumina MiSeq (Illumina Inc., San Diego, CA, USA). Reads were
pre-processed and sequences clustered to Operational Taxonomic Units (OTUs) with a
97% identity threshold. Phylum, class, order, family, genus, and species information were
assigned to each OTU using the data library GenBank [44].

2.6. Analysis of the NGS Data

Taxonomic data were prepared by AIM in the form of OTU tables and Krona charts.
Krona charts were used to determine the percentage share of species in each individual
sample presented as mean and standard deviations in sample triplicates. Python scripts
were used to transform the OTU tables into analyzable data documents, delivering infor-
mation about all different species present in each triplicate, their associated read-counts
and relative abundance. For all triplicates, subsampling was performed to facilitate reliable
comparisons between triplicates of the same size [45]. For triplicates of the same category
(e.g., Portugieser I-ITS sequences), the triplicate with the lowest number of reads served
to define subsample size. To analyze the alpha diversity, species richness and OTU rich-
ness, Shannon, Evenness and Inverse Simpson indices were calculated, and beta diversity
analysis was performed using Sørensen and Jaccard similarity indices, as described in
publications on metagenomics analyses [46,47]. All indices were calculated by means of the
species relative abundance regarding the share of reads compared to the total reads of the
associated triplicate. Normality was assessed according to the Shapiro–Wilk test. In case of
a validated normality, an ANOVA test was performed. In case of a non-validated Shapiro–
Wilk normality test, non-parametric distribution of data was analyzed by Conover–Iman
multiple pair-wise comparisons. Principal Component Analyses for mean and individ-
ual correlations were performed with Spearman correlation matrices for non-normally
distributed datasets (p < 0.05) on the 16S and ITS2 species relative abundances (in reads)
normalized to the total number of reads per sample (Addinsoft (2021). XLSTAT statistical
and data analysis solution. New York, NY, USA).

3. Results
3.1. Microecosystem Effects of Ozonized Oleic Acid Treatment in the Vineyard

Accumulation curves (Figures S1 and S2) showed that the sequencing depth was
saturated for all samples. A suitable overall OTU coverage was achieved, where the
majority of species was detected in each sample.

Regarding the 16S sequencing results, ozonide-treated (OT) Portugieser samples were
associated with a lower OTU and species richness and α-diversity than non-treated (NT)
and conventionally treated (CT) samples. The 16S and ITS2 OTU and species richness
values revealed a decrease between samples collected one day after the last agrochemical
treatment (Portugieser I) compared to samples taken two weeks after the last treatment
(Portugieser II) (Table 1). In contrast to the overall decrease in species and OTU richness,
Portugieser II-16S sequences revealed an increase in α-diversity in Shannon (H), Inverse
Simpson (1-D) and Evenness (J) indices. This applies especially to OT samples. The analysis
of richness and α-diversity of Portugieser I-ITS2 revealed only slight differences between
treatments. CT samples of Portugieser II-ITS2 showed a reduced α-diversity compared to
NT-Portugieser II and OT-Portugieser II, as well as compared to CT-Portugieser I.
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Table 1. Species richness, α-diversity indices obtained from 16S and ITS sequencing of carpoplane
microbiota. Samples derived from Portugieser berries 1 day (Portugieser I) or 2 weeks (Portugieser II)
after the last agrochemical treatment. Non-treated (NT), conventionally treated (CT) and ozonide-
treated (OT) samples were compared.

Treatment
Richness α-Diversity Indices

OTU Species Shannon
(H)

Evenness
(J)

Inverse Simpson
(1-D)

