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Yeasts, arthropods, 
and environmental matrix: a triad 
to disentangle the multi‑level 
definition of biodiversity
Beatrice Valentini , Margherita Penna , Massimiliano Viazzo , Enrico Caprio , 
Luca Pietro Casacci , Francesca Barbero  & Irene Stefanini *

Our understanding of the spread of yeasts in natural ecosystems remains somewhat limited. The 
recent momentum of yeast ecology research has unveiled novel habitats and vectors that, alongside 
human activities, impact yeast communities in their natural environments. Yeasts, as non-airborne 
microorganisms, rely on animal vectors, predominantly insects. However, the overlooked actor in 
this interplay is the environmental matrix, a player potentially influencing yeast populations and 
their vectors. This study aims to delve deeper into the intricate, multi-layered connections between 
yeast populations and ecosystems, focusing on the interactions between the attributes of the 
environmental matrix, arthropod diversity, and the mycobiota within a renowned yeast-inhabited 
framework: the vineyard. To investigate these relationships, we sampled both invertebrate and yeast 
diversity in six organic and conventional vineyards described in terms of management and landscape 
composition. We identified 80 different invertebrate taxa and isolated 170 yeast strains belonging 
to 18 species. Notably, new species-specific yeast-insect associations were observed, including the 
exclusive association between Candida orthopsilosis and Hymenoptera and between Metschnikowia 
pulcherrima and Coleoptera. These newly identified potential associations provide valuable insights 
into insect and yeast physiology, hence holding the promise of enhancing our understanding of yeast 
and arthropod ecology and their collective impact on overall ecosystem health.
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Yeasts are globally distributed and inhabit diverse environments, potentially establishing significant relation-
ships with the entire systems they colonized1. Despite their importance, yeast ecology has been neglected for a 
long time, possibly because of the mistaken belief that these microorganisms play a lesser role in the ecosystem 
compared to bacteria and filamentous fungi2. On the other side, major efforts in studying yeast populations 
have been targeted to contexts related to human health (e.g., pathogenic species such as Candida spp.) and bio-
technological (e.g., wine fermentation) applications, hence limiting at the same time the range of investigated 
environments and yeast species. However, a renewed general interest, potentially encouraged by observing 
previously overlooked environmental roles of yeast, brought yeast ecology to the limelight. In the phyllosphere, 
several yeasts can compete, mostly through toxin production, with other yeasts (i.e. Pichia, Sporobolomyces, Rho-
dotorula, Candida, Metschnikowia, Debaryomyces, Aureobasidium) or with filamentous fungi (e.g. Metschnikowia 
pulcherrima), thus influencing the plant microbiota3. Yeasts can also impact plant health by triggering systemic 
responses leading to resistance, as demonstrated experimentally for Rhodosporidium paludigenum, Metschnikovia 
fructicola, Candida oleophila, and Yarrowia lipolytica3. The involvement of yeasts in multi-player relationships 
has long been recognized, starting from the milestone discovery of yeast-drosophilid-cacti interactions, proving 
these associations’ intricate, yet beneficial, nature4. Still, the interaction between yeasts and invertebrates is only 
beginning to be understood5,6. Most studies focussed on insect-yeast associations, for instance, highlighting 
the impact on Drosophilid behavior and development7,8 or the role of social wasps on Saccharomyces cerevisiae 
ecology and evolution9,10, while other arthropods’ mycobiome has been rarely investigated11. Recently, the com-
position of the insect-vectored mycobiota has been linked to the presence of forests12, recognized as essential 
environmental source and niche for yeast species13,14. Fine-tuned regulations have evolved among yeasts, insects, 
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and environmental factors for a reciprocal healthy interaction, such as in the case of Candida and Kuraishia 
yeast species converting the pheromone verbenol produced by bark beetles from a monoterpene of tree resin 
into verbenone, an insect repellent15. This exquisite interplay ensures, at the same time, the spread of the yeasts 
(vectored to other trees by the repelled insects), the survival of the tree (limiting the beetle colonization), and the 
survival and spread of new beetle generations. Those pieces of evidence provide clear clues on the relevance of 
studying yeast ecology to gather fundamental insights on inter-kingdom interactions modulating and preserv-
ing natural settings. Research on peculiar agroecosystems, such as vineyards, provides some hints on ecological 
factors affecting yeast diversity and biology. Various studies showed that the microbial composition in vineyards 
varies depending on their geographical location16–18, with factors like solar radiation, temperature, precipitation, 
and soil characteristics influencing microbial communities19,20. Furthermore, a comprehensive mapping and 
phenotypic characterization of yeast species isolated from diverse environments in the USA and Alaska revealed 
associations between yeast taxa and substrates, with temperature playing a predominant role in yeast ecologi-
cal distribution1. Despite advancing our understanding of the large-scale distribution and potential ecological 
selection of yeast species, these findings have yet to identify potential multi-level interactions that could shape 
the actual natural spreading of yeasts. To address this gap, we conducted an interdisciplinary study examining 
invertebrate biodiversity, environmental characteristics, including soil and land cover, and the ecology of various 
yeast species. Our results unveil intricate relationships between environmental factors, arthropod vectors, and 
yeast species within vineyard ecosystems and the surrounding environmental matrix, providing insights into 
broader ecological dynamics.

