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Abstract
Microbes are crucial in each stage of the wine production process. The correlation
between microbes and geography, incorporated in the notion of terroir in wine, can be
associated to the unique impact the microbial community can have on wine taste and
flavour. Applying Next Generation Sequencing technology and in particular metabarcoding, we revealed the dynamics and the composition of different microbiomes
related with the wine-milieu.

During this 3-years long microbiological journey, we extended the concept of the
microbial terroir on a global scale, sequencing soil-DNA from a hundred of vineyards
worldwide in four continents. This biogeographical correlation exists at different scales;
between different wine-regions in the same country and between fields within the same
region. We revealed unique biomarkers in remote volcanic vineyards in Azores and
temperature-driven microbial gradients from North Ebro Valley to Ribera Del Duero,
passing from La Rioja, in Spain. We discriminated the microbial communities between
closely related vineyards in Pfalz, Germany, an area famous for the production of Riesling.
Further, we characterized the microbiota of Danish vineyards, young-winemaker
country, within the regions of Zealand and Funen.

Throughout several fruitful industrial and academic collaborations, we improved the
existing DNA extraction methods for analysing the microbes in deep-soil cores taken
within vineyards, by testing DNA-enhancer such as G2. Hence, with this new protocol, we
characterize the vertical stratification of the microbial community associated with
different types of soil in three countries (Spain, Australia and Denmark). In another
collaborative work, we characterize the inner-mycobiome of grapevine trunks, looking at
the impacts of plant-fungal-disease such as Esca and different fungicide treatments. At
the same time, we also characterize the microbial community resident on the
phyllosphere and its dependence on the grape cultivar.
Furthermore, by combining NGS and qPCR in a commercial vineyard of Western Cape,
South Africa, we measured the dynamics of the leaves’ microbiota during the complete
growing season. Therefore, we investigated the impact of two different fungicide
treatments: a traditional copper spray compared with the application of Lactobacillus
plantarum MW-1 as a biocontrol agent.

All of these contributions to the existing scientific literature will be valuable for microbial
ecologist interested in the agricultural part of the winemaking industry. This information
will also help the winemakers, raising awareness on biodiversity and the importance it
can have within the modern wine industry.

Resumé
Mikroorganismer er af afgørende betydning i enhver fase af vinproduktionen.
Sammenhængen mellem mikroorganismer og geografi, elementer som blandt andre
indgår i vin-miljøets begreb terroir, kan skyldes den unikke påvirkning, som det
mikrobielle samfund har på vinens overordnede smag og dens smagsnuancer. Ved
anvendelse af Next Generation Sequencing (NGS) teknologi og især metabarcoding
afslørede vi dynamikken og sammensætningen af forskellige mikrobiomer relateret til
vin-miljøet.
I løbet af denne 3-årige lange mikrobiologiske rejse udvidede vi begrebet mikrobielle
terroir på globalt plan på baggrund af vores verdensomspændende sekventering af DNA
fra hundredevis af vingårde jorde - fordelt på fire kontinenter. Vi fandt at disse
biogeografiske korrelationer eksisterer på forskellige skalaer; mellem forskellige
vinregioner i samme land og mellem marker inden for samme region. Vi afslørede unikke
biomarkører i fjerntliggende vinmarker på Azorerne med vulkaniske jorde og
temperaturdrevne mikrobielle gradienter fra nordlige Ebro dalen til Ribera Del Duero,
der passerer fra La Rioja i Spanien. Vi sammenlignede de mikrobielle samfund mellem
nært beslægtede vinmarker i Pfalz, Tyskland, et område berømt for produktion af
Riesling. Endvidere har vi karakteriseret mikrobiota fra danske vinmarker inden for
regionerne Sjælland og Fyn - i et relativt nystartet vin-producerende land.

Gennem flere frugtbare industrielle og akademiske samarbejder forbedrede vi de
eksisterende DNA-ekstraktionsmetoder til analyse af mikrober i jordkerner taget inden
for vinmarker f.eks. ved at teste effekten af G2 DNA-enhancer. Med den nyudviklede
protokol karakteriserede vi de mikrobielle samfund i forskellige jordlag for forskellige
jordtyper i tre lande (Spanien, Australien og Danmark). I et andet samarbejdsarbejde
karakteriserede vi det indre mycobiome af vinstammer, og undersøgte virkningerne af
plantesygdommen Esca og effekterne af fungicidbehandlinger på denne. På samme tid
karakteriserede vi også det mikrobielle samfund, der er hjemmehørende på phyllosfæren
og dens afhængighed af druesorter.
Ved at kombinere NGS og qPCR i vores undersøgelserne på en vingård i Western Cape,
Sydafrika, målte vi også blad-mikrobiome dynamikken i hele vækstsæsonen. Derfor
undersøgte vi virkningen af to forskellige fungicidbehandlinger: en traditionel
kobberspray sammenlignet med anvendelsen af Lactobacillus plantarum MW-1 som et
bio-pesticid.

Alle disse bidrag til den eksisterende videnskabelige litteratur vil være værdifulde for
mikrobielle økologer, der er interesserede i landbrugsdelen af vinfremstillingsindustrien.
Disse oplysninger vil også hjælpe vinproducenterne, øge bevidstheden om biodiversitet
og den betydning, det kan have inden for den moderne vinindustri.
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I) Statement of originality
This manuscript is the result of 3 years of PhD, conducted mostly at the Department of
Environmental Science at Aarhus University (Roskilde), under the supervision of Prof.
Lars Hestbjerg Hansen. All the work included in this thesis, where not diversely indicated,
has been wrote by myself in absence of any undeclared conflict of interest. All the work
performed was financed by the Horizon 2020 Program of the European Commission,
through the Marie Skłodowska-Curie Innovative Training Network called MicroWine
(grant number 643063). All the different sections of this thesis will be adapted for
publication elsewhere including the abstract and the introductory chapter. The papers
included in the second chapter are already submitted or published in scientific peerreviewed international journals. All other manuscripts in progress are listed apart in the
list of publications below. According to GSST rules, part of this thesis were also used in
the progress report for the qualifying examination. As some of these papers present
unpublished data, the manuscripts should be treated as confidential.
II) Structure of the manuscript

This manuscript is divided in three main chapters:

The first chapter works as introductory background, in which I performed a review of the
state-of-the-art regarding wine-related microbiome and its implications in the modern
wine industry. The whole section will be adapted and published as part of a book chapter,
edited by Elsevier, about Vineyard Microbiome. Furthermore, the summary of this thesis
has been adapted and translated in order to be published on La Revue Des Oenologues; a
famous French wine-journal.
The second chapter includes an assessment of the applied methodologies, which is
expected by the GSST guidelines (February 2016).

The third part of this manuscript includes all the published and submitted scientific
papers I wrote as first author, co-first authors and as second name. I have included in this
section, only those that are coherent with my PhD Project within the MICROWINE
Network. A complete list of all the publications, completed and expected in the next
future, is reported below. The third chapter follow an imaginary line, which connect all
the different aspects of the wine-production process and the terroir implications that I
have been extensively studying during my PhD. This line ideally starts from the topsoil of
different vineyards worldwide, it goes down deep into the soil and then rise up, through
the roots, into the trunk of the grapevine trees reaching leaves and grapes. Before each
paper there will be a short explanation of my contributions in it as expected from GSST
rules.
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V) Disclaimer
Microbial terroir
The concept of terroir has been highly debated for many years; the term “terroir”
identifies the unique metabolic signature, which characterize a specific wine. This
signature results from a multitude of edaphic, climatic, human and biotic factors, which
contributes to modify the quality and the traits of the resulting wine (OIV). The existence
of terroir in its comprehensive definition, within the wine industry, is generally
recognized and accepted. This led to a series of commercial practices based on
certification and rules, which aim to protect and exploit this unicity for its economical
value.

Within the concept of terroir, microbial ecologist and microbiologist initially
hypothesized that the wine-metabolic signature was partially influenced by microbes. In
fact, microbes are important at any stage of the wine production process since they could
affect plant health and physiology in vineyard and also carry out the fermentation process
in wineries. This aspect has been called “microbial terroir”. In this document, I will refer
often, directly or not, to the concept of microbial terroir, although in none of the cases, I
have tested the metabolic effect on the resulting wine. This choice is due to the fact that I
refer to microbial terroir as the biogeographical correlation between microbial
community and wine-regions which potentially, could have an impact on wine quality.

However, this is not a proof that the microbial terroir, identified in vineyards, determines
an effect on the resulting wine. Moreover, the definition itself of terroir lacks of fully
scientifically recognized criteria to be unquestionably defined. For instance, it is not clear
if, once certified its existence, the microbial or metabolic signature remain constant
between different vintages despite any variation (such as climatic change). Furthermore,
the word “quality” and “taste” reported in the definition of terroir leads to a subjective
interpretation.
In this regard, I do not personally consider the existence of a microbial terroir as “condicio
sine qua non” to produce a wine-region-specific-metabolic signature. Although this claim
is possibly true, it is frequently used for marketing reason without performing scientific
assessment. I therefore dissociate myself from the use of these words in such regard
while I raise a toast to anyone who can scientifically prove that microbial terroir not only
exist, but contributes to create unicity in a bottle of wine.
Inferring Pathogenicity from Phylogenetics Relations

This thesis contains six manuscripts related to microbial ecology within the wine-milieu.
The methodologies applied in all of them, include DNA amplicon sequencing analyses for
the bacterial and fungal population. This allowed us to retrieve, among the others, taxa
that include, in their groups, known plant-pathogens. Assessing pathogenicity only from
amplicon based study, in such a way, it is scientifically wrong. Most of the times, in fact, it
is possible to retrieve, within the same genus or species, pathogenic or non-pathogenic
strains. With our method and the primers we chose, it is impossible to discriminate at
strain-level resolution, therefore it would be wrong to infer pathogenicity. Furthermore,
these inferences fall into the subject of plant pathology which requires other evidences

to evaluate the incidence and the severity of plant-diseases. For instance, assessing
pathogenicity or, viceversa, the biocontrol activity of a microbial strain against a
pathogen, requires in-vitro isolation, interaction tests and p identification of the microbes
involved, together with repeated field-trials between different years and possibly in
several locations. Although some of these studies have been done in collaboration with
experienced phytopathologist, all the claims are meant to fall into the field of microbial
ecology.