Portugieser
I-16S

NT 131 113 1.45 0.31 0.50
CT 127 118 1.51 0.32 0.52
OT 50 43 0.76 0.20 0.33

Portugieser
II-16S

NT 43 40 1.98 0.54 0.81
CT 41 38 2.04 0.56 0.82
OT 32 29 1.36 0.40 0.62

Portugieser
I-ITS2

NT 94 83 1.73 0.39 0.76
CT 94 80 1.83 0.42 0.76
OT 74 66 1.81 0.43 0.77

Portugieser
II-ITS2

NT 43 43 1.90 0.50 0.77
CT 44 41 1.31 0.35 0.57
OT 43 41 1.79 0.48 0.76

ß-diversity was analyzed by means of Sørensen and Jaccard similarity indices (Table 2).
For Portugieser I-16S sequences, the higher Sørensen and Jaccard indices between NT/CT
compared to NT/OT or CT/OT indicated the distinctness of OT samples referred to in the
carpoplane microbial communities. This trend was further confirmed by the lower number
of species shared between NT/OT (Portugieser I:39) and between CT/OT (Portugieser I: 38)
compared to NT/CT (Portugieser I: 72). While samples of the category NT/OT and CT/OT
showed a moderate positive correlation with rs = 0.455 (p < 0.05) and rs = 0.439 (p < 0.05),
respectively, a strong positive correlation could be demonstrated for samples of the category
NT/CT (rs = 0.854, p < 0.05) [48]. The differences between NT/OT and CT/OT are less
pronounced in Portugieser II-16S samples. In this category, a strong positive correlation [48]
could be detected for the samples NT/CT (rs = 0.820; p < 0.05) and CT/OT (rs = 0.813;
p < 0.05), while NT/OT showed a moderate positive correlation [48] of rs = 0.677 (p < 0.05;
Figure S3). For Portugieser II samples, the number of species shared between NT/OT
(Portugieser II: 24) and CT/OT (Portugieser II: 24) is notably lower than the number of
species shared between NT/CT (Portugieser II: 29). In accordance with the results from the
analysis of α-diversity, this difference is more prevalent in Portugieser I than in Portugieser
II. Interestingly, no species were exclusively present in OT samples of Portugieser I-16S,
and only four species exclusive to OT-Portugieser II-16S could be detected. By contrast, CT
and NT samples harbored 42 and 36 exclusively detected species for Portugieser I, and 8
and 10 exclusively detected species for Portugieser II, respectively.

Analyzing ITS2 sequencing results, differences between the three treatments and
Portugieser I and II were less notable compared to 16S results. Higher ß-diversity indices
between NT/OT samples compared to NT/CT and CT/OT highlighted a strong similarity
of OT to NT and the distinctiveness of CT samples. These results were reflected in the
slightly increased numbers of shared species between NT and OT (Portugieser I: 48, Por-
tugieser II: 30) compared to NT and CT (Portugieser I: 46, Portugieser II: 25) or CT and OT
(Portugieser I: 42, Portugieser II: 23). The higher Spearman correlation between Portugieser
I NT/OT (rs = 0.937; p < 0.05) compared to Portugieser I NT/CT (rs = 0.887; p < 0.05) and
Portugieser I CT/OT (rs = 0.928; p < 0.05), as well as Portugieser II NT/OT (rs = 0.798;
p < 0.05) compared to Portugieser II NT/CT (rs = 0.646; p < 0.05) and Portugieser II CT/OT
(rs = 0.515; p < 0.05; Figure S4), further support this hypothesis.
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Table 2. ß-diversity indices obtained from 16S and ITS sequencing of carpoplane microbiota. Samples
derived from Portugieser berries 1 day (Portugieser I) or 2 weeks (Portugieser II) after the last
agrochemical treatment. Non-treated (NT), conventionally treated (CT) and ozonide-treated (OT)
samples were compared.

ß-Diversity IndicesComparison of
Treatments Sørensen Similarity

Index (β1)
Jaccard Similarity

Index (β2)

