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Fermentation produces diverse consumables like bread, wine, beer, and cheese, with fungi playing 
a key role. This study sequenced fungal and bacteria DNA from 46 commercial wines, paired by 
vineyard proximity, harvest time, and grape variety. One in each pair was natural, while the other 
had pesticide treatments and microbial adjunctions. Bacteria profiles were studied using targeted 
sequencing of the V3-V4 region of the 16 S rRNA gene while fungal profiles were studied with ITS gene 
targeted sequencing. Significant variability was observed in the microbial content of these wines. 
We identified 19 unique fungal species in natural wines, absent in pesticide-treated ones. Some have 
known health roles. The most abundant was Penicillium jiangxiense in Lot-et-Garonne, known for 
its antitumor properties. Hyphopichia pseudoburtonii, with notable aromatic properties, was also 
detected, commonly found in insect and fish microbiota. Antrodia favescens, related to the medicinal 
Antrodia cinnamomea, was identified in another location, known for its role in Chinese herbal medicine 
against cancer and metabolic diseases. Ochrocladosporium elatum, recognized for its antioxidant and 
antibacterial activities, was found elsewhere. Additionally, natural wines exhibited greater bacterial 
biodiversity, contributing to unique tastes and potential health benefits.

Microbial communities, particularly fungi, play a crucial role in the fermentation-digestion processes of 
various foods and beverages. These communities initiate the transformation of plant-based substrates into 
natural products, generating a wide array of consumables such as bread, wine, beer, cheese, coffee, vanilla, 
and kefir. Beyond kickstarting fermentation, fungi significantly enhance the sensory qualities and shelf life of 
these products. Small quantities of alcohol produced during fermentation can inhibit the growth of certain 
pathogens, while fermentation within the gut microbiota contributes to digestion and the production of essential 
micronutrients. Current research underscores the vital symbiotic relationship between the gut microbiota and 
its host, impacting neurological functions, immunity, vitamin synthesis, and detoxification processes1.

The microbial communities associated with grapes and wine have been extensively studied, given their 
indispensable role in fermentation, a practice dating back at least 7,000 years2. Recent technological advancements 
have improved the selection and modification of microorganisms for commercial use, including CRISPR gene 
editing techniques3. In contrast, natural fermentations increasingly utilize atypical grape varieties worldwide, 
including regions like Chile4, India5, and Europe (Italy, Greece, Austria, France).

Natural fermentations, characterized by the absence of commercial fungi, bacteria, artificial compounds, 
or pesticides, promote a unique microbial biodiversity. This practice not only defines natural wines but also 
supports sustainable viticulture by enhancing ecological services and reducing dependence on external inputs6. 
Despite the recognized properties of these microbial communities, many potential benefits, including their roles 
against pathogenic agents, remain largely unexplored7.

Wine bottles harbor a complex array of microorganisms originating from fermentation and winemaking 
practices. During fermentation, indigenous yeasts, predominantly Saccharomyces cerevisiae and non-
Saccharomyces species such as Hanseniaspora and Candida, drive the conversion of sugars into ethanol, 
alongside bacteria like Oenococcus oeni8. Emerging evidence suggests natural fermentation supports a richer 
microbial ecosystem, including Enterobacteriaceae, Pseudomonas, Sphingomonas, and Methylobacterium which 
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could contribute to wine characteristics directly or indirectly9. In contrast, conventional winemaking often relies 
on inoculated commercial starters that either include Saccharomyces or lactic acid bacteria (e.g. Oenococcus 
oeni) and controlled microbial activity to standardize fermentation and ensure consistency10. Despite these 
differences, no comprehensive study has compared the microbial composition of naturally fermented wines to 
conventional wines derived from pesticide-treated grapes.

In this novel investigation, we performed a comparative analysis of the microbiota composition in natural 
wines and for the first time those neighbouring derived from grapes treated with pesticides. Uniquely, each 
sample pair originated from the same grape variety, same harvest year, and vineyard geolocation (acting as 
very close plots within a similar ecosystem). This approach is distinct from previous studies which focused 
solely on pesticide residues in the final product11 and their taste. This approach allows a more controlled 
exploration of how pesticides influence the raisin and wine microbiota. In other previous comparable studies, 
we have already studied the pesticide content in the bottles of closely neighbouring wineyards treated or not, 
and also characterized the presence, taste and effects not only of many pesticides, but also of sulfur residues and 
copper12,13.

In light of the growing interest in the influence of agricultural practices, taking into account not only climate 
change, but also gut microbiota, this research presents a unique opportunity to investigate the intrinsic microbial 
communities of naturally all grown fruits and vegetables, compared to commercially available pesticide-treated 
products.

Results
The study analyzed a diverse range of grape varieties across wine-producing regions, focusing on regional 
preferences and vintages from 2016 to 2019, with Gamay and Sauvignon prominently featured. Each untreated 
natural wine was paired with a neighboring vineyard’s chemically (e.g.g pesticides) and microbiologically treated 
counterpart, enabling comparisons of fermentation processes and aromatic profiles.