1. INTRODUCTION
1.1 The microbiome
All the environments on the terrestrial biosphere host a complex community of
microorganisms (Gibbons et al. 2016). The soil represent one of the most complex and
biodiverse known habitats, which harbor thousands of different microbial species
(Brussaard et al. 2007). The system, which include the habitat and all the genetic material
belonging to its microbial community, is called “microbiome” (Backhed et al. 2005).

1.2 High Throughput Sequencing HTS
In recent years, the development of high throughput sequencing (HTS) techniques and
other -omics methodologies such as meta-transcriptomics, meta-proteomics and
metabolomics allowed the scientific community to retrieve novel information about
microbial communities in all different kinds of environments; from human body to
terrestrial, aquatic and aerial ecosystems (Prosser 2015). Among all these new
approaches, those based on HTS, allowed the description of microbial community
taxonomic composition by exploiting the phylogenetic relations and gene variability
(Orgiazzi et al. 2013). In particular, the PCR amplification of gene-markers such as 16S
rRNA gene for bacteria, D1/D2 26S rRNA gene and Internal Transcribed Spacer (ITS)
(Schmidt et al. 2013) for yeast and fungi, is an approach known as “metabarcoding”.
Alternatively the usage of information retrieved from the whole metagenome of a sample
can be investigated through a technique called “shotgun sequencing” or “metagenomics”
which result less biased by the PCR step since it does not include any primer selection
bias (Tedersoo et al. 2015). Both these approaches, allow the researcher to access a
broader inedited amount of information that was impossible to retrieve few years before,
with low-throughput molecular techniques such as Double Gradient Gel Electrophoreses
(DGGE) (Morgan, du Toit, and Setati 2017).

1.3 DNA Sequencing in food microbiology
Across all the field of research, the application of DNA-based techniques, especially High
Throughput Sequencing (HTS) to food microbiology has been of great importance to
improve our understanding on the hidden protagonists of important industrial and
traditional processes such as (but not only) alcoholic, lactic and malolactic fermentations
(Chen et al., 2017). The first one crucial for bread and for fermented beverages such as
beer and wine; the second one mostly responsible for the entire fermented diary and
meat product and finally the third one, which occur mainly in wine-related processes to
enrich flavor and stabilize the final product. Furthermore, the use of –omics technologies
could suddenly change the way in which food industry perform quality control, bringing
advantages in terms of safety and traceability along the food chain (Ferri et al. 2015).For
a perspective view on how the techniques based on HTS contributes to reveal the
microbial landscape within food production, refer to Bokulich et al., 2016.
1.4 Microbiology in the wine-milieu
The wine-milieu, among all others type of food, stand out because of its multi-billionaire
worldwide market and its historical, traditional and cultural value (Sperling 2005).
Although there are several ways of producing wine and tens of factors that could affect

the result, microbes represent one of the main driving force in its production. In fact, the
crucial step from turning grape-juice into a fermented beverage is carried out mainly by
yeast during alcoholic fermentation (FA) and bacteria during malolactic fermentation
(MF).

All this interest about wine allowed the retrieval of a deep knowledge about the two main
actors of the winemaking process: Saccharomyces cerevisiae and Oenococcus oeni; the
first one responsible for the conversion of sugar into alcohol while the second one
perform the crucial reaction of the MF. These two microbes are, in fact, enough and
necessary to turn grape-juice into wine under standard fermentation conditions.
However, wine is much more than only alcohol and lactic acid. In fact, it includes a
complete collection of secondary metabolites, which composed the final “flavorome” as
defined by Belda et al., in 2016. The production of these metabolites and its abundance is
mostly dependent on strain-specific characteristic of the fermenting yeast and bacteria.

In most of the industrial fermentation, based on pure-starter-culture, the inoculum is
enough to guarantee the transformation of grape-juice into wine. An alternative to this is
a pure spontaneous fermentation, which characterize most of the wines produced in
ancient time (Maro et al. 2007). A spontaneous fermentation is carried out by the resident
microbial community persisting on the grapes and coming from vineyard and winery and
by unintentional inoculum during the wine-making process (Navarrete-Bolaños 2012).
This approach present several drawbacks, which discourage large-scale application, such
as the presence of microbes responsible for off-flavors and wine-spoilage. However, it is
commonly accepted that a more biodiverse active microbial community produced a wine
with a richer complexity due to its bouquet of flavors which is perceived as richer by
consumers (Tempère et al. 2018). Taking this risk could result in a high-quality wine,
which have the advantage of being unique, but for this reason also almost impossible to
reproduce equal between different vintages or in different areas.
1.5 Definition of microbial terroir
The unicity of the wine is due to many other variables, which contributes not only during
wine fermentation but also during grape development, affecting its sugar content,
secondary metabolites production and also berry-health. Among these factors we can
find soil type, edaphic factors, clime, grape variety, vineyard management system, solar
exposition and then in the winery all the steps of the wine-production and ageing. All
these variables, also including cultural, traditional, historical and human factors, shape
the concept of terroir (For et al. 2010). The existence of a unique terroir imply the unicity
of a wine production process and therefore also imply the presence of a metabolic
signature, which characterize a specific wine, produced in a limited area in a specific
moment (Vaudour 2010).
Across the two main wine-related production environments, vineyards and wineries,
microbes are involved in almost all crucial steps. In vineyard, they can affect the
geochemical cycles of nutrients interacting with the minerals in soil, colonize the plant

through the rhizosphere, roots, leaves, flowers and grapes (Zarraonaindia et al. 2015),
also establishing a community into the trunks known as endophytic bacteria (Andreolli
et al., 2016, Vitulo et al., 2018). These microbial interactions with the plant can affect its
productivity, growth and health and, finally, cause an effect on the grape-clusters that are
produced. Considering the plant and the living community on and into it as a metaorganism or holobiont (East 2013) allow the introduction, into the concept of terroir, of
another variable that we can define as microbial terroir (Gilbert et al. 2014)

1.6 Effect of geography on microbial terroir
A few pioneers’ studies, exploiting NGS-based technology, appeared in 2014 and 2015
respectively from Bokulich and Burns, revealing a link between grape must and soil
community and the geography of the territory between different American Viticultural
Areas (AVA). These areas are distinguished by edaphic factors such as climate, geology,
elevation and other physical-chemical parameters. These bio-geographical patterns have
been then confirmed in other places such as in Catalonia (Spain), where Portillo et al in
2016 discriminated the bacterial community between different vineyards from Priorat
wine-region. Further studies, which addressed different questions, using samples from
several locations, also reach similar conclusion; it is the case of Perazzolli et al 2014 in
which they addressed the natural resilience of the grapevine phyllosphere after different
treatments. In this study, indeed they used samples coming from three different locations
and displayed a strong impact of this factor on to the result. Most of these studies take
into account closely related wine-regions and different vineyards, generally within the
same country. An exception is represented by the study of Mezzasalma et al (2018) in
which they analyzed the impact of geography and cultivars in Northern Italy and
Northern Spain retrieving consistent conclusion. Although most of these studies only
regards the bacteriome, something was done to enlighten the dynamics of the
mycobiome, to elucidate if these regional associations belongs also to this fraction of the
microbial community. It is the case of Taylor et al, in 2014 where they display significant
differences in terms of fungal population between different major areas of production in
New Zealand. However, a broad study on world vineyard microbial distribution is still
missing and could answer different questions about the variability and biodiversity on
landscape level (Manuscript 1).
1.7 Impact of vineyard management on microbial terroir
Geographical locations is not the only responsible for shaping the microbial community
of a vineyard. All other edaphic and environmental factors seems to have some impacts
on the microbiome at different degrees of magnitude (Lauber et al. 2008). For instance,
vineyard management system has been show to affect the bacterial community in several
occasion. One of the first studies, to analyze this impact of different management system
using NGS technology, was Hartmann et al. in 2015 comparing long-term conventional
and organic management in the DOK experiment in Switzerland. Although the results
suggested certain microbial shifts between different microbiomes attributable to
agricultural practices, they concluded that the highly complexity of the interactions, in
the soil-system, make any simplistic statements fall short. Therefore, claims such as