Results
Site selection
To adequately address the potential relationships among yeast populations, insect vectors, and environmental 
matrix, a pivotal step involves selecting study sites that represent the broadest spectrum of environmental char-
acteristics while also considering agricultural management. To achieve this, we compared 55 vineyards that could 
be included in our research according to their soil and environmental matrix characteristics (Supplementary 
Table 1 and Fig. 1). The comparison of the environmental matrices of the available vineyards revealed 7 groups of 
sites characterized by specific combinations of the monitored attributes (K-means analysis on PCA components, 
Supplementary Fig. 1a). In our site selection process, we also considered the agricultural management practices of 
the vineyards to assess potential variations in invertebrate and yeast biodiversity associated with human practices. 
Consequently, we chose three couples of sites from different identified clusters, each characterized by markedly 
different environmental matrices and including one organic and one conventional vineyard (Supplementary 
Fig. 1a). To further standardize the study, we selected vineyards cultivated with the same vine type, i.e. Nebbiolo. 
Briefly, the resulting selection included the following vineyard couples: RB13 (B: organic) and BC55 (C: con-
ventional); PB1 (organic) and SC4 (conventional); RB2 (organic) and TC49 (conventional) (Fig. 1). The organic 
vineyard RB13 (cluster 4) was characterized by the predominance of wood, water coverage, slope, altitude, and, 
to a lesser extent, Northing and river length. Although none of the conventional Nebbiolo vineyards exhibited 
a comparable level of woodland presence, BC55 closely approximated RB13 in terms of other environmental 
features. On the other hand, the conventional SC4 and organic PB1 vineyards were associated with high soil 
organic and stock carbon concentrations and urban environments. The organic RB2 and conventional TC49 
vineyards were linked to extensive agricultural areas in the surrounding buffered area and were characterized 
by Easting exposure (Fig. 1 and Supplementary Fig. 1a).

After selecting the six vineyards, we delved into analyzing the features of the environmental matrix (Sup-
plementary Fig. 1b and Supplementary Table 1). This analysis involved the examination of a 500-m radius sur-
rounding each of the nine sampling points within every vineyard, corresponding to the locations of nine pitfall 
traps placed in each vineyard (Supplementary Fig. 1c). Alpha (Shannon index) and beta diversities (Bray–Curtis 
distances) of the environmental matrix features revealed significant differences among sites and managements 
(Supplementary Fig. 2, Wilcoxon–Mann–Whitney fdr and permANOVA p.values in Supplementary Table 1), 
hence further confirming that the selected couples of sites properly represent divergent environmental settings.

Census of Invertebrate Biodiversity
Before addressing potential associations between the features of the environmental matrix, management, and 
the yeast populations vectored by arthropods, we assessed and compared the selected sites in terms of overall 
invertebrate biodiversity. To achieve this, we employed multiple sampling approaches, each designed to moni-
tor specific groups of invertebrates, as indicated in the materials and methods section (Supplementary Fig. 3). 
A total of 25,628 individuals were surveyed through all the sampling techniques, representing 80 different 
taxa, resulting in a rich overall biodiversity occurring in the studied sites (Fig. 2). We evaluated alpha and beta 
diversities to compare invertebrate biodiversity among the studied sites and management practices. Overall, 
organic vineyards showed a higher alpha diversity than conventional vineyards (Wilcoxon-Mann-Withney test, 
fdr = 0.039, Fig. 2a), confirming that the use of conventional practices may severely impact invertebrate diversity 
as previously observed21–24. In addition, by comparing the alpha diversities among vineyards, the conventional 
TC49 exhibited the lowest arthropod biodiversity, significantly differing from the organic PB1 and conventional 
SC4 vineyards, which share similar environmental features (Fig. 1), and hosted the highest invertebrate richness 
(Wilcoxon-Mann-Withney test, fdr TC49 vs PB1 = 0.022, fdr TC49 vs SC4 = 0.02, Fig. 2a).

Although the management practices affected the invertebrates’ biodiversity, our study also highlighted changes 
in the arthropod assemblages driven by the environmental matrix. In particular, the two vineyards PB1 and 
SC4 (organic and conventional, respectively, Fig. 2b) characterized by high Carbon soil contents and urban 
environment (percentage of the area dedicated to urban use, as described in materials and methods) shared the 
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same invertebrate richness, significantly higher compared with the TC49 vineyard (high agriculture and easting 
features), showing the lowest biodiversity (Fig. 2a). In support of this, we found correlations between inverte-
brates’ alpha biodiversity and matrix features, with positive associations between soil chemical features (stock 
and organic C), but also with landscape characteristics, such as surface standing waters (SS_Wtr), shrub planta-
tions (SP_Frt), artificial broadleaved plantations (BL_Wland), and gardens and parks (GRD&PRK) (Fig. 2b). In 
addition, negative correlations were found between alpha invertebrates’ diversities and landscapes dedicated to 
cultivated trees (Tree and FRT_Orch, Fruit orchards) (Fig. 2b), where the repeated use of insecticides is likely 
employed to contain pests25. These results pointed out that some environmental features can have a greater impact 
on invertebrate diversity compared to management.