Bacterial and fungal DNA
Our genetic analysis successfully identified DNA from both fungi and bacteria in naturally produced and 
pesticide-treated wine bottles (Fig. 1). Interestingly, the absolute abundance quantification revealed a significantly 
higher bacterial presence (2.38 ± 8.5 ng DNA / µL) compared to fungi (0.08 ± 0.5 ng DNA/µL), this difference 
being statistically significant (p < 0.05), with bacteria being 30 times more abundant on average (Supplementary 
Tables 1 and 2). There was no difference in bacteria or fungi absolute relative abundance between the natural and 
pesticide-treated wines, evidencing the non-sterile biotopes. Some dead microbes may not have participated in 
the oenological processes, especially for small percentages of presences, and fungicide-treated wines.

Due to significant variability in vintages, locations, and grape varieties, these factors were not included as 
covariates in the analysis.

Fungi composition was dominated by Basidiomycota and Ascomycota, while mostly Proteobacteria and 
Firmicutes were identified for bacteria. This was the case in both group of wines. Taxonomic composition at the 
species level was much more variable and depended on the bottles (Fig. 2). In total, 280 genera and 745 species 
of bacteria, while 43 genera and 67 species of fungi were identified.

The fungi most frequently identified in the study were Aspergillus conicus (11.6% versus 21.7% of total 
fungi composition in natural and pesticide-treated wines, respectively), Aspergillus gracilis (14.5 versus 15.9%), 
Aspergillus penicillioides (16.5 versus 12.2%), Brettanomyces bruxellensis (21.1 versus 4.2%), and Wallemia muriae 
(5.8 versus 11.4%). We were initially surprised by the low abundance of Saccharomyces cerevisiae detected in our 
analysis. To address this, we conducted an additional investigation on three bottles known to be fermented using 
S. cerevisiae starter cultures, as well as on the starter culture itself. The results confirm the presence of S. cerevisiae 
under these conditions (Supplementary Table 3) .

Concerning bacteria, Oenococcus oeni (51.6 on average versus 7.7%) was found over 80% abundance in 12 
samples of natural wines but only in 2 samples of pesticide-treated wines. Acetobacter ghanensis-pasteurianus-
pomorum (7.4 versus 10.5%), Burkholderia-Paraburkholderia insulsa (3.0 versus 8.6%), Pseudomonas 
azotoformans-fluorescens-synxantha (2.3% versus 6.9%), and Sphingomonadales sp48028 (1.8% versus 4.2%), 
were the most frequently found across the samples analyzed.

Comparison of alpha diversity between natural and pesticide-treated wines (Fig. 3A) showed that pesticide-
treated wines contained a higher bacterial diversity compared to natural wines (p = 0.0005). In total there was 
37.0 ± 28.7 and 43.1 ± 15.3 bacteria species detected in the bottles of natural or pesticide-treated wines, respectively. 
By contrast, there was no significant differences for yeast diversity variability in a primary similar approach. In 
total there was 7.7 ± 3.4 and 8.3 ± 3.6 fungi species detected in the bottles of natural or pesticide-treated wines, 
respectively. Comparison of bray-Curtis distances between natural and pesticide-treated wines showed that the 
bacteria profiles wines discriminate the wines from natural ones, while they cannot be distinguished at this level 
based on their fungal microbiota profiles. However, the genetic distance between fungi appear greater in natural 
than in treated wines, because of a wider visible dispersion (Fig. 3B).

However, there were species of fungi and bacteria similar found in both groups, but some were specific to 
one or the other. Their proportions in different wines is indicated as well as the wine sample in which there were 
found (letters).

The number of specifically-found natural fungi that were unique was quite limited, to 19 species. They were 
found different in different samples.

In the analyzed wine samples, the fungal species demonstrated varied abundances, with Penicillium 
jiangxiense showing a notably high prevalence of 14.42% in wine 16, which was the greatest recorded in this 
study. By contrast, Hyphopichia pseudoburtonii also from wine 16, showed significant abundance at 8.72%. Other 
noteworthy species included Antrodia favescens with 3.28% in wine 8, and Aspergillus conicus-gracilis at 4.32% in 
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wine 2. The remaining species presented lower abundances, indicating a diverse but predominantly low-density 
fungal presence across the wine samples.

Discussion
Fungi play a key role in producing fermented foods; in this study, we sequenced bacterial and fungal DNA from 
46 paired commercial wines (natural vs. pesticide-treated), revealing significant microbial variability including 
19 unique fungal species exclusive to natural wines which may contribute to distinctive flavor profiles and 
potential health benefits. While these observations do not confirm the viability of probiotic cells or direct health 
implications, existing studies show that microorganisms from fermented foods, including wine, can indeed be 
found in the human gut microbiota14,15.

Although the fungi appear to be around 1000 times less abundant than bacteria in the human microbiota16, 
our results suggest that bacteria are 28 times more abundant than fungi in the wine bottles. It is likely to be 
different on grapes before fermentation since it is known that populations of microorganisms change during 
the fermentation process when grapes turn to wine17. There are nonetheless intriguing parallels between the 
microbial communities present in wine which belongs to the most ancients fermented drinks, and those in 
the human gut microbiota, revealing a shared narrative of coevolution with microorganisms that are finely 
adapted to their respective nutrient-rich environments. Both environments—whether the complex biochemical 

Fig. 1. Map of vineyard locations in France and Italy. The red points indicate the geographical distribution of 
vineyards included in this study. The map was plotted using the public domain maps hosted by the package 
rnaturalearth (https://github.com/ropensci/rnaturalearth).
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landscape of wine or the dynamic ecosystem of the human gut—have been shaped by longstanding relationships 
with their microbial inhabitants.