Portugieser I-16S
NT/CT 0.62 0.45
NT/OT 0.50 0.33
CT/OT 0.47 0.31

Portugieser II-16S
NT/CT 0.74 0.59
NT/OT 0.70 0.53
CT/OT 0.72 0.56

Portugieser I-ITS2
NT/CT 0.56 0.39
NT/OT 0.64 0.48
CT/OT 0.59 0.42

Portugieser II-ITS2
NT/CT 0.60 0.42
NT/OT 0.71 0.56
CT/OT 0.56 0.39

3.2. Community Structure

For 16S sequences of Portugieser I and II, only slight variations in the phyla relative
abundances between NT, CT and OT could be detected (Figure S5). The overall composition
of the bacterial community seems to be widely unaffected by the treatments. Within
the 16S sequences, Proteobacteria represented the phylum with the highest abundance at
89.9% ± 11.4% of total bacterial reads in Portugieser I samples and 63.6% ± 13.3% of total
bacterial reads in Portugieser II samples. The dominance of Proteobacteria is largely due to
the prevalence of Pantoea genus, which had an average share of over 70% in Portugieser
I samples divided into 71.0% ± 18.5%, 72.3% ± 33.2% and 85.3% ± 16.8% for samples of
the category NT, CT and OT, respectively. The contribution of Pantoea spp. to samples
of Portugieser II was 28.3% ± 31.8% (NT), 33% ± 27.2% (CT) and 54.7% ± 21.5% (OT),
respectively (Table S3). Due to the highly variable contribution of Pantoea spp. to the
individual samples of the triplicates depicted by the high standard deviations, no statistical
differences could be detected within samples of the category Portugieser I or II (according
to ANOVA analysis with Fischer’s LSD post-hoc procedure, p > 0.05). Some of the bacterial
species relevant to the vinification process could be identified in the 16S sequencing results.
Among them, genera such as Acetobacter or Lactobacillus were found to be present on grape
carpoplane with RA below 0.2%. Pseudomonas syringae was among the five most abundant
species in samples of category I, associated with RA ranging from 2.3% ± 1.5% (OT) and
3.3% ± 1.5% (NT) to 3.5% ± 3.2% (CT). In category II, Pseudomonas syringae was still under
the ten most abundant species, with RA at or below 0.4% in all treatments.

With regard to fungal communities (ITS sequences), Ascomycota represented the most
abundant phylum, accounting for over 80% of all samples of Portugieser I and II, with
the exception of category II CT, where Ascomycota accounted for 32.3% ± 28.4%. The
conventionally treated Portugieser II samples exhibited a high prevalence of Basidiomycota
in contrast to NT and OT (Table S3).

3.3. Efficiency Analyses against Yeasts and Bacteria Relevant to the Vinification Process

Since many of the wine-associated saccharomyces and non-saccharomyces yeasts and
bacteria could not be detected in the ITS or 16S samples, in vitro analyses were performed
to elucidate the effect of ozonide treatment. The impact on the growth of liquid cultures
supplemented with increasing concentrations of ozonized oleic acid (ozonide) or oleic
acid, respectively were compared regarding their optical density at λ = 600 nm (OD600)
(Figure 1). An effect of the oleic acid itself should be excluded. For some organisms such
as O. oeni, and L. plantarum and Gluconobacter oxydans, low concentrations of oleic acid
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led to a statistically significant increased optical density compared to the negative control
(C−) (Table S4). With oleic acid supplementation, Pediococcus sp. showed the clearest
reduction in OD600 compared to control samples. It remained stable between 86.4 ± 8.9%
and 85.4 ± 9.1% at concentrations of 0.4% (v/v) to 2.5% (v/v) oleic acid and decreased
to 18.7 ± 2.7% at a concentration of 5% (v/v) oleic acid (Table S4). Yet, the OD600 of
Pediococcus sp. was always lower for ozonide supplementation compared to the same
concentration of oleic acid, indicating a higher sensitivity towards the ozonized compound
(Table 3). The ozonized oleic acid preparation applied in the vineyard had a concentration
of 0.8% (v/v). In the liquid culture-based efficacy analyses, ozonide supplementations up
to this concentration had no significant effect on the OD600 of L. brevis, Candida zeylanoides
and Pichia fermentans. Nevertheless, culture densities of C. zeylanoides and P. fermentans
showed a concentration-dependent decrease at ozonide concentrations below 1.6% (v/v).
In contrast, low concentrations of ozonide seemed to favor the growth of L. brevis liquid
cultures (Table 3). Acetobacter aceti, Pediococcus sp., S. cerevisiae and B. bruxellensis showed
the highest sensitivity towards the ozonized oleic acid with an OD600 below 50% at the
lowest ozonide concentration of 0.25% (v/v). Negative relative optical densities, as in the
case of S. cerevisiae treated with 1.6% (v/v) ozonide (Table 3, Figure 1), resulted from the
normalization of the OD600 to C− (100%) and C+ (0%), as described in Petit et al. (2021) [41].
This normalization was conducted to simplify comparison of the sensitivities towards the
treatment between the organisms. Negative values did not deviate statistically significant
from the C+ in any case.

Table 3. In vitro efficacy analysis of ozonized oleic acid. Values significantly deviating from the
corresponding C− (p < 0.05) are shaded.