“higher biodiversity under low-input farming” may not reflect the real scenario of a
specific biome (Hartmann et al. 2015). In 2016 was Burns et al., to examine bacterial
shifts among several AVAs in California as function of different soil parameters. In this
study, factors such as the occurrence of cover crops and tillage, affect the bacterial
populations. However, the effect was not always consistent and robust between different
soil types. Until now, we have been mainly discussing about the bacterial community
shifts associated with geography, environmental and agricultural factors. However, a
vineyard is a much more complex system and microbes are also dispersed on the
different plant tissues (C. Yang et al. 2001). One of the rising question was to understand
if the biogeographical correlation between soil and microbes produces detectable
differences on the fruit microbiome. Following Zarraonaindia et al (2015) it appears clear
that the soil act as a major reservoir of bacterial community with a certain degree of cooccurrence in other plant tissues such as roots, leaves, flowers and grapes. Furthermore,
they showed that many factors affect the tissue-associated microbial assemblages but the
bacteriome was still distinguishable and dependent on biogeography and vineyard
management practices. However, this did not happened for all the tissues and all the
factors in the same way. In particular, leaves seemed not to be affected by the different
cultivar or vineyard of provenance. This might be because the strength of the habitatselection is high and so, the bacteria responsible for the shift, are negatively selected once
they migrate on leaves. The same question, to highlight the effect of different soil-factors
on fruit microbial community, can be addressed looking at the different management
system used in vineyards. One study, conducted by Chou et al in 2018, demonstrated that
vineyard under-vine management produced shifts onto soil-microbial composition but
no correspondences were found looking at fruit microbiome. For both types of microbes
(bacteria and fungi), the different floor-management treatments affect the soil
community but not the fruit-associated microbial composition. In this study, they
reduced the impact of geography comparing samples coming from the same area, a
vineyard in Ovid (NY), and repeated the sampling along three consecutive years. They
focused their attention on the application of pesticides and the selected presence of cover
crops and so we cannot exclude that other vineyard management practices could be more
influential in shaping the associated grape-microbiome. Reducing the confounding
factors such as the timing of the sampling or the effect of geography is therefore a winning
strategy to highlight the impact of secondary factors on the microbial community. In fact,
in 2018 Singh et al. demonstrated some association at genus-level between different
genetic pools analyzing 279 different cultivars within the same vineyard in Montpellier
(France) (Manuscript 5).
1.8 Limitations of meta-barcoding
All these kind of microbiome analyses based on meta-barcoding allow the researcher to
draw conclusion on the composition and distribution of the different microbial
communities associated with wine-regions. These microbes are described in terms of
richness, evenness, biodiversity and taxonomical composition between areas and
vineyards. However, the resolution we can have with these common techniques reaches,

in few cases, only genus or species level and furthermore no quantitative information are
available (Elbrecht and Leese 2015). This is due to the techniques itself in which one gene
is simply not enough to distinguish between strains, but it is also due to bioinformatics
pipeline databases, which may contain only one representative sequence for each species
(Coissac et al. 2012). Although a low-rank resolution is enough to recognize the microbial
fingerprint of different vineyards or wine-region it is not appropriate to discriminate
between different strain of the same species, which can differ by few genes which
contribute in shaping the flavorome of wine. It is the case of S. cerevisiae, the yeast mainly
responsible for the alcoholic fermentation worldwide (Borneman et al. 2011). This yeast
is ubiquitous in wineries and vineyards (Goddard and Greig 2015) but the bouquet of
secondary metabolites, its tolerance to ethanol and SO2 are characteristics that vary with
its genome. Different strains of this yeast, therefore, behave differently during the
fermentation (Tofalo et al. 2013). For this reason, it is important to characterize which
strain contributes to the wine-making process. However metabarcoding it is not a
suitable approach for this purpose while other molecular methods could be applied such
as genome sequencing, pulsed-field gel electrophoresis, mitochondrial DNA – Restriction
Fragment Length Polymorphism (mtDNA-RFLP), Random Amplified Polymorphic DNA
(RAPD-PCR), microsatellite analyses and Multilocus Sequence Typing (MLST) could
achieve the purpose (Tofalo et al. 2013).

A few studies on yeast, employing techniques based on the microbial fingerprint by using
DNA polymorphism such as ARISA or T-RFLP on isolates, also reported the existence of
patterns between regions and the different strains of S. cerevisiae (Tofalo et al. 2013).
Most of these studies are conducted in New Zealand where in 2010 Goddard et al.
revealed the link with geography above all the evidences of local dispersion driven by
insects and global dispersion human-aided by mean of oak-barrels. This results were
subsequently confirmed in 2012 by Gayevskiy & Goddard in which they display the
geographic delineation of yeast communities associated with vines and wines reporting
a remarkable 94% of region-specific genotypes. Finally, in 2015, Knight et al.
demonstrate how the different region-associated yeast population can affect the
phenotype of the wine. As for bacteria also yeast are dependent by farming practices, as
elucidated by Setati et al. in 2012; Setati also demonstrated the intra-vineyard diversity
that is possible to retrieve with a proper sampling of the interested area. Although most
of these studies exclusively focus on S. cerevisiae, other yeast could be responsible for the
metabolic fingerprint and display regional-association properties with vines and wines.
This potential still needs to be fully elucidated although an interesting review on the
available results has been written by Capozzi et al. in 2015, highlighting the perspective
of using mixed non-Saccharomyces/Saccharomyces starter culture as an alternative to a
pure spontaneous fermentation.
1.9 Microbial terroir and plant health
A better understanding of the microbial dynamics can have several applications that span
from a precision agricultural practice to accurate wine-making processes. In the abovementioned studies, the impact of microbes appear to be important mainly regards the

resultant wine-phenotype. However, in agriculture, the local biodiversity should be
monitored and preserved, to maintain the good health and yield of the vineyard.

Given the effect of different agricultural practices on the soil microbial community, the
application of fungicides and pesticides represent another important aspect to consider,
in relation with the interaction between plant and pathogens. Grapevine, as most of the
modern crops, need to be treated in order to prevent or cure the different disease that
can affect the health of soil, plant and grapes, endangering yield and quality of the berries.
In recent years, the introduction of bacteria or yeast with biocontrol activity becomes a
promising alternative to traditional methods based on chemicals. To measure the impact
and interaction of these microbial agents on the resident community, studies based on
the analyses of the microbiome in vineyards are necessary. An example of this can be
found in Perazzolli et al. in 2014, where they demonstrate the impact of a biological
control agent (BCA) known as Lysobacter capsici (AZ78) on bacterial and fungal
community, also measuring the effectiveness against Plasmopara viticola, a fungus-like
microorganism responsible for Downy Mildew. The study of biological control in the
microbiome era account several other studies, using different crops. For a comprehensive
view we recommend to read Massart et al. 2015.

1.10 Concluding remarks
To conclude, the analyses of the grape-microbiome based on HTS techniques allow the
discovery of the complex microbial community underneath the wine-making process and
rise further question on its interactions during fermentation, to shape the final product.
To deepen the knowledge on the microbiome approximations of the concept of terroir we
direct you to the review of Belda et al., in 2017. All other –omics techniques such as metatranscriptomic, metabolomics and meta-proteomics are also applicable to the wine
production process in order to raise the awareness over the importance microbiome can
have on the wine flavor and aroma. A quick view over the implication a multi-omics
approach can have on wine production is given by the review of Sirén et al 2019. This
field of research, already intensively studied in the past years, is going to be updated and
discussed in light of the upcoming results from new multi-omics integrated studies.

2

Assessment of methodologies

2.1 Sequencing protocol for MICROWINE amplicon-based studies
A brief introduction about HTS has been given in section 1.2, here we will assess the
methodology that has been mostly used within our Network and in particular in this
project: amplicon-based DNA sequencing or “metabarcoding”. Within the MICROWINE
Network, few PhD students are performing amplicon based studies to unravel the
microbial communities in different samples under different conditions. To reserve the
possibility, in the future, of comparing the outcomes of these separate studies into a single
meta-analysis, we developed a standard protocol applied, with minor modifications, to
most of the meta-barcoding studies within our group. The development of this
sequencing protocol passed through the choice of a sampling grid method, common DNA
extraction protocol, PCR-primers pairs for 16S and ITS libraries preparation and the
choice of a bioinformatics pipeline. Furthermore, an evaluation of certain biases was
measured. In particular, I focused on the effect of DNA dilution, addition of DNAExtraction Enhancer (G2) and the use of Peptide Nucleic Acids (PNA) to prevent the
amplification of unwanted DNA such as plant-DNA in host associated microbiota.
Although the details of the protocol we performed is reported in each paper, I want to
include here some of the results coming from the test we have done. Some of these results
were also included in the mid-term report for the qualifying exam and I cited here
according to GSST rules.

Experiment

Purpose

1 – Sampling
Strategy

Understanding
if the sampling
scheme can
affect the final
result

2 – DNA
Extraction

Adopt a direct
DNA extraction
methods which
could be easily
adapted to
several kinds of
samples

3 – Impact of the
Dilution

4- Use of G2 –
DNA Enhancer

Understanding
how much DNA
dilution can
affect the
microbial
composition
Improve the
DNA yield
extracted from
soil cores
without
affecting the
microbial
representation

Results
The number of the
replicates is more
important than the
position inside the grid
of the field. The diversity
within the single fieldspot is sometimes higher
than the diversity in
different field-spots.
We based the shared
DNA extraction protocol
on a bead-beating based
commercial kit for soil
which could be adapted
for different samples
A moderate dilution can
overwhelm PCRinhibition problem
without affecting the
final microbial
composition

G2 increases the yield
without affecting the
resultant microbial
community. More details
are reported in
Manuscript 2

Material and Methods

30 Soil Samples from a
vineyard in Hillerød
(Denmark) were collected
in triplicates from 10 spots
along field diagonals and
independently extracted
and sequenced.
The sequencing protocol
has been applied on soil,
rhizosphere, must, leaves,
wine and trunks.