The close proximity and exchange between gut microbiota and food microorganisms not only raise the 
intriguing possibility of horizontal gene transfer (HGT)—the transfer of genetic material between unrelated 

Fig. 2. Taxonomic composition in bacteria (left) or fungi (right) of pairs of natural and pesticide-treated wines 
at the species levels. Only the top 10 species levels are indicated to ensure readability. Further details on the 
taxonomic composition are available in supplementary material. Other, agglomerated abundance of bacteria 
found at lower abundance.
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organisms—but also the potential for the integration and adaptation of living cells from food or drinks into the 
microbiota. This integration could resemble pathogenic infestations, yet in some cases, it may remain symbiotic. 
Such co-evolution could occur across generations as well as increase genetic variability. This phenomenon, 
documented among bacteria, could have played a significant role in shaping human evolution18,19. Food-
derived microbes might possess genes that encode enzymes for nutrient breakdown such as documented for 
porphyranase genes, acquired from marine bacteria like Zobellia galactanivorans via dietary consumption 
of seaweed18, metal resistance in the arsenic-exposed microbiome20, or even transfer of antibiotic resistance 
genes from soil microbes exposed to agricultural antibiotics into gut bacteria of humans19. If these genes were 
occasionally incorporated into the genomes of resident gut bacteria through HGT, or even if whole cells, either 
bacteria or fungi, established symbiotic relationships, it could have equipped our ancestors with enhanced 
digestive capabilities, broader dietary tolerance, or even improved gut defense or new nervous mechanisms. 
Over vast stretches of time, these beneficial gene acquisitions, if heritable, could have been gradually selected for, 
influencing the trajectory of human evolution.

Fungi unique to natural wine
The visible difference in repartition for fungi for some couples of wines (Fig. 2B; Table 1), as well as between 
natural wines, seem to underline the terroir effect difference linked to different or the proximity for similar 
regions (O-I, Anjou-Hérault, remoteness and genetic distance, Q-S, Rhone, G-J, Indre-et-Loire). The genetic 
distance of fungi developed between similar geographically closest couples (G, in Indre-et-Loire, O in Maine-et-
Loire, Q in Rhône) may by contrast underline differences due to oenological fermentation practices.

In our analysis focusing initially on fungi found exclusively in natural wines, we concentrated on species 
constituting 1% or more of the total, which amounted to six of the 19 species identified. Notably, Penicillium 
jiangxiense was the most prevalent, comprising 14.42% in wine sample 16 (Table  2), suggesting possibly a 
significant role in natural fermentation processes. This fungus was identified in the Lot-et-Garonne region of 
France, thriving in an environment free from fungicide treatments. Interestingly, P. jiangxiense is also recognized 
globally, initially characterized by Zunyi Medical College in China. Xiao et al. (2008) explored its antitumor 
properties, attributing them to a polysaccharide component of this medicinally relevant fungus21. Historically, 
fungi have symbiotically interacted with plants and agriculture, with early evidence emerging from China among 
other regions22. The presence of P. jiangxiense in diverse, preserved ecosystems underscores its adaptability and 
global distribution.

The second most abundant yeast in the same natural wine sample was Hyphopichia pseudoburtonii23. This 
non-Saccharomyces yeast, already found in non-conventional winemaking due to its aromatic capabilities, 
thrives in nitrogen-rich environments. It has been associated with various fermentation processes, including 
those involving potatoes and alcohol24. Its presence in the microbiota of insects, rainbow trout, and beetles, 
where it plays a potential detoxification role, highlights its broad ecological niche25–27.

Other fungi found exclusively in natural wine include Aspergillus conicus-gracilis, detected in wine sample 2 at 
4.32%; it is a lesser-known species commonly found in environments with low water activity, such as those with 

Fig. 3. Bacteria and yeast diversity in natural or pesticide-treated wines. Alpha diversity is estimated using the 
Shannon diversity index (A) while beta diversity is estimated using Bray-Curtis distances (B).
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high salt or sugar content28,29. Antrodia favescens, found at 3.28% in sample 8, is related to Antrodia cinnamomea, 
also known as camphorata. These species are noted in traditional Chinese medicine for their potential anti-
cancer and metabolic disease benefits30,31. Surprisingly, this species also appears in natural wines, enhancing 
flavor and aroma, and is marketed for its anti-inflammatory properties in aromatherapy32. Talaromyces 
rugulosus, present at 2.24% in sample 8, is known for its potential to produce ochratoxin A in grapes, a concern 
primarily post-harvest33. Finally, Ochrocladosporium elatum was observed at 1% in sample 8. Known for its 
antioxidant and antibacterial activities, extracts from this fungus have demonstrated significant efficacy against 
pathogenic strains such as Staphylococcus aureus, Klebsiella pneumoniae, and Salmonella enteritidis34. Previously 
identified in the medicinal plant Schinus terebinthifolius Raddi, its detection in wine is novel and suggests a 
broader ecological and therapeutic application.