After observing significant differences in the overall arthropod biodiversity among the chosen vineyards, we 
explored these differences in detail by comparing the arthropod diversity monitored using different approaches. A 
total of 18,722 invertebrates were collected in the pitfall traps, encompassing 21 different taxa identified at either 
the order or class taxonomic levels (Supplementary Table 2). Temporal disparities were evident, distinguishing a 
lower alpha diversity in late September (T8) compared to early July (T2), irrespectively of the sampling site. Con-
versely, no significant differences were observed among alpha diversities of sites subjected to different manage-
ment practices (Wilcoxon–Mann–Whitney test, fdr = 0.48; Supplementary Fig. 4a). A significantly lower Shannon 
index was observed in the TC49 site compared with all the other sites, except for PB1 (Supplementary Fig. 4a, 
Wilcoxon–Mann–Whitney test, fdr < 0.05, Supplementary Table 2). This result indicates that soil arthropod 
(sampled with pitfalls) alpha diversity is also associated with environmental features rather than management, 
as confirmed by significant correlations between the alpha diversity and environmental features (Supplementary 
Fig. 4b). Conversely, the comparison of the environmental matrix and pitfall invertebrates’ alpha diversities were 
found to be negatively correlated (Spearman rho = − 0.45, p.value = 6*10–04, Supplementary Table 2). The com-
position of invertebrate communities (Bray–Curtis beta diversity) significantly varied according to the vineyard, 
management practices, and sampling time (PermANOVA vineyard fdr = 0.001, management fdr = 0.002, sampling 
time fdr = 0.001; Supplementary Table 2, Supplementary Fig. 4b). Differently from what was observed for alpha 
diversities, environmental matrix and pitfall invertebrates’ Bray–Curtis distances showed positive correlations 

Figure 1.   Site selection. Differentiation of vineyards under investigation according to the first two PCA 
components derived from the environmental matrix and soil features. The contribution of environmental 
matrix and soil features to explaining sample variance is illustrated by blue arrows and labeled in blue text. Sites 
are shown with symbols indicating the type of vine cultivated in the corresponding vineyard and the adopted 
management approach (organic or conventional), as reported in the graphical legend (site types). The color of 
site points indicates the corresponding clustering determined by K-means analysis. Sites selected for further 
investigations are identified by their respective IDs mentioned in the text (BC55, SC4, TC49, RB2, RB13, PB1).
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(Spearman rho = 0.38, p.value = 4 * 10–09; Mantel test r = 0.481, p.value = 0.001, Supplementary Table 2), suggest-
ing a correlation between the environmental matrix and the structure of the invertebrate community, rather 
than their diversity. Walking on the transects, we recorded 1078 Lepidoptera (butterflies) and 246 Apoidea 
(Supplementary Table 2). Overall, we observed 52 species of butterflies belonging to 35 genera (Supplementary 
Table 2). The alpha diversity analysis revealed notable disparities in butterflies’ biodiversity levels across vineyards 
and management practices (Wilcoxon-Mann–Whitney fdr in Supplementary Table 2, Supplementary Fig. 5a), 
potentially ascribable to significant correlations with the environmental features (Supplementary Fig. 5b). More 
precisely, alpha diversities remained consistent among conventional vineyards while varying significantly among 
organic vineyards (Supplementary Table 2, Supplementary Fig. 5a). However, the RB2 vineyard displayed no 
significant differences compared to the TC49 vineyard (Supplementary Table 2 and Supplementary Fig. 5a), 
which indeed was selected as having similar environmental characteristics to RB2 (Fig. 2). The lack of potential 
associations between the butterflies and environmental matrix diversities was further supported by the absence 
of significant correlations between the corresponding alpha diversities (Spearman rho = 0.53, p.value = 0.284, 
Supplementary Table 2). Conversely, butterflies and environmental matrix beta diversities (Bray–Curtis distances) 
showed significant positive correlations (Spearman rho = 0.38, p.value = 0.001; Mantel r = 0.338, p.value = 0.003, 
Supplementary Table 2). PermANOVA analysis corroborated these results, indicating significant differences 
among butterfly community composition associated with vineyard and management practices (Supplemen-
tary Table 2); furthermore, beta diversity highlighted differences among Lepidoptera taxa composition over 
sampling times, not observed according to alpha diversity (Supplementary Table 2, Supplementary Fig. 5c). 
The observed temporal stability of butterfly abundance over sampling time, considering the susceptibilities of 
butterflies to environmental variations26, indicates that the systems under analysis were not perturbed during 
the period of examination, with variation in the monitored species (time-dependent differentiation by beta 
diversity), ascribable to diverse life cycles. Apoidea alpha diversities did not show significant differences across 
management practices, vineyards, or sampling times (Wilcoxon-Mann–Whitney fdr in Supplementary Table 2, 
Supplementary Fig. 6a), also confirmed by lack of significant correlations with the environmental matrix alpha 
diversity (Spearman rho = 0.24, p.value = 0.652, Supplementary Table 2). In contrast, the coenosis composition 
(beta diversities) revealed significant differences associated with management practices (Supplementary Fig. 6b), 
and not-significant correlations with environmental matrix (Spearman rho = 0.62, p.value = 0.17; Mantel r = 0.286, 
p.value = 0.16; Supplementary Table 2). Using malaise traps, we collected a total of 4,816 insects spanning 4 
orders, including Coleoptera, Diptera, Hemiptera (Rhynchota), and Hymenoptera (Supplementary Table 2, Sup-
plementary Fig. 7). No significant differences were observed in alpha or beta diversities of insects captured across 
sites (Supplementary Table 2, Supplementary Fig. 7).