Samples of leaves (low
DNA and high inhibition)
and soil (high DNA but also
high complexity and
inhibition) were sequenced
after diluting 1:10, 1:100
and 1:1000 with water.
Soil-core samples were
taken from deep layers and
extracted using different
lysing tubes. Details are
reported in the M&M
section of Manuscript 2

Leaves samples were
sequenced to highlight
The use of PNA allow us
bacterial population with
to exclude grapevine
and without PNA. We
5 – Impact of
plastidial DNA during
compared the bacterial
PNA Blocking
PCR amplification. This
community of samples
Primers
without affecting the
where PNA was used with
bacterial community
samples where plastidial
reads were removed with a
filtration algorithm
Table 1; in this table I summarized the most important aspects we evaluated during the
realization of the sequencing protocol. More information are reported in Appendix B.
Prevent the
amplification of
unwanted DNA
such as
plastidial and
mitochondrial
16S genes in
plant-associated
microbiota

2.2 Bioinformatics Pipeline
The techniques based on –omics technologies and, especially in this work, on next
generation sequencing, allow the production of a massive amount of data that requires
to be processed. Many studies have been conducted to evaluate which bioinformatics

pipeline performs better and in which conditions, such as (López-García et al. 2018; C. X.
Yang et al. 2013). However, especially when it comes to amplicon analyses, none of them
has been considered best in all conditions. Among the methods which are considered the
most widespread, we find QIIME and now QIIME 2 both from Caporaso et al. 2010 ,
Mothur (Schloss et al. 2009) , USEARCH (Edgar 2010) and R which recently implemented
an algorithm for amplicon data analyses. These pipelines are different from each other
with a relatively high degree of customization of the parameters. All of them are opensource and, except for QIIME2 (which include a GUI), all of them works within a UNIXenvironment and are managed thorough the command line. These pipelines share a
similar thread for data analyses, which include a quality control step on raw reads, and
the possibility of merging paired-end reads. Then, a dereplication step is usually
performed. In this step, all quality filtered reads that are identical to each other are
merged and counted. After this step, we assist to the biggest conceptual differences
between pipelines. For several years, dereplicated reads were clustered into Operational
Taxonomical Unit (OTUs) using a fixed threshold of identity such as 97% or 99% and
filtered for chimeras. Only recently, some pipelines implemented the possibility of using
these dereplicated reads as amplicon exact sequence variants (ASVs) (Callahan et al.
2017) without preliminary clusterization. This approach has been integrated in UNOISE
(Edgar 2016) and DADA2 (Callahan et al. 2017), respectively in use for USEARCH and
QIIME2 or R. This difference is conceptually important since the OTUs clusterization
leads to a loss of rare-high-quality reads that differs from the representative sequence of
each OTUs only for few nucleotides. Although this difference could be due to PCRamplification or sequencing errors, there is also the possibility that very similar reads
represent different microbes. This might affect the results. However, the use of sequence
variants introduce other problems such as an overestimation of the number of different
microbes that represent the community. Furthermore, retaining many rare reads, with
very low frequency, lead to the presence of many “zeros” within the frequency table of
our dataset and this negatively affect statistical analyses. After this step, in either way,
the frequency table is obtained and it includes all the representative reads of our
community. Therefore, a taxonomical assignment is performed, using one of the
databases of phylogenetic gene-markers such as Greengenes, Silva or UNITE. In this way,
each read will be assigned to the corresponding bacterial or fungal name within a certain
threshold of confidence. This process lead to the characterization of the microbial
fingerprint on a specific sample. Changing bioinformatics pipeline, or just the parameters
within the same command, can produce similar but not equal results (Pinto and Raskin
2012). This highlight the importance of been aware of what we are doing but also why
and how. However, the importance of producing high quality data should not be confined
in a secondary position. Indeed, it is rather easy to correct and refine a bioinformatics
algorithm in order to adapt it to our need but even the best bioinformatics pipeline cannot
retrieve much out of poor quality sequenced dataset. This is extensively analyzed in the
paper of Murray et al. 2015, which I invite the readers to read.
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3.0 MANUSCRIPTS
As mentioned within the paragraph II, the manuscript included in this thesis will be
presented in a specific order. Following an imaginary path, that starts from the top-soil
of different vineyards worldwide, goes down deep into the soil cores and then back up,
through the roots, into the trunk of the grapevine trees reaching leaves and the grapes
(Fig.1). Before each manuscript my contributions will be declared according to GSST
rules.

Fig. 1 displays the imaginary path we followed during our microbiological journey and
will guide the reader through the Manuscript section, third chapter of this thesis.
Copyright statement for Fig. 1:
The full picture is created by Alex Gobbi
Vineyard in Azores, picture taken from Alex Gobbi
World map is edited by Alex Gobbi
Soil cores pictures are taken and edited by Rui Gustavo Santini
Picture of top-soil and roots are freely available on internet and “no copyright violation is intended” according
to the Google copyrights policy.
Picture of vineyard and soil horizons is taken from www.lodywine.com
Clipart of a grapevine tree is taken from Dave Johnson for Bay Area News Group and it is believed to be posted
within my rights according to the U.S. Copyright Fair Use Act (Title 17 U.S. Code)

MANUSCRIPT 1
World Microbial Vineyard’s Map: extending
the concept of microbial terroir to a global
scale
Within this work we extended the concept of microbial wine-terroir, intended as
the correlation between microbes and wine-regions, to a global level; showing
evidences of a different scale-microbial-correlation at country, regions or single
vineyards level. To our knowledge, this is the biggest microbial survey conducted
within vineyards worldwide. This paper is presented in his final draft almost
ready for submission to mBIO or ISME.

I conceived the idea of this paper to answer a compelling question about the
existence of microbial dynamics on global scale, which could be ascribed to the
elusive concept of microbial terroir. I decided to give my contribution to fill this
gap after I noticed that, most of the existing studies, referred to a relatively small
area. In light of this, geography plays a secondary role while the differences
retrieved in those studies could be due to edaphic, climatic or antropogenic
factors. In this study I collected the samples of the MICROWINE database, I
performed the wet-lab part and arrange a collaboration with Biome Makers to join
our database and effort to complete this study. I finally interpreted the results and
wrote the main draft of the paper. A. Acedo, I. Belda and R. Ortiz-Alvarez helped
from Biome-Makers to join the database and perform the main bioinformatics
analyses. R.G. Santini, I. Belda and R. Ortiz-Alvarez contributed in writing sections
of the drafted paper.
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Abstract

Microbes are crucial in each stage of the wine production process. In recent years, the use
of next-generation sequencing technologies allowed new insights about the relation
between microbes and geography. In the wine-milieu, this correlation has been more
acknowledged within the concept of terroir, and could explain the unique impact the
microbial community can have to produce a particular wine. In frame of the few limited
evidences available in the literature, our goal is to understand if these dynamics are
present on a global scale. Using 16s rRNA and ITS amplicon-based approach, we therefore
demonstrated microbial differences linking to the elusive terroir on a global scale,
sequencing soil-DNA from 100 vineyards worldwide, in four continents. We highlighted
that this link exists at different scales; among countries, between different wine-regions
in the same country and between fields within the same region. We revealed unique
biomarkers in remote volcanic vineyards in Azores and temperature-driven sharedmicrobial gradients from North Ebro Valley to Ribera Del Duero, passing from La Rioja,
in Spain. We discriminated, for the very first time, the unique microbial terroir shared
between vineyards in new-winemaker regions such as Zealand and Funen in Denmark.
Finally, we analyzed the impact of different vineyard management system, based on
functional prediction of the genome complement.
Importance

Most of the interest about wine is justified by its massive economic, cultural and
traditional value. Winemakers, especially from the Old World, rely on the concept of
terroir to explain the unicity of their wine in terms of taste and flavor. Microbes play a
central role in vineyards, where they affect grapevine health and growth and in winery
during the fermentation. For this reason, understanding the relation between geography
and microbial community will raise awareness on a new way to manage the wineindustry. In this work, we performed the hitherto largest microbial survey on vineyards
worldwide, using amplicon-based sequencing approach. Our outcomes provide the
possibility to detect putative biomarkers from specific wine-makers area, discriminate
between vineyards that comes from a relatively small geographic area, within the same
wine-region, and finally gaining insights on the functional differences driven by different
vineyard management systems.

1 Introduction
The interest in Vitis vinifera (wine grape) is justified by the cultural and economic value
veiled behind this crop, which represent a multi-billion dollars market, per year (1).
Thousands of different grape cultivars have been selected along the history by virtue of
their berry’s characteristics such as flavor, color, shape and cluster’s size (2).
Furthermore, a multitude of edaphic, climatic, human and biotic factors contributes to
modify the quality and the traits of the resulting wines, defining the concept of terroir (3).
The soil microbiome is one of the most diverse environments in terms of microbial
community complexity (4), and also act as the main microbial reservoir for agricultural
crops (5). Soil microbes can, in some cases, reach the phyllosphere or the roots of the
plant, colonizing all the different tissues and establishing themselves as inner hostmicrobiome, defining an indivisible marriage known as the holobiont (6).

Within their association with plants, soil microbes can play different roles spanning from
mutualism to commensalism and pathogenicity (7). In particular, they are active in
regards of plant growth, development, health and productivity and to soil processes that
indirectly affect these traits (8).

The soil microbial communities in different wine-growing regions are affected by e.g.
climate, topography and by soil properties like pH and organic matter (9, 10). Soil
properties are again directly and indirectly affected by vineyard management practices
(11). Different vineyard’s management systems include a broad range of practices such
as tillage, cover crops, and compost application. These can be bound to the winegrowing
region, since they depend on climatic conditions and edaphic factors. Other practices,
instead, are embedded to the use of conventional, organic or biodynamic regimes, for
instance those regarding fertilization and pest treatments. All these agricultural
practices, can drive not only the soil/plant-related microbiota composition, but also the
diversity and response of fermentative wine-related species (12).