0.25% (v/v)
Ozonide

0.4% (v/v)
Ozonide

0.8% (v/v)
Ozonide

1.6% (v/v)
Ozonide

2.5% (v/v)
Ozonide

5% (v/v)
Ozonide C− C+

Acetobacter aceti 19.9 ± 6.6 3.6 ± 5.2 3.4 ± 6.5 −0.4 ± 3.1 6.8 ± 5.8 2.6 ± 2.8 100.0 ± 3.2 0.0 ± 5.1
Gluconobacter

oxydans 108.8 ± 25.6 49.3 ± 32.3 5.6 ± 3.0 −9.7 ± 1.6 −10.5 ± 4.5 −7.9 ± 0.2 100.0 ± 17.0 0.0 ± 8.8

Levilactobacillus
brevis 125.1 ± 13.8 116.2 ± 2.6 111.1 ± 4.5 56.4 ± 1.6 76.5 ± 3.0 35.4 ± 2.3 100.0 ± 9.1 0.0 ± 2.5

Lactiplantibacillus
plantarum 102.3 ± 6.4 89.1 ± 8.3 80.1 ± 2.9 49.8 ± 4.4 61.0 ± 1.9 40.4 ± 1.7 100.0 ± 4.5 0.0 ± 1.7

Oenococcus oeni 102.1 ±7.29 72.4 ± 10.0 4.3± 2.7 5.5± 1.6 3.0 ± 13.5 23.4 ± 16.7 100.0 ± 4.2 0.0 ± 3.5
Pediococcus sp. 32.7 ± 6.0 24.3 ± 19.8 3.0 ± 9.3 2.7 ± 15.4 −2.2 ± 5.5 −3.0 ± 3.2 100.0 ± 6.4 0.0 ± 3.6
Brettanomyces

bruxellensis 26.1 ± 17.4 27.4 ± 4.0 22.6 ± 6.2 2.5 ± 3.5 6.1 ± 15.4 11.0 ± 3.7 100.0 ± 13.8 0.0 ± 2.3

Candida zeylanoides 99.8 ± 6.7 73.1 ± 2.5 77.4 ± 10.2 73.9 ± 14.2 53.1 ± 17.7 21.8 ± 9.8 100.0 ± 27.7 0.0 ± 3.5
Hanseniaspora

uvarum 85.7 ± 0.6 46.8 ± 14.2 5.9 ± 1.9 8.4 ± 3.4 8.4 ± 22.4 5.0 ± 3.0 100.0 ± 7.6 0.0 ± 5.9

Metschnikowia
pulcherrima 56.0 ± 14.0 74.6 ± 8.9 67.3 ± 7.6 72.3 ± 6.8 39.6 ± 19.7 28.2 ± 22.1 100.0 ± 3.3 0.0 ± 1.5

Pichia fermentans 96.3 ± 10.6 91.2 ± 0.8 83.6 ± 0.1 81.1 ± 2.5 25.0 ± 26.3 7.7 ± 11.6 100.0 ± 2.8 0.0 ± 0.6
Saccharomyces

cerevisiae 29.4 ± 6.1 3.8 ± 3.1 10.0 ± 18.5 −0.9 ± 1.2 1.1 ± 4.1 7.3 ± 3.4 100.0 ± 3.1 0.0 ± 1.0

Schizosaccharomyces
pombe 88.1 ± 2.4 79.0 ± 2.3 74.7 ± 2.0 67.5 ± 3.7 31.9 ± 26.0 24.0 ± 33.4 100.0 ± 2.9 0.0 ± 3.6

Torulaspora
delbruckii 84.4 ± 5.2 86.4 ± 8.1 93.4 ± 4.6 5.5 ± 5.7 4.9 ± 1.4 15.3 ± 4.2 100.0 ± 2.2 0.0 ± 1.1

Zygosaccharomyces
bailii 85.1 ± 16.1 84.3 ± 4.8 79.3 ± 8.5 66.2 ± 2.0 13.2 ± 6.7 40.1 ± 7.7 100.0 ± 43.4 0.0 ± 1.2
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Figure 1. Efficacy of ozonized oleic acid is concentration-dependent and varies between different
organisms. The OD600 of S. cerevisiae liquid cultures one day after inoculation and O. oeni liquid
cultures six days after inoculation are depicted as mean values and standard deviations with n ≥ 3.
Letters indicate results of ANOVA analysis followed by Fisher’s LSD post-hoc procedure (left) and
Kruskal–Wallis two-sided non-parametric test, followed by Conover–Iman post-hoc procedure with
Bonferroni adjustment for multiple pairwise comparisons (right) with p < 0.05.