Figure 2.   Overall arthropod alpha diversity at the study sites. (a) Alpha diversities are calculated as Shannon 
indices for each sample, based on the adopted method for monitoring different groups of invertebrates, as 
indicated in the legend. * = Wilcoxon-Mann–Whitney test, fdr < 0.05. (b) Spearman correlations among 
arthropod alpha diversity and environmental features of the sampling sites. Only significant correlations are 
shown (the numbers superimposed to circles indicating the Spearman rho indicate the corresponding fdr 
values). Env. Matrix clusters: different colors indicate the clusters identified in the analysis of the environmental 
matrix reported in Fig. 1. A full description of environmental features is reported in Supplementary Table 1.
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The entomological umbrella and direct sampling from the vine plants allowed us to collect a total of 714 
arthropods for subsequent dissection to investigate the yeast populations they vector (Supplementary Table 2). 
Samples belonged to 11 taxa, including Acarina, Araneae, Coleoptera, Dermaptera, Diptera, Hymenoptera, 
Hemiptera, Lepidoptera, Odonata, Opiliones, and Orthoptera. The statistical analysis indicated no significant 
differences in alpha diversity among vineyards and management, besides the BC55 vineyard showing a lower 
alpha diversity compared to PB1, SC4, and TC49 (Supplementary Table 2, Supplementary Fig. 8a), indicating 
that agronomic management and environmental factors have minimal impact on the biodiversity of arthropods 
getting in direct contact with the vine and that our investigation of the yeast population vectored by this group 
of insects is not biased by an uneven cohort size among studied locations. Still, there were significant differences 
among beta diversities according to vineyard and management, while temporal variations were not significant 
(Supplementary Table 2, Supplementary Fig. 8). Thus, these results suggest that different vineyards (hence the 
corresponding environmental matrices) and management are characterized by the same levels of biodiversity 
but different compositions of insect communities potentially vectoring yeasts to grapes. This hypothesis was 
corroborated by the observation of significant positive correlations of alpha or beta diversities between arthro-
pods and environmental matrix (alpha diversity, Spearman rho = 0.481, p.value = 0.001; beta-diversity Spearman 
rho = 0.5, p.value = 0.01 and Mantel r = 0.481, p.value = 0.001, Supplementary Table 2).

Vineyard mycobiota is associated with environmental matrix and arthropod biodiversity
Among all the monitored groups of insects, those observed employing the entomological umbrella or directly 
from the vine plants were the most likely to transfer the vectored yeast population to the grapes. The observed 
variation in the composition of the insect monitored through this approach could imply a corresponding vari-
ation in the vectored yeast populations. Hence, we focused on and analyzed their yeast communities through 
culturomics, which allowed the isolation of 170 yeast isolates belonging to 18 yeast species (Fig. 3a). The most 

Figure 3.   Yeasts isolated in the study. (a) Mycobiota composition of yeast species according to vineyard rows 
(Hi = high, Me = middle, Lo = low, Grape). (b) Alpha yeast diversity, evaluated as Shannon index of yeast isolates 
grouped by source vineyard row. (c) MDS representation of yeast beta diversity, calculated as Bray–Curtis 
distances among yeast communities found in different source vineyard lines (Hi = hight, Me = middle, Lo = low).
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frequently isolated yeast species was Metschnikowia pulcherrima (30 occurrences), followed by Rhodotorula 
glutinis (29) (Fig. 3a). On the contrary, 5 of the 18 yeast species isolated from the captured insects were observed 
at a lower frequency, with only one occurrence each: Aureobasidium pullulans, Eremothecium sp., Filobasidium 
magnum, Kurtzmaniella quercitusa, and Candida railenensis. Alpha diversities of yeast communities did not 
differ according to source sites (vineyard) and management (Wilcoxon-Mann–Whitney test fdr values in Sup-
plementary Table 3, Fig. 3b). However, analysis of beta diversity (Bray Curtis dissimilarity) revealed significant 
differences based on the vineyard, but not on management (permANOVA by vineyard fdr = 0.017, by manage-
ment fdr = 0.107, Supplementary Table 3, Fig. 3c). These findings highlight that vectored yeast populations’ 
composition, but not the diversity, is influenced more by the sampling site, rather than by agricultural techniques. 
This observation is particularly interesting as compositional variations in yeast communities were associated only 
with the site of collection, differently from what was observed for vectoring insects (collected through direct or 
entomological umbrella sampling) that were also associated with management (Supplementary Fig. 8). Overall, 
contrary to previous studies evidencing the impact of human interventions on natural microbiota27,28, our find-
ings support new perspectives previously suggested29,30, proposing the relevance of environmental settings on the 
definition of yeast populations. To delve further into the potential species-specific yeast-insects associations, we 
searched for correlations between yeast (measured as Shannon indices) and vectoring arthropods (Shannon indi-
ces) diversities. A significant positive correlation between the two variables was observed (Spearman rho = 0.580, 
statistics = 559.26, p.value = 0.007) and confirmed by a Generalized Linear Model (GLM) analysis, which revealed 
a significant coefficient estimate of 0.532 (standard error = 0.244; t-value = 2.180; p.value = 0.043), indicating that 
a greater diversity of yeast species is associated with an increased diversity of vectors (Supplementary Fig. 9). The 
distribution of samples suggests a relevant impact of samples from the BC55 vineyard. Indeed, by removing the 
BC55 samples, the correlation between vector insects and yeasts alpha diversities was not statistically significant 
(GLM coefficient estimate of 0.404, standard error = 0.831, t-value = 0.486, p.value = 0.635); Spearman rho = 0.13, 
p.value = 0.635; Supplementary Table 3).Conversely, the evaluation of potential associations between yeasts and 
vectoring arthropods’ beta diversities (Bray–Curtis distances), revealed significant correlations both including 
every vineyard (Spearman rho = 0.52, p.val = 0; Mantel test r = 0.392, p.value = 0.001) and excluding the BC55 
vineyard (Spearman rho = 0.52, p.val = 0; Mantel test r = 0.39, p.value = 0.001) (Supplementary Table 3). This result 
suggests a specific yeast-insect association: rather than the number of different taxa (yeast species or arthropod 
orders), is the presence of a given organism (e.g. a yeast species) to be associated with the presence of a given 
vector (e.g. arthropod order) or vice-versa.