Among the specialized yeasts, some are shared between both groups of wines, but are however very differently 
spread. The case of Brettanomyces bruxellensis is quite unique. They are present in 8 natural wines, among 
are 5 over 90%, and only in one treated wine, where they are there generally technically avoided by chemical 
treatment. In fact, some could create the so-called mousiness or horse sweat flavor35. However, they are known 
to have different effects depending on their low or high concentrations35. Some subspecies among 35 are even 
selected for beers, and may also bring different characteristics, and are less known36, or other even searched 
as positive for nice aromas. Natural subspecies often present spontaneously in wines may thus explain their 
reputation. Further research is necessary to identify them, as well as their physiology, dynamics, and ecosystem 
with terroir.

Bacteria unique to natural wine
The biodiversity observed in bacterial species within our wine samples is notably broader compared to fungi 
(Table 3). Among the 752 bacterial species identified, 4 were particularly prominent, suggesting a significant role 
in the wine-making process and likely influencing the final flavor profile. This is particularly visible for sample F 
(Figs. 1 and 2B) in Dordogne, or G in Indre-et-Loire, or also C in Bas-Rhin.

Pediococcus damnosus, detected at 98% in sample 3, is typically regarded as a spoilage organism in industrial 
wine production due to its association with increased viscosity37. However, its prevalence in one of the most 
renowned and best-selling natural wines, which has not undergone chemical treatment, suggests that under 
certain conditions, and at high concentration, it may contribute positively to wine quality. It participates, 
according to lactic fermentation in beer38. This characteristic in wine may be interesting at very high spontaneous 
development, while some chemical winemakers avoid it with the help of other microbes, such as Oenococcus 
oeni. It highlights the potential for diverse subspecies and their unique gene expressions to adapt differently 
within varied microbial ecosystems.

Lactobacillus diolivorans hilgardii, comprising 82% of the microbiota in sample 19, is known in both wine 
and cider contexts where it is also generally considered a spoilage organism39. Despite this, the favorable taste 
and reputation of the sampled wine indicate that the microbial influence, including that of bacteria and fungi, 

Wine GenusSpecies Abundance (%)

2 Aureobasidium namibiae 0.97

2 Aspergillus conicus-gracilis 4.32

5 Trametes hirsuta 0.14

6 Trichoderma bissettii-longibrachiatum 0.05

6 Phlebia rufa 0.56

8 Ochrocladosporium elatum 1.00

8 Talaromyces rugulosus 2.24

8 Antrodia favescens 3.28

9 Hyphodontia tropica 0.07

14 Penicillium adametzioides 0.21

15 Alternaria sesami 0.02

15 Hyphodontia tropica 0.02

16 Penicillium jiangxiense 14.42

16 Hyphopichia pseudoburtonii 8.72

16 Filobasidium chernovii 0.53

18 Vishniacozyma victoriae 0.27

19 Hanseniaspora NA 0.09

19 Coprinus comatus 0.12

22 Cutaneotrichosporon curvatus 0.08

Table 1. Fungi unique to natural wines. This table enumerates the fungi species identified exclusively in 
natural wines, detailing the wine sample identifier, the genus and species of each yeast, and their respective 
abundance percentages. The abundance is represented as a percentage of the total fungi population detected in 
that particular sample.
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can significantly alter beverage characteristics beyond traditional oenological understanding. This strain has also 
been noted in kefir for its contribution to the beverage’s aroma and potential health benefits40.

Nakamurella sp. 6102, found at 47% in sample 10, was previously reported are reported in natural coffee 
processed fermentations41.

Lastly, Paracoccus carotinifaciens marcussii, present at almost 16% in sample 12, is also not well-known42. This 
bacterium can metabolize a diverse array of carbon sources and is of interest for its astaxanthin-rich carotenoid 
extracts, which are being developed for nutritional use. Preliminary animal and clinical studies suggest potential 
health benefits, such as anxiety and ulcer prevention, retinal protection, and cognitive function enhancement43.

It is obvious that there are major differences for bacteria common to both groups. Oenococcus oeni is in 
this case, the vast majority of natural wines. It is classically known important for malolactic fermentation 
in cider44 where it is known as important for health and the taste of final product. Natural wines appear to 
start and perform their malolactic fermentation more than treated ones, which could be considered better for 
organoleptic qualities. There are also more bacteria in pesticide-treated wines than in natural (Fig. 2), that could 
reflect environmental contaminations due to different practices.

Our study has several limitations. Although we aimed to compare differences primarily due to agricultural 
practices, the initial winemaking processes—such as pasteurization, filtration, or specific aging methods—
could also have contributed to the observed microbial variability45. We also acknowledge that microbial DNA 
degrade over time in wine46, and future studies should incorporate methods to distinguish live from dead 
microorganisms to more accurately characterize the active microbiome. Additionally, the microbial diversity 
in natural wines could be postulated to contribute to unique tastes and health benefits, this manuscript does 
not explore or provide evidence to support these potential implications but opens avenues for future studies 
to investigate the relationship between microbial diversity, sensory properties, and health-related outcomes in 
wines. In addition, which pesticides were used in counterparts is not determined but some of us have conducted 
another study analyzing pesticides in treated and non-treated wines which can be used for comparison. They 
were mostly fungicides and glyphosate-based herbicides 11.

In conclusion, our analysis revealed a diverse array of fungi and bacteria, some enhancing wine quality while 
others offer potential health benefits. This research underscores the importance of preserving microbial diversity 
in wine production, which mirrors the complex ecosystem of the human gut. Moving forward, understanding 
these microbial interactions will be crucial for advancing science and could lead to innovative practices that 
embrace the natural biodiversity of vineyards.