In the wine-mileau, pioneering studies based on high-throughput sequencing (HTS) were
conducted by (5, 9, 13), revealing microbial biogeography associations across multiple
areas. Furthermore, in 2016 N. A. Bokulich et al. (1) and in 2015 S. Knight et al. (14) also
shed light on the associations between the microbial and the metabolic fingerprint of the
wine produced from different wine regions. In this field, I. Belda et al. (15) also described
distinctive and clustered metabolic patterns for wine-related yeasts depending on their
geographical origin. The links between the unicity of a wine-metabolic profile and all the
factors affecting the grapes are known and valuable, to the viticulturist, supporting the
concept of terroir. Within this complex and multifaceted concept, the microbiome of
vineyards has been defined as a unique and integrative biomarker (16, 17), affecting wine
quality indirectly (by affecting vine health and physiology), but also in a direct way, being
the main reservoir of the autochthonous fermentative microbiota.
The vast majority of the microbes stemming from soil or living on the plant phyllosphere
are not active under the harsh conditions of the fermentation tank, where pH goes down
and ethanol is rising in a concurrent anaerobic environment (18)). However, some of
these microbes could have influenced the grape chemical composition in a prefermentation stage, in vineyards or in cellar during post-harvest treatments (19). Finally,
a smaller number of microbes originating from vineyards soil and grapes or the cellar are
able to survive, grow and develop phenotypical characteristic during the fermentation
and thus directly influence the final product (20). The role of the microbiota within all

the stages of the wine production process, the presence of soil as main reservoir for
microbes, and the microbial non-random biogeographical association can reveal the
functional impact of the terroir, providing a biological target for future biotechnological
applications regarding productivity or disease resistance (21). From a functional point of
view, studies show that microbial community structure and functional behavior are
linked (22, 22b). This is more evident when looking at the resilience of a soil community
in because of its functional redundancy (23). Still, functional redundancy may alter
community stability (23), and particular soil functional profiles could be associated to
specific terroirs. . Finally, soil diversity is still among the most recognized parameters
linked to the concept of sustainable agriculture (24-26).
In this study, we applied HTS amplicon library approach to conduct a broad-spectrum
survey of the soil microbial communities of vineyards, which span several countries,
regions, grape varieties and management systems. Our hypothesis is that the existence of
distinctive microbial communities associated with specific wine-regions, is a concept that
can be extended to a global scale. The second hypothesis is that vineyard associated
microbial communities, from different wine-regions which share similar edaphic and
climatic factors, are likely more similar compared to the microbial communities in e.g.
different climatic regions. Finally, to verify if some vineyard management practices can
influence the microbial community more than geography, we focused on the differences
between organic and conventional management system and on the use of artificial
irrigations using functional prediction on amplicons data. In this paper, the final dataset
was analyzed under three different points of view to explore the information we could
recover from an amplicon libraries study. We aimed to evaluate the taxonomical
fingerprint within different wine-regions worldwide. We focused on soil diversity and
OTUs distribution and finally to the functional potential through an accurate gene
prediction algorithm called Tax4fun.
2 Material and Methods
2.1 Material
This study is a microbial amplicon based survey created with previously unpublished
data combined from two different databases. The data of this study originate partly from
the MicroWine project and partly private data from Biome Makers Inc. obtained with
WineSeq® Technology.. This project includes a total of 475 soil samples from 100
vineyards. As such, different people collected these samples in the period 2015-2018
around the globe. Although some differences occurred in the sampling scheme, storage
conditions and sample processing, a general description of this protocol can be
delineated as follows. All the samples were of topsoil taken within a depth between 0-10
cm. MICROWINE samples consist of 5 samples collected and sequenced for each field,
while Biome Makers samples were made pooling together top soil from three random
spots in each field and extracting the DNA from this composite sample. Shipment
conditions of the soil samples were either -20 oC or RT, followed by -20 or -80 C as storage
temperature in the laboratories until DNA Extraction. DNA Extractions were performed
using bead-beating based DNA extraction kits such as Dneasy Powerlyzer Powersoil Kit
(Qiagen) for the WineSeq® platform (Patent publication number: WO2017096385,
Biome Makers) and FAST-DNA Spin Kit for Soil (MP-Biochemical) for the MICROWINE
Project. A complete overview of all the samples used in this study and the relative origin
is reported in Table S1. The use of bead-beating based kits, such as those included in this

study, produces comparable results. Furthermore, they allow the recovery of the highest
biodiversity within soil samples (27).

2.2 Library preparation

A general protocol for the library preparation is delineate below, although some
modifications occurred between studies. All the libraries were prepared following the
two-steps PCR Illumina protocol and these were subsequently sequenced on Illumina
MiSeq instrument (Illumina, San Diego, CA, USA) using 2x251 paired-end reads for
MICROWINE and 2x301 paired-end reads for Biome-Makers samples.

Different primers were used for 16S and ITS, however, in both dataset (MICROWINE and
Biome-Makers) they are investigating the same variable region. A complete description
of the primers is available in Table S2. All PCR reactions were prepared using UV
sterilized equipment and negative controls were run alongside the samples. Also, PCR
conditions such as number of cycles, annealing temperature, thermocycler and Mastermix composition change between samples coming from different projects. The library
prepared for both datasets were done by a two-step PCR as described by Feld et al. 2016,
Albers et al. 2018 (28, 29) with modifications. In the MICROWINE dataset, sample
concentration was approximately 10-20 ng of DNA, and both PCR were carried out using
Veriti Thermal Cycler (Applied Biosystems). In each reaction, of the first PCR for 16S, the
mix contained 12 µL of AccuPrime™ SuperMix II (Thermo Scientific™), 0.5 µL of forward
and reverse primer from a 10 µM stock, 0.5 µL of bovine serum albumin (BSA) to a final
concentration of 0.025 mg/mL, 1.5 µL of sterile water, and 5 µL of template. The reaction
mixture was pre-incubated at 95°C for 2 min, followed by 33 (16S) and 40 (ITS) cycles of
95°C for 15 sec, 55°C for 15 sec, 68°C for 40 sec; a final extension was performed at 68°C
for 4 min. Samples were subsequently indexed by a second PCR using the protocol in
Gobbi et al 2018 (30). Finally, samples were pooled in equimolar amount before
sequencing. Biome-Makers samples were obtained amplifying the 16s rRNA V4 region
while the ITS were obtained amplifying ITS1 region using WineSeq® custom primers
(Patent WO2017096385).
2.3 Bioinformatics

All the data produced and collected were subsequently analysed through a QIIME-based
custom bioinformatics pipeline (Patent WO2017096385, Biome Makers). A first quality
control was used to remove adapters and chimeras. After that, the reads were trimmed
and OTU clusters were performed using 97% identity. Taxonomy assignation and
abundance estimation were obtained comparing Operational Taxonomic Unit (OTU)
clusters obtained with WineSeq® taxonomy database (Patent WO2017096385) after
rarefying to a fixed sequencing depth.
2.4 Functional Analyses

Functional predictions based on representative genomes are an useful tool for the
estimation of metabolic potential (31). Although its limitations regarding strain-specific
functional signatures, environmental distributions, or real magnitude of a process, the
functional simulations allow the comparison of communities in terms of their predicted
functional potential (32). For that purpose we applied an adaptation of the Tax4Fun
routine (33) using presence/absence of genes rather than a normalized weighted value
per taxa. To obtain the proportion of each community containing each specific function,
we filtered a total of 108 KEGGs (functional orthologs) within 34 metabolic pathways

related to Carbon and Nitrogen cycles (34), complex organic matter decomposition
pathways (35), phosphorus cycle pathways (36), and other soil relevant nutrients such
as Zn, Ca, Mg, Cu, Fe and Mn (Table S6). We estimated the proportion distribution of each
metabolism and their mean proportions by Country, and tested whether the vineyard
management (art irrigation, conventional and organic practices) type had an impact on
metabolism proportions through a Kruskal-Wallis test.

2.6 Sequencing Data

To obtain a robust experimental design prior to the analyses, we removed from the
original database all the samples that were not collected close to the harvest period. The
dataset obtained this way strongly dependent from the geography and exclude
meteorological and seasonal confounding factors. The final database represents 100
vineyards, coming from 12 countries distributed in 4 continents; After sequencing and
quality filtering our data we obtained 31.194.544 reads, then clustered into 82.718 OTUs
for the 16S dataset and 6.859.436 reads grouped into 26.035 OTUs for the ITS
community. To overcome the confounding factors, deriving from the two different
studies we included in this work, most of the analyses reported in the result section are
performed using samples coming only from the same batch. To evaluate the impact of the
vineyard management on alpha diversity and functional potential, we subset the
database to retain only the samples which provide the indication about the management
system (conventional and organic). Furthermore, we retained only the samples coming
from a limited geographical area; in this case all samples from Spain were included since
they had a relatively high number of samples (n=116 for 16S and n=100 for ITS) and a
represent the highest number of wine-regions within the same country (n= 11). To
evaluate the effect of temperature reducing the impact of geography, we retained samples
coming from three different Spanish regions: North Ebro Valley in Navarra, La Rioja and
Ribera del Duero in Castile and Léon. These regions were chosen due to their
temperature-driven-gradient, detected looking at the average maximum temperature
retrieved in August (right before harvest), that increases from North Ebro Valley,
generally colder and humid (T= 22.5 °C - 25.0 °C), to la Rioja (T= 27.0 °C – 30.0 °C) and
finally to Ribera del Duero (T= 30.0 °C), a very dry and hot region in summer time. The
climatic data were obtained from the Atlas Climático Digital de la Penisula Iberica
developed by Universitat Autonoma de Barcelona (UAB).
2.7 Statistics

All the results of this study have been evaluated using statistical tests according to the
different necessity. Alpha-diversity and functional prediction results are evaluated using
Kruskal-Wallis. Beta-diversity distribution was evaluated using PERMANOVA. The
validation of the specific regional-biomarker we have found is based on ANCOM. All pvalues are considered significant below a threshold of 0.05. These test have been
performed using QIIME2 v2018.2.
3 Results

Here, we provide insights on the microbial community of vineyard soils worldwide by
analyzing amplicon data for bacterial 16S rRNA gene and fungal ITS region sequencing.
The resulting database was explored to understand the impact of geography and
vineyard management on the characterization of the microbial terroir. A multi-scale
evaluation of the data for diversity, taxonomical composition and metabolic prediction
was performed and the results are displayed below.