Multilevel relationships are present among yeast species, arthropod taxa, and environmental 
matrix characteristics
The association of both yeast and compositional features of arthropod populations (beta diversity) with sam-
pling sites supported the hypothesis of the impact of the environmental matrix on the yeast and vector ecology 
and consequently on potential yeast-arthropod associations. To further delve into this multilevel relationship 
(yeasts, invertebrates, and matrix), we first assessed whether species-specific associations between vectors (vari-
ous arthropod taxa) and yeast species could have a role in defining the composition of the vineyard mycobiota. A 
few yeast species were more frequently vectored by specific taxa: Candida orthopsilosis by Hymenoptera (the only 
insect order bearing this yeast species), Kazakhstania servazzii was found in 20% of Dermaptera, Metschnikowia 
pulcherrima in 57% of Coleoptera, and Tranzscheliella williamsii in 30% Acarina and 14% Orthoptera (Wilcoxon-
Mann–Whitney test, fdr < 0.05; Fig. 4a and Supplementary Fig. 10). To note, Hymenoptera showed a significantly 
high number of cases with no yeast isolation, eventually because of an overgrowth of filamentous fungi (Sup-
plementary Fig. 11), suggesting a poor yeast-ant association, a selective ant-yeast association, or the presence of 
uncultivable yeasts. This observation could support the identification of the association between C. orthopsilosis 
and Hymenoptera. In fact, previous studies revealed that strains of C. orthopsilosis inhibit the growth of Aspergil-
lus sp.31, hence potentially indicating that this yeast was preferentially isolated from ants as being one of the few 
yeast species capable of competing against molds or because ants take advantage of the antifungal activity of C. 
orthopsilosis to control potential fungal pathogens32. On the other hand, it has to be considered that C. orthop-
silosis is an opportunistic human pathogen, whose ecology and evolution have only recently been explored33, 
and the strict association with Hymenoptera could provide an additional insight into its natural distribution.

Hanseniaspora uvarum, Metschnikowia sinensis, and Rhodotorula glutinis were isolated from multiple taxa, 
each being isolated from 4 out of the 6 taxa microbiologically inspected in this study, indicating a less strict 
association. In particular, H. uvarum, and R. glutinis were isolated from more than 10% of Acarina, Dermaptera, 
Hemiptera, and Orthoptera, whereas M. sinensis from Coleoptera, Dermaptera, Hemiptera, Hymenoptera (Sup-
plementary Fig. 10). Despite being isolated from multiple arthropods, these yeast species were associated with 
different vectors. All three species were isolated from Dermaptera and Hemiptera, but H. uvarum and R. glutinis 
were also isolated from Acarina and Orthoptera, and M. siniensis from Coleoptera and Hymenoptera. These 
differences could be ascribed to different ecological distributions of the yeast species: H. uvarum and R. glutinis 
have been found in broader ranges of environments (air, soil, insects, fruits, fermenting musts, milk, and cheese, 
and even marine and freshwater ecosystems)34,35 whereas the identification of M. sinensis in natural environ-
ments was limited to fruit34,36,37.

From the vector viewpoint, the mycobiota of some arthropods were enriched in a few yeast species: Acarina 
and Coleoptera preferentially bore R. glutinis and M. pulcherrima, respectively (Wilcoxon-Mann–Whitney test, 
fdr < 0.05; Fig. 4b and Supplementary Fig. 11). Upon identifying these new potential yeast-arthropod associa-
tions, we also explored possible relationships between the presence of vectors and the environmental matrix 
to gain insights into the role of the environment in selecting or promoting the presence of specific arthropods, 
potentially by providing suitable niches. We evaluated correlations between components of the environmental 
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matrix and dissected specimens for microbiological surveys (Fig. 4c). Dermaptera and Coleoptera, despite occur-
ring in areas sharing two environmental features (surface standing waters -SS_Wtr- and shrub plantations for 
ornamental or non-vineyard fruit purposes -SP_Fr-; Fig. 4c), harbor at a higher frequency two distinct yeast 
species (K. servazzii and M. pulcherrima). The peculiar association of these two yeast species with the two insect 
orders could be ascribed to the individual association of the latter to additional environmental matrix features: 
Coleoptera with woods (BL_Wland) and Dermaptera negatively correlated with Fruit orchards (FRT_Orch). In 
light of this, it is relevant to consider that M. pulcherrima is commonly found in nutrient-rich plant materials, 
also including tree sap fluxes and fruit34. The positive correlation found between Coleoptera, the proposed vector 
for M. pulcherrima, and woods and fruit trees (Fig. 4c) suggests that this yeast could be picked in the identified 
environmental sources by Coleoptera. Furthermore, the reciprocity observed in the correlation between Coleop-
tera and M. pulcherrima species suggests a mutualistic relationship. In this optic, it is worth considering that 
M. pulcherrima has gained attention as a biocontrol agent for apple rot38 thanks to its capability of controlling 
Botrytis cinerea and other molds, yeasts, and bacteria through direct competition39 or by producing pulcher-
rimin, a broad-spectrum antimicrobial compound40. Coleoptera could take advantage of the association with 
M. pulcherrima to prevent infections from pathogenic fungal species. Unfortunately, the limited information 