Identification Year Variety Location

1 - A 2017 Gamay 41

2 - B 2017 Sauvignon 41

3 - C 2017 Pinot gris 67

4 - D 2016 Pinot noir 67

5 - E 2016 Pinot noir 67

6 - F 2017 Sauvignon blanc 24

7 - G 2017 Cabernet franc 37

8 - H 2017 Chenin 49

9 - I 2018 Syrah 34

10 - J 2017 Cabernet franc 37

11 - K 2017 Viognier 07

12 - L 2016 Merlot 33

13 - M 2017 Sauvignon blanc 33

14 - N 2018 Cabernet franc 49

15  -  0 2018 Chenin blanc 49

16 - P 2018 Sauvignon 47

17 - Q 2019 Gamay 69

18 - R 2019 Gamay 69

19 - S 2019 Gamay 69

20 - T 2018 Gamay 01

21 - U 2018 Chardonnay 01

22 - V 2018 Chardonnay 01

23 - W 2017 Dolcetto Cuneo, Italy

24 - X 2017 Syrah 07

Table 2. List of the natural wines tested in this study. This table lists the identification codes, harvest years, 
grape varieties, and location codes (French department number) for wine samples analysed in the study. Each 
row represents a unique sample identified by a code (1 - A to 20 - T), with the corresponding year of grape 
harvest, specific grape variety used, and a numeric code representing the geographical location of the vineyard 
(the number of the administrative department in France).
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Wine GenusSpecies Abundance (%)

9 Captivus sp47087 0.05

2 Acidicaldus-Acidiphilium sp45489-sp45514 2.33

14 Acidiphilium sp45504 0.03

24 Acidiphilium sp45504 0.05

15 Acinetobacter calcoaceticus 0.16

22 Acinetobacter haemolyticus-johnsonii-lwoffii 0.10

21 Acinetobacter johnsonii 0.16

24 Acinetobacter johnsonii 0.09

22 Acinetobacter NA 0.17

2 Actinomyces gerencseriae 2.40

2 Actinomyces naeslundii 1.18

9 Actinomyces naeslundii 0.05

2 Actinomyces sp4769 0.08

2 Actinomyces viscosus 1.37

10 Actinomyces viscosus 0.09

24 Aeromicrobium ginsengisoli 0.08

14 Afipia clevelandensis 0.04

4 Alistipes putredinis 0.08

23 Alkalibaculum bacchi 1.35

23 Alkaliphilus crotonatoxidans 1.25

14 Amaricoccus kaplicensis 0.12

15 Amnibacterium kyonggiense 0.47

23 Anaerococcus vaginalis 0.25

7 Anaerosporobacter sp31934 0.07

14 Anaerovorax sp31501 0.05

17 Anoxybacillus flavithermus 0.57

24 Aureimonas jatrophae 0.07

1 Azospirillum sp45963-sp45976 0.03

14 Bacillus alcalophilus 0.09

15 Bacillus alcalophilus 0.85

15 Bacillus aquimaris 0.04

21 Bacillus cereus 0.17

24 Bacillus circulans-nealsonii 0.05

6 Bacillus funiculus 0.07

7 Bacillus gibsonii 0.15

15 Bacillus gibsonii 0.03

8 Bacillus ginsengihumi 6.55

7 Bacillus halmapalus-tianshenii 0.03

7 Bacillus horneckiae 0.08

14 Bacillus horti 0.13

8 Bacillus infantis 0.01

7 Bacillus lehensis 0.05

6 Bacillus luciferensis 0.02

23 Bacillus neizhouensis 3.00

5 Bacillus niabensis 0.03

17 Bacillus niacini 0.07

7 Bacillus okhensis-wakoensis 0.07

7 Bacillus sp25844 0.05

10 Bacillus sp25896 0.57

17 Bacillus sp25908 0.08

15 Bacillus sp25948 0.11

15 Bacillus xiaoxiensis 1.17

2 bacterium sp50665 0.71

4 Bacteroides clarus 0.04

21 Bartonella sp43254 0.07

4 Bdellovibrio exovorus-sp51020 0.04

Continued
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Wine GenusSpecies Abundance (%)