4. Discussion

Microbial communities on wine grapes are dynamic and they change significantly
over a short period of time [40,49]. The developmental stage of the grape has been reported
to play a major role in the assembly of the bacterial and yeast communities on the grape
carpoplane [49–52]. The frequently described increase in microbial populations and di-
versity from veraison to harvest time is presumably due to the increased availability of
hosting surfaces and nutrients [49–53]. These are results of the more elastic and permeable
berry skins [49–53]. Thus, sampling can only provide an overview of the species exist-
ing within the population at the exact moment of sampling. Comparisons between the
different sampling times should be treated with caution due to the diverse and complex
environmental influences. In this study, samples were taken at the developmental stages
BBCH 83 (Portugieser I), which represents veraison, and BBCH 87 (Portugieser II), at which
berries are soft and evenly colored but not quite ripe. In compliance with a study published
by Ding et al. (2021) [54], the highest bacterial species richness and OTU richness were
detected in samples of category I. This also applied to the comparison of eukaryotic species
richness detected in samples of Portugieser I-ITS2 compared to the corresponding samples
of category II (Table 1). It stands in clear contrast to the findings of Abdullabekova et al.
(2020) [55], who found the highest number of yeast species at physiological ripeness of
grape observed by a direct plating approach. The decrease in species richness during ripen-
ing appears contradictory since the samples of category II were harvested later and with a
longer interval between last treatment and sampling. Since all types of samples in category
II showed a comparable decrease in the richness values no matter which treatment they
obtained, this trend is likely to be due to changed grape surface or environmental condi-
tions. The high relative humidity and the decreasing average and maximum temperatures
before the second sampling may have contributed to these differences (Figure S6). These
factors have been demonstrated to be important drivers of the microbial community assem-
bly [49,56,57] and diversity influencing wine aroma profiles [57]. This confirms the results
of Bokulich et al. (2014) [56], who found highly significant relations of net precipitation,
relative humidity and maximum temperatures alongside with the average temperature
to the grape must microbial communities. Conveniently with this, Ding et al. (2021) [54]
hypothesized that observed changes in fungal and bacterial abundance might be due to
rainfall events during grape ripening. The Evenness, Shannon (H) and Inverse Simpson
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(1-D) indices were higher in 16S samples of category II compared to category I (Table 1).
These indices take into account not only the number of species but also the evenness of
their relative abundances. Increasing β-diversity of all 16S samples shows that differences
between microbial populations on grapes of NT, CT and OT were reduced just two weeks
after the last treatment (Table 2). This finding was further supported by an overall increase
in the correlation of Portugieser II samples compared to Portugieser I. The higher similarity
of samples in terms of Sørensen and Jaccard similarity indices represents a diminishing
of the dominance of few species in the population in favor of a more even distribution of
relative abundances. It is reflected by the dominance of the genus Pantoea and Pseudomonas
syringae decreasing from samples of category I to category II. Nevertheless, conclusions
should be drawn carefully since members of the genus Pantoea may have both positive
and negative effects on grapevine health depending on environmental conditions [58].
Members of the Gram-negative genus Pantoea within the family of Erwiniaceae [59] are
frequently referred to as biocontrol agents against fungal infection in a diverse array of crop
plants [59–62]. They possess an epiphytic, endophytic or rhizospheric lifestyle [59,61,63].
Among others, Gasser et al. (2012) and Magnin-Robert et al. (2013) demonstrated a suc-
cessful reduction in grape infection by Botrytis cinerea in vineyards treated with Pantoea
ananatis [62] and Pantoea agglomerans, respectively [61]. Biocontrol activity was assumed
to be carried out by a combination of the increase in plant defense mechanisms [61,62],
spatial obstruction of the pathogen by micro-colonies distributed over the plant surface [62]
and antibiotic active compounds [59,60]. Apart from these beneficial effects, Boiu-Sicuia
et al. (2020) identified P. agglomerans as one of four bacterial species causing crown gall
tumors in young Romanian vineyards [58]. P. syringae is a biotrophic [64], Gram-negative,
rod-shaped bacterium [64,65] within the family of Pseudomonadaceae [65]. The P. syringae
species complex is subdivided into more than 50 pathovars based on physiological and
taxonomic traits as well as infection symptoms and host range, as summarized by Gerin
et al. (2019) [66]. Typical symptoms of grapevine infections with P. syringae pv. Syringae are
bacterial cankers [66], bacterial leaf spots (BLS) and bacterial inflorescence rot (BIR) [64,67].
Whitelaw-Weckert et al. (2011) were able to demonstrate that the necrotic areas on leaves
and flowers of grapevine promoted sporulation of the previously symptomless infection
with B. cinerea [64]. Thus, the reduced prevalence of P. syringae in samples of category II
compared to category I could be beneficial to the health of the vine and berries in terms of
B. cinerea infection. On the other hand, the reduced dominance of members of the genus
Pantoea might have an adverse effect on plant health due to reduced biocontrol capacities.
Further research would be necessary to clarify the effects of these findings. The sampling
method applied in this study included only visibly intact berries. This should prevent
a masking effect of phytopathogenic fungi present on only few heavily infected berries
towards the overall microbiotic community. The exclusion was carried out because of the
disproportionately higher biomass of phytopathogenic fungi on these individual berries.
Thus, the data presented in this study are suitable to draw conclusions on the microbi-
otic community but do not support presumptions on the disease incidence or severity of
fungal pathogens.