Figure 4.   Stratified correlations. (a) Percentage of vectoring insects, determined by the proportion of individual 
insects harboring strains of each of the 18 isolated yeast species. (b) Count of microorganisms isolated for each 
insect microbiologically examined. (c) Multilevel network linking the correlation between characteristics of the 
environmental matrix, insect taxa, and yeast species. Blue links indicate positive correlations, while red links 
denote negative ones. Arrows signify one-way correlations. Within the environmental matrix, green rectangles 
symbolize its characteristics, grouped by frame color. Pink rectangles represent insects, distinguished by the one 
collected by visual technique with a darker frame, and the one microbiologically analyzed with a brighter frame. 
Larger, orange rectangles highlight yeast species.
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available for K. servazzii does not allow hypothesizing possible explanations for the observed associations with 
Dermaptera and relatively linked environmental features.

Another relevant association between invertebrates and environmental features provides fundamental hints 
on the newly identified yeast-insect association. The abundance of Hymenoptera, the proposed vectors for C. 
orthopsilosis (Fig. 4a), was positively correlated with the extent of gardens and parks (Grss&Mdw) (Fig. 4c and 
Supplementary Fig. 12a). Strikingly, from the available literature, we know that C. orthopsilosis has been found 
in various plant sources34, hence providing a potential explanation for the isolation of this yeast species from 
Hymenoptera. The same environmental feature potentially explaining the relationship between C. orthopsilo-
sis and Hymenoptera, the extension of gardens and parks, is also positively associated with the abundance of 
Lepidoptera (Fig. 4c). The microbiological analysis of yeast populations bore by Lepidoptera, not addressed in 
this study, holds the promise of providing further information on yeast-insect interactions e.g., by evaluating 
the association between one of the three yeast species associated with the co-ecologically linked insect orders. 
Similarly, Odonata, whose abundance is positively associated with urban-related environmental features (gar-
dens and parks, tree plantations—ABL_Plant-, and buildings -URB-), but not microbiologically investigated 
in this study, could provide relevant information on the impact of human activities on the composition of the 
yeast mycobiota transported to the vineyards by insects. It is worth noting that the abundance of Acarina was 
found to be significantly associated with permanent non-tidal, smooth-flowing watercourses (PS_Wtr) (Fig. 4c), 
further supporting the previously highlighted association of these arthropods with R. glutinis (Fig. 4b), a yeast 
species also isolated from even marine and freshwater ecosystems34,35. On the other hand, Acarina were also the 
principal vectors for T. williamsii, as previously highlighted, together with Orthoptera (Fig. 4a). Unfortunately, 
the information available on T. williamsii ecology remains poorly explored, hence avoiding the possibility of 
proposing an explanation for the unspecific association of this yeast with two different invertebrate taxa. Finally, 
variance partitioning showed that invertebrates variables explain 12.2% of the variation in yeast species compo-
sition, the environmental variables explain 13.2% of the variation in yeast species composition, and these two 
variable groups jointly explain 10.7% of the variation in yeast species composition. This result confirms a joint 
interaction of environmental matrix and invertebrate community composition in determining yeast species 
community composition. Nonetheless our results show that 63.8% of the variation in yeast species composi-
tion is not explained by our variable sets, this may be caused by missing factors still neglected as their potential 
influence is not yet recognized or by ubiquitous commensal yeast species that are vectored by most arthropods 
independently from the features of the environmental matrix (such as Rhodotorula glutinis).

Discussion
Overall, the correlations identified in this study hint at the complex interplay between environmental factors, 
insect vectors, and yeast species within the vineyard ecosystem, also providing fundamental insights into broader 
ecological implications of yeast-arthropod-environment interactions. Besides proposing new potential associa-
tions between yeasts and invertebrate vectors, our work also provided indirect, although essential, insights into 
the Saccharomyces cerevisiae-social wasps association, which is known to occur in vine agroecosystems9,10,12. 
Indeed, the lack of identification of S. cerevisiae in 226 microbiologically inspected insects further supports the 
specificity of this yeast with Vespa crabro and Polistes wasps. Conversely, several of the observed associations hold 
the promise to represent a key instrument for the proper understanding of yeast and arthropod ecology, as well as 
the implications of these interactions from a one-health perspective. The exclusive association of C. orthopsilosis 
and Hymenoptera could provide a natural and multifaceted tool to safeguard plants and soil, considering the 
beneficial impact of both partners. In addition, all the identified yeast-vector associations provide resourceful 
information that will help improve our knowledge of both arthropod and yeast ecology and physiology, such as 
the one highlighted by the mutual interaction between M. pulcherrima and Coleoptera.