3.1 Shannon Diversity
First, we focused on the comparisons of the different vineyards represented in our
database looking at the Shannon index as parameters to measure the alpha diversity.
Based on Shannon-Wiener analysis, we looked at the comparison based on different scale
such as country and wine-region but also between cultivars and vineyard management
systems (Figures 1 and S1). Looking at the bacterial Shannon index from each country,
the highest values occurred in Hungary (n=3), South Africa (n=3), Australia (n=32) and
Denmark (n=15) while the lowest values was detected in Germany (n=15), Portugal
(n=9) and France (n=4) which also statistically differ from each other with p-value < 0.05
(Fig 1.a). Regarding the wine region (Figure S1), the highest bacterial diversity was
reported in Lehigh Valley in Pennsylvania while the lowest in Valle de la Orotava in
Tenerife (Canary Island, Spain) (Fig 1.b). . The results from the analysis of the fungal
communities were different from the bacterial ones; in particular, vineyard soils from
Germany (n=10) and Denmark (n=15) showed the highest fungal diversity (Shannon
index), while Argentina (n=3) and Chile (n=1) showed the lowest (Fig 1a). In terms of
wine-region, the highest index belong to Frederiksburg (Texas) and North Ebro Valley
(Spain) and the lowest index, for wine-regions, were obtained in Mentrida (Spain) and
Mendoza (Argentina). When looking at differences, within Spanish vineyards, about
management systems the Shannon Index for bacteria between conventional (n=29) and
organic (n=29) management systems does not define any statistical difference (p-value >
0.05) as well as for fungi where n= 19 for conventional and n=32 for organic samples (Fig
1.c).

Figure 1; Shannon index values on rarefaction curves; a) Plots of Shannon-values for all
countries in the database regarding ITS (right) and 16S (left). b) Plots of Shannon-values
for all Spanish wine-regions in the database regarding ITS (right) and 16S (left). c) Plots
of Shannon-values grouped by management system within samples coming from Spain
and regarding ITS (right) and 16S (left).
3.2 Beta-Diversity

To investigate regionality and other factors effect in shaping microbial communities, we
looked at the frequency tables and OTUs distribution for 16S and ITS and depicted the
results as PCoA plots.

We calculated the distance matrix based on Bray-Curtis Dissimilarity and subsequently
visualize the result using PCoA plots. In Figure 2 we show the distribution at country,
region and field level on different subsets of the total distribution for 16S and ITS. The
clusters for each country are recognizable as shown in Figure 2a. To investigate regional
clustering within the same country, samples from Spain were used, due to the abundance
of surveyed regions and samples from each; in this case it is visible in Figure 2b that the

separation is rather robust when looking at the wine-region level. Finally, this trend is
maintained at field-level when we have several replicates coming from three fields within
the same area (here using Denmark as an example) as shown in Figure 2c. These
distributions for fields it is also visible in the samples coming from Azores, in which two
vineyards coming from the coastline of the same island (Pico Island) cluster apart from
each other; furthermore in the Pfalz region in Germany three vineyards from the same
area display separate clusters (not shown). This confirms the robustness of our method
together with the high variation in biodiversity between different soil samples even if
geographically close to each other. The effect of geography at different scales was always
statistically relevant (p-value < 0.05).

Figure 2: PCoA plots representing beta-diversity within our database for 16S (left
column) and ITS (right column). a) Country-level distribution of the whole database, b)
Regional level distribution considering only samples from Spain, c) Field-level
distribution considering three fields within the same area in Denmark. Shown graphs
represent things investigated and does not contain all.
3.3 Co-occurrence of OTUs for fungal and bacterial community

Investigating the percentage of shared OTUs between different locations at multiple
scales is an example of how database interrogation can answer specific questions. We

compared the OTUs between Europe and America and between mainland (Europe and
Americas) and islands (Australia, Azores, Baleares and Canarias). A higher richness of
prokaryotes and fungi were identified in the Europe and in the samples from mainland.
Evaluating the microorganisms detected both in Europe and America, 58.5% of
prokaryotes and 18.5% of fungi were shared. Finally, at global scale, 37.7% and 14.5%
respectively of prokaryotes and fungi are shared between mainland and islands. At
regional scale, looking at the three wine-regions in Spain, the results show North Ebro
Valley with the higher richness of prokaryotes and fungi and Rioja and Ribera del Duero
with similar numbers of fungal and bacterial OTUs. It is worth mention that while 31.9%
of prokaryotes are shared between these three Spanish regions, the same occurred for
only 7.4% of fungi. Furthermore, the number of prokaryotes shared only in two of the
three regions is almost constant, but the amount of fungi is quite different and directional.
In fact, only 2.6% of the fungal OTUs are shared between North Ebro and Ribera del Duero
while they share 6% and 5.3% respectively with La Rioja. The three vineyards in
Denmark showed similar numbers of prokaryotes and fungi, perhaps corresponding to
the similar temperatures (T = 13.0 °C) detected in October (right before harvest recorded
by dmi.dk). These vineyards shared 18.2% of prokaryotic OTUs and 12.1% of fungal
OTUS. However, the highest percentage of OTUs in the distribution is always referred to
the individual field for bacteria and fungi except in one case where they are equal. All
these results are summarized in Figure 3

Figure 3. Venn Diagrams based on OTU distribution between continents, regions and
fields. All OTUs that appeared at least twice in our database were retained for this
analysis. MW-1, MW-2 and MW-3 refers to three vineyards sampled in Denmark within
the same climatic region.

3.4 Taxonomical Composition
When defining the microbial terroir of a wine-region, we infer it to be the unicity of the
taxonomical composition in terms of presence/absence and relations between the
relative abundances of the different microbes detected. Although soil microbiome is
extremely biodiverse and evolve during time, it is also shaped by the local edaphic factors
and the resilience to their seasonal change between different years. In this frame, we
investigated the microbial community composition during one of the most enological
relevant period of the year; harvest-time. This is a crucial moment since the organisms
found on soil are more likely to be found on the colonized plant tissue such as the grape
berries and the ones attached here will end up in the fermentation must. The taxonomical
evaluation of our dataset at phylum level, highlight the dominance of bacteria belonging
to:
Proteobacteria,
Firmicutes,
Enterobacteriaceae,
Sphingomonadaceae,
Planctomycetaceae,
Chitinophagaceae,
Actinobacteria,
Gemmatimonadacea,
Rhodocyclacea and Hypomicrobiaceae. For Archaea the population was dominated by
members of the Nitrososphaeraceae family.

Figure 4: Taxonomical distribution on the represented country, highlighted in green, of
our database; red line and blue line represent the isothermals that define the optimalgrowth area of the grapevine worldwide. The double circular-crown, linked to each
country, represent the taxonomical composition for ITS (external ring) and 16S, internal
ring while the dominant taxa are shown on the side of the picture for Bacteria (legend on
the left) and Fungi (legend on the right). Sample from Cyprus only display 16S
taxonomical composition.
3.5 Taxa-distribution

Amongst the 45 prokaryotic phyla identified in our samples, 12 showed relative
abundances above 1% in at least one out of the 14 countries. Proteobacteria occurred
with the highest relative abundances in all the 14 countries, with values varying between
27.6% (Portugal) and 44.3% (Croatia). Except for Croatia, Spain and USA, Actinobacteria
was the second highest abundant bacterial phylum varying between 10.6% (Germany)
and 25.4% (Portugal). Firmicutes in Spain and USA and Bacteroidetes in Croatia replaced
Actinobacteria as the second highest abundant bacterial phyla. Additionally, Firmicutes in
Australia and Chile, Bacteroidetes in France and Planctomycetes in Italy and South Africa
also showed considerable abundances, with values above 10%. The archaea phylum

Crenarchaeota showed large relative abundance variation comparing the 14 countries,
with the main values detected in Portugal (10.5%), Chile (13.1%) and Germany (26.8%)
whilst in the other countries’ values ranged between 1.9% and 9.2%.

Evaluating the fungal taxa detected with relative abundances above 1%, Cryptococcus
when present showed as the dominant genus in 8 out of the 12 evaluated countries
(Figure 5). The relative abundance of Cryptococcus in Argentina, Chile and South Africa
reached ~90%, with only two to three other taxa with values above 1%. In the countries
where Cryptococcus was not identified (Australia, Denmark, Germany and Portugal),
Fusarium dominated. In Portugal Fusarium reached 93% while only two other taxa
exceed 1%. Gibberella intricans was identified in all the 12 countries but in 4 of these
countries the relative abundance values were below 0.7%. In the other 8 countries G.
intricans showed relative abundances varying from 1.1-17.2%. Other more broadly
detected fungal taxa refer to the phyla of Ascomycota, the order of Pleosporales and
Hypocreales, the families of Cladosporiaceae, Mortierellaceae, and the genus of
Cladosporium, , Epicoccum, Penicillium, Tetracladium, Monographella, Cortinarius, and
Mortierella.and Cephalosporium serrae,. However, despite broad geographical detection,
the following taxa showed relative abundance above 1% just in the mentioned countries:
Epicoccum and Clavicipitaceae (Australia), Penicillium (USA and Chile), Tetracladium
(Croatia and Spain) C. serrae (Germany and Denmark), Botrytis cinerea (Spain), ,
Metarhizium (Germany and Australia) and Cryptococcaceae (USA).