The overall species and OTU richness revealed minor differences between NT and
CT (Table 1). In contrast, OT species richness and OTU richness were markedly decreased
in all samples, with the exception of ITS2-Portugieser II. These differences between NT,
CT and OT can be explained by the effective spectrum of the treatments. An impact of di-
verse chemical fungicides on bacterial non-target organisms has been reported in different
crops depending on the active substance of the applied formulations and environmental
conditions [68–71]. Many of the conventional fungicides have a site-specific mode of action.
They attack a specific target of the fungal metabolism [9]. In contrast, ozonides possess a
broad effective spectrum, as their effect is based on unspecific oxidation of all accessible
surfaces [12,72]. This unspecific efficacy of ozonides against bacteria and fungi is confirmed
by the higher β-diversity indices between bacterial sequences of NT/CT compared to
NT/OT and CT/OT (Table 2). In contrast, ITS2 sequencing results revealed higher dis-
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similarities between NT/CT and CT/OT than between NT/OT in samples of category II
(Table 2), presumably caused by the broader efficacy of the conventional fungicides against
fungal organisms. These findings were supported by a stronger correlation of NT/OT
compared to NT/CT and CT/OT. Consistent with this observation, the comparison of
ß-diversities of category I and category II revealed a slight drop in β-diversity between
CT/OT, whereas β-diversity of NT/CT and NT/OT revealed a minor increase. This might
be due to a more persistent efficacy of CT compared to OT. Given the increasing number
of fungicide-resistant phytopathogenic fungi [7–9] and the reported fungicidal activity
of ozonized plant oils [13,14], they still remain an interesting field of research. Ozonized
plant oils might be a sustainable alternative to fully synthetic agrochemicals since they are
produced from fully renewable raw material [73]. Tropospheric oleic acid arises, e.g., from
marine aerosols and direct forest emissions and has been proven to possess a short half-life
of several minutes to few hours due to rapid loss to ozonolysis, as reviewed by Zahardis
and Petrucci (2007) [74].