Material and methods
Selection and characteristics of sampling areas
A preliminary survey was conducted to engage local winemakers and identify potential study sites. Vineyard 
owners willing to take part in the research were asked to complete a questionnaire, resulting in the inclusion of 
55 vineyards in the initial screening process. The questionnaire aimed to gather information on various aspects, 
including vineyard geographical coordinates, grape variety, management (organic or conventional), year of the 
official application of the management, land use practices in neighboring areas, botanical characteristics (e.g., 
vine origin: seed or grafted cutting), type of grafting (e.g., whip-and-tongue grafting, bark grafting), vineyard and 
vine age, use of phytosanitary products (if conventional regulations apply), and other treatments (e.g., fungicides) 
including frequency and application methods. Additional information on agronomic practices such as ground 
cover methods (seeding or natural growth) and cultivation systems (e.g., Guyot, spurred cordon, Casarsa, canopy, 
bush, Sylvoz, Geneva double curtain, and pergola) was documented. Each vineyard was described at a landscape 
scale, creating a buffer of 500 m from the center of the vineyard and computing woodland areas, impervious areas, 
water bodies, exposition, and soil carbon content obtained from Geoportale Piemonte as described in Valentini 
et al.12. Following data collection, Principal Component Analysis (PCA) and K-means clustering analyses were 
conducted on the vineyard features. Six vineyards were selected as belonging to clusters associated with distinct 
environmental matrix compositions and their management (organic or conventional practices). For these six 
selected vineyards, we analyzed further environmental variables available on the Geoportale Piemonte database, 
which was again integrated using QGIS (v. 3.24.1)41. These characteristics are categorized and listed in Supple-
mentary Table 1, to facilitate the subsequent analyses.
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Invertebrate monitoring, collection, and dissection
Various methods were employed to monitor the occurrence of invertebrates on vine, soil, or flying in the vine-
yards. Butterflies were identified down to the species level, while other arthropods were classified by their class 
or order, depending on the sampling technique used, as explained below. The pitfall trapping was employed to 
investigate the abundance and diversity of soil invertebrates42. In each vineyard, nine pitfall traps were positioned 
(Supplementary Fig. 1), three traps for each external vineyard row (High or “Hi”, Low or “Lo”), and three traps 
in the middle row (Middle or “Me”). Twenty ml of 70% ethylene glycol (v/v) were added to each pitfall (plastic 
container of 120 ml volume). Sampling occurred at 15-day intervals from mid-June 2023 to the end of September 
2023. Invertebrates captured in each pitfall were identified at the order or class level using dichotomous keys43. 
Neuroptera was excluded from the analysis because only one insect was captured. Lepidoptera and Hymenoptera 
Apoidea were counted by walking for 45 min along linear transects of 400 m and 150 m, respectively44. These 
surveys were conducted once every 2 weeks from late June to mid-September for butterflies and once a month 
for bees on sunny days with scarce wind, between 10 a.m. and 3 p.m. All butterflies were caught by a 40 cm 
diameter net, and a few individuals (i.e., Pyrgus spp.) were collected and identified in the laboratory. Butterflies 
were identified at the species level according to the key tables reported in the “Collins Butterfly Guide”45. Bees 
were identified as Apis mellifera, Bombus spp., or “other Apoidea”. Eight Lepidoptera species (i.e., Everes alcetas, 
Everes alcetas/decoloratus, Inachis io, Lampides boeticus/pirithous, Leptotes pirithous, Lysandra bellargus, Spialia 
sertorius, and Thymelicus sylvestris) were excluded from the analysis because they were represented by only a 
single individual. To capture other flying insects, malaise traps (Omnes Artes s. a. s.), each measuring 1.8 m3, 
were placed in each vineyard46. Each malaise trap was equipped with a bottle containing a 70% (v/v) ethylene 
glycol solution to preserve captured samples. All traps were installed between the 4th and 6th of July, and their 
contents were analyzed monthly from July to October. Direct collection from grape vines, combined with sam-
plings performed by an entomological umbrella47, was employed to gather arthropods for investigating yeast 
populations. Briefly, a white umbrella was positioned beneath the grape clusters, aligned with each pitfall; a 
wooden stick was used to beat and shake the plants for two series of 10 strokes to extract arthropods from the 
vines; the dislodged arthropods accumulated in the entomological umbrella were individually preserved alive 
in sterile 50 ml tubes. Additionally, arthropods were collected after destemming 5 kg of grapes on-site to sur-
vey their yeast community (hereafter identified as “grape” arthropods and relative yeasts). Organisms sampled 
using these two techniques were picked using tweezers sterilized with 70% ethanol. These samples were sorted 
at the laboratory, identified according to the same key used for pitfall-collected arthropods, and stored at 4–8 °C 
until the dissection. The orders Lepidoptera, Odonata, and Opiliones were excluded from the analysis because 
only a few insects were captured. Culturomics of Araneae and Diptera resulted in the predominance of molds, 
hindering the isolation of yeasts, and were then excluded from the analysis. The dissection procedure involved 
subjecting each individual to a temperature of − 20 °C for 20 min. Subsequently, arthropods were washed once 
in sterile water and dissected using sterile tweezers; the content of the intestine was mechanically dissolved in 
the same sterile water used for the initial wash to sample gut and surface microbiota simultaneously. Smaller 
items, such as Hymenoptera and Araneae, were initially subjected to abdomen opening using microscissors 
and a microscope and were then crushed in 100 µl of sterile water. The intestine content of bigger arthropods 
was dissolved in 300–600 μl of sterile water according to the size. A 100 μl aliquot from the solutions obtained 
was spread onto a nutrient-rich solid YPD medium (1% Yeast Extract, 2% Peptone, 2% d-glucose, 2% Agar) 
supplemented with penicillin (10,000 U/ml) and streptomycin (10 mg/l) to prevent bacterial growth. The plates 
were then incubated at 28 °C for 48 h.