8 Bdellovibrio sp50981 0.09

9 Bdellovibrio sp51003 0.03

15 Bergeyella sp16470 0.06

22 Blautia sp32002 0.09

4 Blautia sp32009 0.03

4 Brachybacterium conglomeratum-faecium-paraconglomeratum 0.03

2 Bradyrhizobium sp43375 1.65

7 Brevibacillus aydinogluensis 0.03

17 Brevibacillus borstelensis-panacihumi 0.12

7 Brevibacillus limnophilus 0.05

7 Brevibacillus sp26686 0.04

9 Brevibacterium casei 1.92

15 Brevibacterium NA 0.06

13 Buttiauxella-Lelliottia amnigena-izardii-warmboldiae 0.07

7 Caldicoprobacter sp30138 0.08

2 Campylobacter gracilis 0.39

24 Clavibacter michiganensis 0.08

8 Clostridium celatum 0.08

12 Clostridium celatum 1.32

10 Clostridium chauvoei-sartagoforme 0.26

9 Clostridium pasteurianum 0.07

10 Clostridium pasteurianum 2.46

18 Clostridium pasteurianum 0.02

14 Cohnella fontinalis 0.06

14 Cohnella formosensis 0.03

7 Cohnella laeviribosi 0.09

14 Cohnella luojiensis 0.15

15 Cohnella soli-xylanilytica 0.43

2 Collinsella aerofaciens 2.89

4 Corynebacterium aurimucosum 0.18

24 Corynebacterium humireducens 0.03

14 Corynebacterium imitans 0.05

4 Corynebacterium jeikeium 0.05

8 Corynebacterium jeikeium 1.95

24 Corynebacterium lipophiloflavum 0.14

2 Corynebacterium matruchotii 2.99

17 Corynebacterium vitaeruminis 0.03

14 Criblamydia sp19933 0.02

8 Curtobacterium herbarum-luteum-oceanosedimentum 1.72

24 Dehalobacter restrictus 0.05

10 Desulfosporosinus sp33923 2.13

8 Diaphorobacter nitroreducens 1.11

13 Dietzia kunjamensis-maris-schimae 1.65

17 Dietzia kunjamensis-maris-schimae 0.05

14 Ensifer sojae 0.07

24 Ensifer sojae 0.05

23 Enterobacter cloacae-ludwigii-sp58653 3.05

15 Erysipelatoclostridium sp36627 0.33

22 Exiguobacterium aestuarii-marinum-profundum 0.06

9 Geobacillus sp26125 0.02

8 Geobacillus thermoglucosidasius 0.31

7 Haloplasma sp67740 0.06

7 Haloplasma sp67742 0.10

16 Hymenobacter fastidiosus 0.02

4 Jeotgalicoccus halophilus-halotolerans-nanhaiensis 0.05

17 Kocuria rhizophila-salsicia 0.41

Continued
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Wine GenusSpecies Abundance (%)

7 Kroppenstedtia guangzhouensis 0.06

7 Laceyella sacchari 0.06

15 Lachnoclostridium sp32268-sp32436-sp32722 0.31

7 Lachnoclostridium sp32317 0.12

14 Lachnoclostridium sp32317 0.18

15 Lachnoclostridium sp32317 0.21

9 Lachnoclostridium sp32319 0.09

15 Lachnoclostridium sp32319 0.41

15 Lachnoclostridium sp32319-sp32434 0.33

7 Lachnoclostridium sp32389 0.02

14 Lachnoclostridium sp32439 0.03

11 Lachnoclostridium sp32439-sp33574 0.02

14 Lachnoclostridium sp32439-sp33574 0.29

14 Lachnoclostridium sp32442 0.04

3 Lactobacillus casei-paracasei-zeae 1.50

19 Lactobacillus diolivorans-hilgardii 82.23

3 Lactobacillus paracasei 0.40

3 Lactobacillus paracasei-rhamnosus 0.11

3 Lactobacillus rhamnosus 0.38

7 Lactococcus lactis 0.04

2 Leptotrichia sp37519 1.24

7 Lutispora sp31844 0.03

7 Lutispora sp31847 0.08

13 Massilia timonae 0.74

2 Megamonas funiformis 0.90

24 Methylotenera sp49691 0.03

15 Microbacterium aerolatum-sp6882 0.17

24 Microlunatus sp7741 0.03

21 Microvirga aerilata-aerophila-sp43923 0.07

7 Mobilitalea NA 0.04

15 Mobilitalea sp33003-sp33009 0.61

14 Mobilitalea sp33003-sp33727 0.12

7 Mobilitalea sp33011 0.05

14 Mobilitalea sp33015 0.05

12 Mycobacterium holsaticum-murale-tokaiense 0.91

10 Nakamurella sp6102 47.41

17 Neisseria macacae-mucosa-sicca 0.20

1 Nesterenkonia lacusekhoensis 0.29

9 Nesterenkonia lacusekhoensis 0.08

22 Nesterenkonia lacusekhoensis 0.49

13 Nitrosomonas sp50150 0.37

22 Nocardioides sp7662 0.05

10 Opitutus sp68891 0.20

17 Ornithinimicrobium humiphilum-pekingense 0.31

7 Oxobacter sp30936-sp30941 0.05

14 Paenibacillus daejeonensis 0.03

14 Paenibacillus donghaensis-odorifer-wynnii 0.05

7 Paenibacillus fonticola-lentus 0.05

7 Paenibacillus ginsengihumi 0.05

24 Paenibacillus glucanolyticus 0.62

4 Paenibacillus illinoisensis-xylanilyticus 0.07

7 Paenibacillus jamilae-peoriae-polymyxa 0.05

7 Paenibacillus lactis 0.09

17 Paenibacillus larvae 0.14

15 Paenibacillus lautus 0.59

15 Paenibacillus macquariensis 0.42

Continued
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Wine GenusSpecies Abundance (%)