No fermentative yeast species could be detected in both categories of samples. Lactic
acid bacteria necessary for malolactic fermentation and acetic acid bacteria were found
to be present at low RA, represented by Acetobacter and the genus formerly known as
Lactobacillus [17,75], respectively. Others such as O. oeni were absent in the samples. This
is presumably due to the premature sampling of the berries, since these species were
found to be present mainly on fully mature berries [37,40,52,55]. Consistently, O. oeni could
not be identified in earlier metagenomic studies [40]. In German and other vineyards,
S. cerevisiae could be detected rarely and in case of presence in low abundance [15,37].
To our knowledge, the application of organic ozonides in viticultural field experiments
has not yet been reported by other research groups. Therefore, little is known on their
possible effects on these oenologically and economically relevant microorganisms. Nev-
ertheless chemical, medical and pharmacological publications reported a broad efficacy
of different organic ozonides and ozonized plant oils against bacteria, filamentous fungi
and yeasts [10,12,76,77]. Among them are members of the genera Pseudomonas, Bacillus [78]
and various ascomycetes of the genus Candida [13,76,77]. To elucidate possible effects of
the OT on grape and must microbiota, the efficacy of the ozonized oleic acid was tested
against an array of two acetic acid bacteria (AAB), four lactic acid bacteria (LAB) and
nine yeast species (Table 3). The AAB G. oxydans and A. aceti were chosen since they are
among the most common bacterial spoilage organisms of wine [79,80]. Members of the
three most abundantly found LAB genera in musts and wine, Oenococcus, Pediococcus and
the genus formerly known as Lactobacillus [17,75], were selected to exemplify the efficacy
of the new ozonide treatment on LAB. Publications from the medical context, such as
the studies of Sechi et al. (2001) [12] and de Almeida Kogawa et al. (2015) [10], report
antimicrobial activities of ozonized plant oils against Gram-positive and Gram-negative
bacteria. Although these publications were based on clinical strains of human pathogenic
bacteria which do not belong to the native microbiota of grapes, this general observation
does apply to the examined Gram-positive (L. brevis, L. plantarum, O. oeni, Pediococcus sp.)
and Gram-negative species (A. aceti, G. oxydans) (Table 3). All bacterial strains showed a
significant reduction of OD600 at an ozonide concentration of 1.6% (v/v) or below. Sechi
et al. (2001) [12] as well as de Almeida Kogawa et al. (2015) [10] achieved relatively high
Minimal Inhibitory Concentrations (MIC) of ozonized sunflower oil against all tested bacte-
rial strains in the range of mg/mL. de Almeida Kogawa et al. (2015) [10] concluded that
the high MIC compared to antibiotics are due to the chemical composition of ozonized
plant oils representing not only the active compound itself but a complex matrix of sub-
stances containing antimicrobial active oxygen species. Together with the low toxicity
against vertebrates [[81] cited in [12]], Sechi et al. (2001) [12] concluded that the antimi-
crobial activity is based on the action against multiple cellular targets rather than due to a
generalized toxicity or inhibition of specific metabolic steps. This assumption is further
supported by the observation that prolonged incubation of S. aureus in ozonized sunflower
oil (OLEOZON®) results in an increase in cytoplasmic membrane permeability towards
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K+-Ions and cytoplasm leakage [82]. A similar mode of action was described for aqueous
and gaseous ozone achieved by non-selective oxidation of exposed cellular structures
and subsequent penetration and oxidation of the cell interior causing cell death [72]. The
efficacy of aqueous ozone was shown to be highly dependent on two factors: the ability
of the microorganisms to form biofilms, and the culture density [83]. This is due to the
increase in oxidizable organic matter correlated with an increase in these two factors. In
the study conducted by Guzzon et al. (2013) [83], cell death of O. oeni, members of the
genera Lactobacillus and Pediococcus as well as B. bruxellensis and S. pombe were achieved at
a relatively low ozone concentration of 1 mg/L at 105 CFU/mL, revealing a high sensitivity.
In the same study, cell death of S. cerevisiae, P. fermentans, H. uvarum and G. oxydans was
achieved at a medium-high concentration of 2.5 mg/L, whereas cell death of M. pulcher-
rima was not achieved under the tested conditions [83]. In accordance with their results,
Pediococcus sp. and B. bruxellensis revealed the highest ozonide sensitivities, followed by
H. uvarum and O. oeni (Table 3). In our experiments, L. brevis, Candida zeylanoides, S. pombe
and M. pulcherrima were the least sensitive towards the ozonide treatment. Nevertheless,
differences from the observations of Guzzon et al. (2013) [83], such as the high ozonide
sensitivity of S. cerevisiae and the ozonide tolerance of S. pombe, could be detected. In
this context, it should be considered that the results of Guzzon et al. (2013) [83] are only
partially transferable to this study. Both the methodology and the investigated active
substance differ significantly. The antimicrobial activities of aqueous ozone and ozonized
oleic acid rely at least partially on active oxygen species. In the presence of protic solvents
such as water, the trioxolane structure of organic ozonides decompose into an array of
organic compounds [74,84–86]. α-acylalkyl hydroperoxides and secondary ozonides result
from the reaction [74,84–86]. Hydroperoxides and aldehydes originate from a subsequent
decomposition of these energetically unstable products [87,88]. In the case of ozonized oleic
acid, the decomposition reaction results in 1-nonanal, 9-oxononanoic acid, azelaic acid and
nonanoic acid [74,89]. Further studies would be necessary to unravel the contribution of
these and further compounds of the ozonized oleic acid to its antimicrobial activity. Despite
the premature sampling of the grape berries, we were able to provide evidence that the
new OT might be suitable to significantly reduce the growth of various microorganisms
adverse to the vinification process. It is conceivable that late OT treatments just before
harvest could help reduce microbiological spoilage of musts caused by microorganisms
from the vineyard. Further research is necessary to create a broader data basis on the effects
of the new OT on wine sensory characteristics and food safety, especially at late treatments.