Yeasts’ isolation, identification, and storage
Yeast colonies cultivated on YPD medium were visually inspected, and colonies displaying distinct morphology 
were re-isolated on YPD before identification through PCR–RFLP and following confirmation through Sanger 
sequencing. This identification was based on the interspecific variability of the ITS marker region, encompassing 
the ITS1 and ITS2 regions and the 5.8S rRNA gene, amplified using the primers ITS1 (FW) 5′-GTT​TCC​GTA​
GGT​GAA​CTT​GC-3′ and Primer ITS4 (RV) 5′-TCC​TCC​GCT​TAT​TGA​TAT​GC-3′48. After an initial denaturation 
step at 95 °C for 1 min to activate the GoTaq DNA polymerase (PROMEGA), DNAs were subjected to 35 cycles 
of amplification (95 °C for 30 s, 53.6 °C for 30 s, and 72 °C for 1 min 30 s), followed by a final extension at 72 °C 
for 10 min. The PCR products were subjected to digestion with the HaeIII endonuclease for 1 h at 37 °C. The size 
of digested PCR products was quantified on a 2.5% agarose gel and compared with those in the Esteve-Zarzoso 
protocol48. Sanger sequences of the ITS1-5.8S-ITS2 region for strains representative of the identified ITS1-5.8S-
ITS2 PCR-RFLP profiles were compared with the rRNA_typestrains/ITS_RefSeq_Fungi GenBank database using 
the standard nucleotide BLAST on the NCBI website (threshold for identification: 98% identity percentage) and 
deposited on NCBI (ID PQ050703-PQ050731, information in Supplementary Table 3). Yeast cells were preserved 
in a sterile 15% (w/v) glycerol solution at − 80 °C.

Statistical analysis
All statistical analyses were performed using R version 4.3.249. Principal Component Analysis (PCA) and 
K-means clustering analyses were conducted by using the prcomp and the eclust functions49,50. Alpha diversity 
indexes (Shannon and observed) were computed for both invertebrates and yeasts using the vegan package51, 
followed by visualization employing the ggplot2 package52. Pairwise comparisons among alpha diversities were 
conducted with Wilcoxon–Mann–Whitney tests implemented with the pairwise.wilcox.test function, followed 
by multiple testing p.values correction (false discovery rate, fdr). Bray–Curtis dissimilarities were calculated 
with the vegdist function of the vegan package and visualized through Non-metric Multidimensional Scaling 
(NMDS), performed with the metaMDS function of the vegan R package51. Permutational Analysis of Variance 
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(permANOVA) was performed using the adonis2 function from the vegan package51 to determine the signifi-
cance of differences between groups. The various monitoring methods provided information at different levels 
(vineyard, row, or pitfall). To ensure the highest possible precision of the comparisons, statistical analyses were 
performed by grouping data according to the deepest level possible, meaning: vineyards for Lepidoptera, Apoidea, 
and malaise analysis; vineyard rows for direct sampling, entomological umbrella, and environmental analysis; 
pitfall positions for the pitfall method. The effect of alpha diversity (Shannon Index) of arthropods sampled via 
direct sampling and entomological umbrella methods on the yeast alpha diversity (Shannon index) was tested 
through a stepwise Generalized Linear Model (GLM). Spearman correlations were performed between the 
number of arthropods monitored with various methods and the environmental matrix features (expressed as 
a percentage of surface in the study area) with the rcorr function of the Hmisc R package53 and significant cor-
relations were plotted with the corrplot function54. Yeast-arthropod associations were evaluated by comparing 
the distribution of yeast species in the analyzed insects. The percentage of individuals providing strains of the 
isolated yeast species was calculated for each isolated yeast species (% vectoring insects) to quantify the prefer-
ential isolation of yeast species from a specific arthropod taxon. Wilcoxon–Mann–Whitney test was performed 
with the wilcox.test R function49 by comparing the percentage of isolation of a given yeast species from a given 
arthropod taxon and the percentage of isolation of the same yeast species from other arthropods. The number 
of arthropods providing a particular yeast species was calculated to quantify the enrichment of insect mycobiota 
in specific yeast species. Wilcoxon–Mann–Whitney test was performed with the wilcox.test R function49 to 
compare the number of arthropods (eventually grouped according to the taxon) providing a given yeast species 
with the number of arthropods carrying other yeast species. A network plot was implemented with Cytoscape55 
on a matrix generated by combining significant results of correlation and enrichment analyses described earlier. 
Variance partinioning was performed using the function varpart in the vegan package51 to determine the specific 
contribution of invertebrates and environmental factors to yeast presence.

Data availability
All the data produced in this study are provided as supplementary material.
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