7 Paenibacillus pectinilyticus-sp27317 0.05

7 Paenibacillus pueri 0.24

15 Paenibacillus pueri 0.09

17 Paenibacillus residui 0.10

7 Paenibacillus sp27131 0.06

14 Paenibacillus sp27144 0.04

14 Paenibacillus sp27262 0.06

15 Paenibacillus sp27274 0.16

14 Paenibacillus sp27301 0.04

24 Paenibacillus sp27302 0.06

15 Paenibacillus vulneris 0.28

7 Paenibacillus wynnii 0.03

14 Paenibacillus wynnii 0.13

17 Pantoea calida-gaviniae 0.41

12 Paracoccus carotinifaciens-marcusii 15.82

24 Paracoccus yeei 0.49

15 Paucisalibacillus sp26305 0.03

8 Pectobacterium carotovorum 0.31

3 Pediococcus damnosus 97.57

15 Pediococcus damnosus 2.41

14 Pelosinus propionicus 0.29

7 Peptoniphilus duerdenii 0.11

17 Peptoniphilus duerdenii 0.18

21 Peptoniphilus sp31313 0.18

23 Peredibacter sp50801 0.74

12 Phenylobacterium kunshanense 1.24

7 Planifilum composti 0.21

7 Planifilum fimeticola 0.14

7 Planifilum fulgidum-yunnanense 0.27

13 Porphyromonas sp13375 1.41

2 Prevotella copri 0.66

13 Prevotella oulorum 0.93

23 Pseudomonas fluorescens-fragi-psychrophila 3.24

2 Pseudomonas fluorescens-gessardii-libanensis 0.81

22 Pseudomonas fluorescens-gessardii-libanensis 0.32

24 Pseudomonas psychrotolerans 0.03

24 Pseudonocardia sp8086 0.08

15 Pseudoxanthomonas ginsengisoli 0.13

8 Psychrobacter nivimaris-piscatorii 0.08

5 Rhodococcus erythropolis-qingshengii-sp5959 0.05

14 Rhodococcus erythropolis-qingshengii-sp5959 0.03

10 Rhodopseudomonas palustris-pseudopalustris 1.31

7 Robinsoniella peoriensis 0.04

10 Romboutsia ilealis 5.30

24 Roseburia intestinalis-sp33137 0.10

2 Rothia aeria 1.06

7 Ruminiclostridium sp34947 0.05

7 Ruminiclostridium thermocellum 0.06

15 Sandaracinus sp54046-sp54053 0.34

2 Scardovia wiggsiae 0.71

7 Sedimentibacter saalensis 0.02

14 Sedimentibacter saalensis 0.07

7 Sedimentibacter saalensis-sp31319-sp31331 0.08

15 Silanimonas sp65255 0.12

10 Solirubrobacter sp11108 0.44

24 Sphingomonas aerolata-faeni-ginsenosidivorax 0.62
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Methods
Samples
DNA analyzes for fungal and bacterial DNA were carefully performed out of 46 well identified bottles of wines. 
The couples of bottles were all chosen by specialists appreciations, and were well commercialized. They were 
paired by couples of vineyards spread out all over France and one from Northern Italy. The study encompassed 
a diverse range of grape varieties across different wine-producing departments, highlighting regional varietal 
preferences and vintages spanning from 2016 to 2019. Key varieties such as Gamay and Sauvignon were 
predominantly identified from multiple locations. Three other bottles were sourced later only to validate the 
detectability of Sacharomyces spp. (Ribaute les Tavernes, Gard, France). The specificity lies in the fact that 
all the couples were chosen from close neighbouring or touching locations at the same time of harvest and 
production; this was to avoid climatic and ecosystemic differences. They were also similar sizes of wineries 
and methodologies, and also each couple was made out of the same variety of raisins. The major difference 
lies then in the fact that in each couple there is a natural wine, i.e. fermented without any microbial artificial 
or chemical adjunction, and thus overall without chemical pesticides that can change the natural microbial 

Wine GenusSpecies Abundance (%)