5. Conclusions

In this study, we demonstrated the highly dynamic behavior of microbial communities
on the example of the new OT at and after the last fungicide treatment of the season. Species
and OTU richness and abundance gave indications of the strong dependence of the grape
carpoplane microbiota on environmental conditions and the developmental stage of the
berries. The effects of the new OT on the fungal community of the grape carpoplane were
less clear than the conventional fungicide treatment. Bacterial β-diversity of OT/NT was
reduced compared to CT/NT, unveiling a stronger effect of the OT on these communities.
The effect of the in vitro ozonide treatment varied between the bacterial and fungal strains.
Acetobacter aceti, Pediococcus sp. and S. cerevisiae showed the highest sensitivity towards the
ozonized oleic acid, with culture densities below 50% at the lowest ozonide concentration
of 0.25% (v/v). To gain deeper insight into the effect of the new OT on the dynamics of
the grape carpoplane microbial communities, it would be beneficial to perform additional
sampling covering the whole time span from berry set until harvest.

6. Patents

ANSEROS Klaus Nonnenmacher GmbH Tübingen (GE) is an original German pro-
ducer of organic ozonides based on unsaturated plant oils and ozone gas, which are used
together with water for the formation of LIQUENSO® Oxygenat, a water-based liquid
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ready to spray on to the plants and fruits (communities). The method and device for the
formation and supply of the LIQUENSO® Oxygenat (OT) are patented in Europe (EP 3 478
072 B1). LIQUENSO® is a registered trademark.

Supplementary Materials: The following are available online at https://www.mdpi.com/xxx/
s1, Figure S1: Rarefaction curves obtained from 16S sequencing. Portugieser carpoplane sample
triplicates of category I NT (A), CT (C) and OT (E) and category II NT (B), CT (D) and OT (F). Figure S2:
Rarefaction curves obtained from ITS2 sequencing. Portugieser carpoplane sample triplicates of
category I NT (A), CT (C) and OT (E) and category II NT (B), CT (D) and OT (F). Figure S3: Principal
Component Analysis of Portugieser I-16S (top) and Portugieser II-16S (bottom). The correlation circles
represent Spearman’s rank correlations (p < 0.05) of individual samples. Sample types are color-coded:
NT = blue, OT = red, CT = black. Figure S4: Principal Component Analysis of Portugieser I-ITS2
(top) and Portugieser II-ITS2 (bottom). The correlation circles represent Spearman’s rank correlations
(p < 0.05) of individual samples. Sample types are color-coded: NT = blue, OT = red, CT = black.
Figure S5: Relative abundance of phyla in Portugieser I and Portugieser II samples expressed in
% of the bacterial 16S reads (A, B) and % of the fungal ITS2 reads (C, D). Values are derived from
sample triplicates after merging and subsampling. Figure S6: Weather data obtained from the weather
station Neustadt (Weinstraße, Rhineland-Palatinate, Germany). The source of the daily measures
of maximum, average and minimum temperatures (A), and precipitation and relative humidity (B)
is the government platform Agrarmeteorologie Rheinland-Pfalz (www.Wetter.RLP.de (accessed on
29 March 2022)). Table S1: Schedule of phytosanitary treatments in the vineyard of the grape variety
Vitis vinifera L. cv. Portugieser carried out in the season from 29 April 2019 to 10 September 2019. The
applied amount and concentration of conventional fungicides followed the printed recommendation
of the DLR Rheinpfalz (Pflanzenschutz 2019). Ozonide was applied at a concentration of 0.8%
(v/v). The vineyard is located in Neustadt (Weinstraße), Germany (49◦22′28.2′′ N 8◦11′28.3′′ E).
Table S2: Organisms used for 96-well microtiter-based efficacy assays and the incubation time to
final photometric measurement of OD600. Table S3: Species share of the individual samples in
one triplicate of the same category expressed as percent of bacterial organisms (Proteobacteria,
Pantoea spp., Acetobacter spp., Lactobacillus spp. and Pseudomonas syringae) or fungal organisms
(Ascomycota, Basidiomycota). Table S4: In vitro efficacy analysis of non-ozonized oleic acid. All
values and standard deviations are expressed in % related to the corresponding negative controls
(Table 3). Values significantly deviating from the corresponding C− (p < 0.05) are shaded.
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