Figure 5; the figure displayed the relative abundances of the five topmost abundant taxa
for Fungi (left) and Bacterial phyla (right)

Based on taxonomical composition and statistical test that allow us to detect
differentially abundant microbes, we could interrogate our database in order to find taxa
which belongs only to a very specific and small area, also known as bio-markers. Among
the 384 bacterial taxa (372 assigned at least to family-level ) and 98 fungal taxa ( 47 of
them assigned at least to family-level)that were detected as differentially abundant
country-wise (Table S3 and S4), we focused on those that appeared to be dominant only
one area and are assigned to genus or species level. In the Azores islands (Portugal) for
instance, it is possible to retrieve two abundant taxa that are Ktedonobacter
sp. and Crossiella sp. which selectively appear in percentages higher than 1% in relative
abundance in this area.
3.6 Functional Prediction Analyses

We then explored the functional predictions from the 16S rRNA gene using Tax4Fun2.
We focused our attention to the impact that a few variables such as country, management
system and artificial irrigation could potentially produce on specific metabolic pathways
and nutrient transporters. Figure 6 shows the ranges and the geographical distribution
of inferred soil nutrition-related metabolisms. Some of them are widespread and
abundant in different regions (i.e. aerobic respiration, phosphate transport systems, zinc
export) while other metabolisms seem less abundant (i.e. Aerobic CH4 oxidation, Lignine
break, Anammox, Manganese import). In addition, metabolic activities that show a larger
range of relative abundance in the observed microbial communities are the most
interesting ones for finding geographical- or management-dependent patterns. In
particular, we highlight the impact of artificial irrigation in the increment of organic
matter degradation activities (cellulose, chitin and hemicellulose break) (Figure 6, right
panel). About the different management systems we detected a decrease in nitrification,
phosphate transfer, manganese import and zinc export in conventional management vs
organic.

Figure 6. Functional prediction of 34 metabolic pathways related to Carbon, Nitrogen,
Phosphorus, Potassium and micronutrients use and transport. For each metabolic
pathway, the proportion distribution across the whole dataset is drawn in the left panel.
The heatmap display the metabolism mean value by country, while the right panel shows
statistical different metabolism according to vineyard management practices.
4 Discussion

4.1 Database
When joining different datasets, coming from different studies, there is a need to address
the impact of the so-called batch-effect bias. Being the database composed of samples
coming from several countries, although produced in a similar way, we expected to see
confounding factors in the global distribution. To overcome this issue we proceeded in a
very conservative way, performing most of the analyses using different data subset which
includes only samples coming from the same study. The batch effect is a very common
bias, in many meta-analytical studies (37) which could influence the results. This risk is
even higher when we compare the same type of sample, while the effect is lower when
different types of samples are analyzed together as several meta-analyses report (37-39)
. Doing so, we measured the impact of the geography on regional and vineyard scale for
alpha and beta-diversity; we performed the functional prediction and most of the OTUs
distribution analyses displayed through Venn diagrams. This observation could not be
performed when looking at the global database distribution, since we needed to include

all the samples obtained from this study. However, despite this bias, the effect of
geography is still visible and statistically relevant (p-value < 0.05). At global scale, we
limited our observation to alpha-diversity using Shannon index, which is relatively stable
against batch-effect coming from the different primers used since it accounts also for
evenness in the OTUs distribution and it is not only based on presence/absence (40). In
order to further reduce , another recognized solution is to compare the whole database
after taxonomy assignment and preferably at higher taxonomical ranks such as phyla
(40). In fact, two OTUs that have a different nucleotide sequence, coming from different
regions of the same gene-marker, are more likely to be assigned to the same taxa, despite
some differences that may occur in relative abundance. Based on taxonomical
composition and ANCOM we highlighted potential biomarkers based on the
presence/absence of certain taxa in specific wine-regions. However, these taxa require
further investigation to be surely asserted, for instance using a group-specific qPCR.
4.2 Diversity

The OTUs-distribution results displayed in Sections 3.2 and 3.3 provide information
about the use of gene-markers microbial survey to answer ecological question. The PCoA
plots confirm that the link between geography and microbial community of vineyards
exist at regional scale as already demonstrated by K. N. Burns et al. (9) and N. A. Bokulich
et al. (10) in California, S. Knight et al. (14) in New Zealand and L. E. Castañeda and O.
Barbosa (41) in Chile. In this study, we also demonstrated that between different
countries the geography has a strong effect on shaping the microbial community with few
cluster overlapping, For instance, the microbial community of Argentina and Chile are not
statistically different from each other but many others that are undoubtedly significant
with p-value < 0,05 with PERMANOVA (Table S4). This led us to suggest that there is a
hierarchy on the geographical distances and a general trend reflects the rule that a longer
distance corresponds to a more diverse community. This result also reflects what is
happening on a regional scale. In fact, the OTUs distribution between the three Spanish
regions of North Ebro Valley (Navarra), Rioja and Ribera del Duero, display a similar
trend. La Rioja is however in the geographical intermediate region and display an
intermediate climate, which might explain why the fungal OTUs, shared with the other
regions, are more abundant, as displayed in Figure 3b. This is true for bacteria but even
more remarkable when looking at the fungal OTUs distribution. In fact, from the Venn
diagrams in Figure 3, the percentages of shared microbes between countries, regions and
fields are lower in fungi compared with bacteria. This fact, suggest the use of mycobiome
as a more sensitive parameter to discriminate the microbial terroir of a location. When
we measured the impact of other parameters, such as the vineyard management system
or the use of artificial irrigation, no trend was detected. This could suggest that the
agricultural practices have a secondary impact on the microbial community compared
with the geography at country-scale (including all the climatic and edaphic factors). For
this reason, to highlight this impact of the management system in use, it is necessary to
reduce the area of the sampling; in fact, reducing the variables connected with the
geography, studies like K. N. Burns et al. (11) revealed some bacterial shift linked with
certain agricultural practices.
4.3 Taxonomy

Proteobacteria and Acidobacteria have previously been identified as the most abundant
bacterial phyla within soils (42) including topsoil studies carried out in vineyards (5, 9).
In accordance with such observations, Proteobacteria showed as the most abundant

phylum in all the 14 countries evaluated; however, instead of Acidobacteria other phyla
occurred in higher relative abundances.
The widespread occurrence of Crenarchaeota members in our samples agrees with the
detection of this archaeal phylum in a range of environments around the world, such as
agricultural fields, sandy soil, forest soil, contaminated soil and the rhizosphere (43-48).
However, while the relative abundance fraction of this phylum typically is reported as
representing up to 5% of the total prokaryotic community (44, 46), we find it in 10 out of
the 14 countries in values exceeding 5%, with emphasis on samples from Chile (13.1%)
and Germany (26.8%). The high abundance of Crenarchaeota (12-38%) seen here in
samples from Germany (Figure 5) was also identified by D. Kemnitz et al. (49) but in
samples coming from an acidic forest soil. Differing from our observation, studies of soil
samples coming from Chilean vineyards previously reported relative abundances of
Crenarchaeota below 0.1% (41). For the Crenarchaeota, the ammonia-oxidizing archaea
(AOA) Nitrososphaera was the main genus detected in all the countries surveyed in our
study. This genus was observed by K. Zhalnina et al. (50) to significantly respond to
agricultural management practices
Soil samples from Azores (Portugal) showed higher abundance of members from
Pseudonocardiaceae at 4.66 % (Crossiella sp.) and Ktedonobacteriaceae at 5.62 % (after
BLAST assigned to Ktedonobacteria) amongst the main four identified families.
Pseudonocardiaceae have been found with important relative abundances in lava caves
(i.e., caves formed during active lava flows) (51) including Azores (52). This could explain
the high abundance of this family in our samples based on the volcanic soil distributed all
along this island. Furthermore, it might suggest a link to the special terroir of volcanicwines or at least to wines from Azores but further investigation are required.

Information about Ktedonobacteriaceae is very limited, except that, together with the
families Thermosporotrichaceae and Thermogemmatisporaceae, all belonging to
Chloroflexi, have broadly flexible aerobic metabolisms capable of utilizing a wide range of
carbohydrate polymers (53, 54). Several members of the phylum Chloroflexi are
thermophilic (55) and the dark volcanic soil of the sampled Azorean vineyard is likely to
reach temperatures allowing thermophilic species to thrive. In addition, the stone walled
currais system built within the vineyards to protect from the oceanic wind help the soil
to retain the heat.