24 Sphingomonas astaxanthinifaciens 0.03

24 Sphingomonas kaistensis 0.08

23 Sphingomonas roseiflava 1.47

10 Sphingomonas sp47883 0.49

12 Sphingomonas wittichii 2.07

22 Sphingomonas wittichii 0.20

2 Sphingopyxis alaskensis-bauzanensis-chilensis 0.62

7 Sphingorhabdus planktonica 0.07

24 Spirosoma sp15381 0.04

7 Sporolactobacillus inulinus-terrae 0.04

7 Sporolactobacillus nakayamae 0.08

15 Sporolactobacillus nakayamae 0.14

14 Sporomusa sp37122 0.03

4 Staphylococcus pasteuri 0.11

9 Staphylococcus pasteuri 0.05

9 Staphylococcus succinus 0.04

14 Streptococcus salivarius-thermophilus 0.10

9 Streptococcus salivarius-vestibularis 0.06

14 Streptococcus salivarius-vestibularis 0.02

7 Symbiobacterium sp31809 0.04

7 Symbiobacterium terraclitae 0.04

2 Tannerella forsythia 1.15

7 Tepidimicrobium ferriphilum 0.03

14 Terriglobus roseus 0.13

2 Thalassiosira punctigera 0.15

7 Thermoactinomyces intermedius 0.04

7 Thermoactinomyces vulgaris 0.05

7 Thermobacillus composti-xylanilyticus 0.06

7 Thermobacillus sp27327 0.06

14 Thermobacillus sp27345 0.08

7 Thermobacillus sp27348 0.02

7 Thermoflavimicrobium sp28066 0.09

17 Thioclava sp45192 0.04

11 Truepera radiovictrix 0.02

7 Turicibacter sanguinis 0.03

15 Turicibacter sanguinis 0.40

2 Veillonella atypica 1.11

7 Virgibacillus proomii 0.08

Table 3. Bacteria unique to natural wines. This table enumerates the bacteria species identified exclusively 
in natural wines, detailing the wine sample, the genus and species of each bacteria, and their respective 
abundance by percentages. The abundance is represented as a percentage of the total bacteria population 
detected in a particular sample.
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diversity and their action, like fungicides. The other member (counterpart) of the couple was chemically treated 
with pesticides and with microbial adjunctions, yeasts added to start fermentation, since raisins were treated 
by fungicides, and with bacterial or chemical or aromatic treatment, in particular to standardize the taste for 
usual commercialization. There are natural microbes on raisins linked to natural varieties, because they can 
be different in maturation, compositions, or sugars, and of course associated with climate. With these choices, 
we were in the closest possible situation to isolate differences of microbes coming from an ecosystem linked to 
natural fermentation. It also resembles models for any vegetable fermentation.

DNA extraction
The samples were processed from bottles labeled for commercialization, closed by the wine maker, and analyzed 
with the ZymoBIOMICS® Targeted Sequencing Service (Zymo Research, Irvine, CA). The ZymoBIOMICS® DNA 
Microprep Kit (Zymo Research, Irvine, CA) was used as it permits to use a lower elution volume, resulting in 
more concentrated DNA samples. To enrich biomass for subsequent DNA extraction, 200  ml of wine were 
filtered using a sterile bottle-top filter with 0.1 μm pore size. After filtering, the filter membrane was cut into 
pieces using a sterile scalpel. The filter pieces were transferred to a sterile 15 ml conical tube containing 2 ml 
DNA/RNA Shield; transfer was performed using sterile tweezers. Conical tubes were thoroughly vortexed twice 
for 1 min. 1000 µl suspension were used as input for DNA extraction using the ZymoBIOMICS-96 MagBead 
DNA Kit (D4308).

Targeted library preparation and sequencing
Bacterial 16 S ribosomal RNA gene targeted sequencing was performed using the Quick-16 S™ NGS Library 
Prep Kit (Zymo Research, Irvine, CA). The bacterial 16 S primers amplified the V3-V4 region of the 16 S rRNA 
gene. Fungal ITS gene targeted sequencing was performed using the Quick-16 S™ NGS Library Prep Kit with 
custom ITS2 primers substituted for 16 S primers. The sequencing library was prepared using an innovative 
library preparation process in which PCR reactions were performed in real-time PCR machines to control cycles 
and therefore limit PCR chimera formation. The final PCR products were quantified with qPCR fluorescence 
readings and pooled together based on equal molarity. The final pooled library was cleaned with the Select-
a-Size DNA Clean & Concentrator™ (Zymo Research, Irvine, CA), then quantified with TapeStation® (Agilent 
Technologies, Santa Clara, CA) and Qubit® (Thermo Fisher Scientific, Waltham, WA). The final library was 
sequenced on Illumina® MiSeq™ with a v3 reagent kit (600 cycles). The sequencing was performed with 10% 
PhiX spike-in.

Absolute abundance quantification
A quantitative real-time PCR was set up with a standard curve. The standard curve was made with plasmid DNA 
containing one copy of the 16 S gene and one copy of the fungal ITS2 region prepared in 10-fold serial dilutions. 
The primers used were the same as those used in Targeted Library Preparation. The equation generated by the 
plasmid DNA standard curve was used to calculate the number of gene copies in the reaction for each sample. 
The PCR input volume was used to calculate the number of gene copies per microliter in each DNA sample. The 
resulting values are shown in the gene copies column of the absolute abundance results table (Supplementary 
Tables 1 and 2).

The number of genome copies per microliter DNA sample (genome copies) was calculated by dividing the 
gene copy number by an assumed number of gene copies per genome. The value used for 16 S copies per genome 
is 4. The value used for ITS copies per genome is 200. The amount of DNA per microliter DNA sample (DNA 
ng) was calculated using an assumed genome size of 4.64 × 106 bp, the genome size of Escherichia coli, for 16 S 
samples, or an assumed genome size of 1.20 × 107 bp, the genome size of Saccharomyces cerevisiae, for ITS 
samples (Supplementary Tables 1 and 2).

This calculation is as follows: Calculated Total DNA = Calculated Total Genome Copies × Assumed Genome 
Size (4.64 × 106bp) × Average Molecular Weight of a DNA bp (660 g/mole/bp) ÷ Avogadros Number (6.022 × 1023/
mole).

Bioinformatics analysis
Unique amplicon sequences variants were inferred from raw reads using the DADA2 pipeline47. Potential 
sequencing errors and chimeric sequences were also removed with the DADA2 pipeline. Taxonomy assignment 
was performed using Uclust from Qiime v.1.9.148, with the Zymo Research Database, a 16 S database that is 
internally designed and curated, as reference. All details of the data processing are available (Supplementary 
Tables 4 and 5).

Statistical analysis
Data were analysed using R version 4.0.0. Cleaned read counts, taxonomic assignments, and the metadata were 
then combined for an analysis with the phyloseq package16. The Shannon index was used to measure the alpha 
diversity of the total number of species. Statistical significance was measured by pair-wise comparisons of the 
different groups using t-tests in R. The beta diversity was estimated from Bray-Curtis dissimilarity distances 
which were analysed with a PERMANOVA test.

Data availability
Raw data from targeted sequencing is available at the NCBI public repository PRJNA1210991.
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