Within the fungi, Cryptococcus is the dominant genus in 8 out of the 12 countries. It
belongs to the group of oxidative basidiomycetous yeasts and have been found associated
with the phyllosphere, grapes and soil (56). Cryptococcus, together with the genera
Candida, Hanseniaspora, and Pichia (these three genera not identified in our samples)
provide most of the diversity of the frequently isolated yeast species related with grape
or isolated from fermented grape juice (57). Studies have shown that Cryptococcus are
not severely affected by fungicides which may justify their higher abundance on
vineyards (58, 59). The other main fungal taxa identified in our samples belong to
documented plant pathogens. A member of Fusarium was detected as the dominant taxa
in Australia, Denmark, Germany and Portugal, besides important occurrence in Spain
(4%). The genus Fusarium is recognized as containing many potent plant pathogen
species (60). Gibberella intricans which was identified in the 12 studied countries is a
teleomorph (i.e., the sexual reproductive stage) of Fusarium equiseti, a cosmopolitan soil
fungus associated with stem and roots rots in different plant species (61). Pancher et al.
(62) isolated the specie Gibberella pulicaris (Fusarium sambucinum) from the grapevine

endosphere of samples from Trentino, Northern Italy. Cladosporiaceae and within this
family Cladosporium, also broadly detected in our samples, contains several species
identified as fungal pathogenic on grapevines (63). Monographella, detected in 8
countries, was only recently described as occurring in vineyards. Members of this genus
is a recognized leaf pathogen on barley, wheat, rice and maize (63). However, the
detection of these phytopathogens does not directly indicate plant infection because the
success of microorganisms to severely affect plant health relies on the whole soil and
rhizosphere microbial interactions (64). This can be due to the fact they are present as
spores or dead cells. Furthermore, it is not possible to infer pathogenicity based on a
phylogenetic relation to a pathogen.
4.5 Functional Prediction Analyses

Functional predictions based on representative genomes are an useful tool for the
estimation of metabolic potential (31). Such predictions based on a curated database of
barcoded sequences, could lead to the discovery of patterns that require to be further
investigated by metagenomics.
Despite its limitations regarding strain-specific
functional signatures, environmental distributions, or real magnitude of a process, the
functional simulations allow the comparison of communities in terms of their predicted
functional potential (32). The use of artificial irrigation has been defined as responsible
for substantial changes in soil structure. On one hand, water is a powerful agent for soil
structure decline and on the other hand it is essential for the biological processes which
also determine soil structure. In these conditions, an enhanced biological activity
contributes to improve soil structure through increasing the concentrations of organic
matter (65). In the light of the results shown in Figure 5, soils with artificial irrigation
showed increase in degradation of organic matter that seems to be buffering the negative
impact of water in soil structure. In the same line, the observation of G. M. King and M.
Hungria (66) suggested that, regarding the soil-atmosphere gases exchange, agricultural
ecosystems are able to consume Carbon monoxide (CO) at rates between 3-6 mg of CO
m−2/day, with no significant effect of tillage method or crop, but CO exchange for a
pasture soil was near zero. They used corn and soybeans as model crops that are known
to receive high doses of irrigation in comparison with pasture soils. Here, when
comparing vineyard soils with and without artificial irrigation, we see an increased
presence of bacterial species able to perform CO and CH4 oxidation in those receiving
artificial irrigation (Fig. 6).

In regards to CH4, a major aim in the contribution of agriculture to the emission of
greenhouse-related gases, the methanogenesis activity appeared to be increased in soils
under conventional management (Figure 6, left panel). In a previous study analyzing the
greenhouse gas emission from conventional and organic herbaceous crops in Spain, E.
Aguilera et al. (67) reported a bigger CH4 emission from the former soils (except in the
case of rice crops). This fact was explained by the lower input use and/or a higher carbon
sequestration in the organic farming systems and a direct increased methanogenesis in
conventional farmed soils (in our case, under vines) is suggested here.

Finally, it is interesting to mention the decreased activity in mobilizing phosphorus and
potassium in the conventional farmed vineyards. It has been reported that P and K are
among the main nutrients differing between organic and conventional farmed soils (68).
The yearly amount of external P and K inputs added in conventional systems is two times
higher than in the organic systems (69) and the retention of them in conventional soils
seems to be higher than in organic ones. We could suggest that a major input reduce the

need for mineral solubilization. However, P. Gosling and M. Shepherd (68) reported that
when changing between farming systems, organic farming tend to mine the reserves of P
and K built up by conventional management. In this context, they suggested that bigger P
and K inputs are required in organic farmed soils if long-term declines in soil fertility are
to be avoided. However, at a long-term the use of nutrients in soils, and thus their
availability for plant uses, should be considered.Our results suggest a potential lower P
and K solubilization capacity in conventional farming vineyards than in organic ones that
requires further assessment. Despite all these results coming from the functional
prediction, based on taxonomical differences, there are no clear evidences of any alpha
and beta-diversity shifts due to the agricultural practices included in this study. This
could suggest the impact of vineyard management on the microbial community
composition is of secondary magnitude, compared with the geography.
To conclude, this study provides new insights on microbial terroir. Enlarging this concept
on a global scale we could detect region-specific putative biological markers and describe
the overall microbial community that characterize several vineyards around the world.
As a future perspective, the introduction of other studies’ datasets, the analysis of the
terroir of specific areas will extend and detail the global microbial vineyards map
initiated here.
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Quantitative and qualitative evaluation of the
impact of the G2 enhancer, bead sizes and lysing
tubes on the bacterial community composition
during DNA extraction from recalcitrant soil
core samples based on community sequencing
and qPCR
This paper describe the impact on the bacterial community of a reagent called G2
DNA/RNA Enhancer, which should increase the yield of DNA obtained from soil,
preventing the adsorption to the matrix after the lyses step. Within this paper we
tested also the impact of beads and tubes. The paper has been submitted to PlosOne and it is currently under revision. Furthermore, it is available on Biorxiv at
the following link https://doi.org/10.1101/365395
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Abstract
Soil DNA extraction encounters numerous challenges that can affect both yield and purity
of the recovered DNA. Clay particles lead to reduced DNA extraction efficiency, and PCR
inhibitors from the soil matrix can negatively affect downstream analyses when applying
DNA sequencing. Further, these effects impede molecular analysis of bacterial
community compositions in lower biomass samples, as often observed in deeper soil
layers. Many studies avoid these complications by using indirect DNA extraction with
prior separation of the cells from the matrix, but such methods introduce other biases
that influence the resulting microbial community composition.

To address these issues, a direct DNA extraction method was applied in combination with
the use of a commercial product, the G2 DNA/RNA Enhancer®, marketed as being capable
of improving the amount of DNA recovered after the lysis step. The results showed that
application of G2 increased DNA yields from the studied clayey soils from layers from
1.00 to 2.20 m.

Importantly, the use of G2 did not introduce bias, as it did not result in any significant
differences in the biodiversity of the bacterial community measured in terms of alpha and
beta diversity and taxonomical composition.
Finally, this study considered a set of customised lysing tubes for evaluating possible
influences on the DNA yield. Tubes customization included different bead sizes and
amounts, along with lysing tubes coming from two suppliers. Results showed that the
lysing tubes with mixed beads allowed greater DNA recovery compared to the use of
either 0.1 or 1.4 mm beads, irrespective of the tube supplier.

These outcomes may help to improve commercial products in DNA/RNA extraction kits,
besides raising awareness about the optimal choice of additives, offering opportunities
for acquiring a better understanding of topics such as vertical microbial characterisation
and environmental DNA recovery in low biomass samples.
Introduction

The complex chemical and physical structure of soil greatly influences the binding
strength of DNA to its particles. Soil factors, such as clay type and content, concentration
and valence of cations, the amount of humic substances and pH, dictate the adsorption of
DNA into the soil matrix [1, 2]. Clay minerals effectively bind DNA and other charged
molecules, such as Ca2+, Mg2+ and Al3+. This binding effect can be either direct, due to the
positively charged edges of the clay particles, or indirect due to the neutralising bridge
between negative charges on clay surfaces and DNA macromolecules caused by the
presence of polyvalent cations (Ca2+, Mg2+ and Al3+) [2-4]. The increased binding of DNA
to soil particles significantly reduces degradation of this biological material by
extracellular microbial DNases and nucleases [5-7]. However, the same binding force that
protects DNA from degradation reduces the amount of DNA recovered during DNA
extraction. Appropriate DNA recovery from the soil matrix is also affected when the soil
layers, especially those located below the topsoil, contain lower biomass and hence
smaller DNA quantities. Indeed, deeper soil layers generally have a lower carbon content,
lower nutrient concentrations and consequently lower microbial biomass [8, 9]. Despite

the decrease in microbial biomass with soil depth, the hitherto poorly characterised
communities dwelling in the deeper layers of the soil perform important roles in carbon
sequestration [10], nutrient cycling [11, 12], mineral weathering and soil formation [13,
14], contaminant degradation [13] and groundwater quality [11].

Depending on the methodological approach applied, DNA extraction methods can be
divided into direct and indirect methods. In direct extraction protocols, lysis is the first
step and the microorganisms are treated with the matrix. During indirect extraction,
however, the first step involves the detachment of the microbes from the soil matrix,
generally conducted in a liquid media or supplemented by the use of density
centrifugations such as in Nycodenz extractions [15]. Both these methods introduce a
different extraction bias [16]. During direct extractions from inorganic soils that are
particularly rich in clay, the DNA liberated from the microbial cells is quickly adsorbed
onto clay particles, preventing complete recovery. During indirect extractions, regardless
of which sample or soil type, the bias is due to the different efficacy of the separation
treatment on specific microbes, which may enrich one particular microbial fraction over
another [17]. These complications may impede the extractions from soil and sediment
layers, particularly from lower depths, and thus hamper the study of topics such as
vertical microbial characterisation and environmental ancient DNA. The importance of
obtaining high DNA yields is also related to greater representativeness of the soil gene
pool, reducing the bias introduced into the successive analyses [18, 19] .

Although many authors working with soil or sediments have opted for indirect DNA
extraction methods to overcome these problems [20-23], the present study focused on a
direct approach. Direct extraction methods have been shown to recover the greatest
diversity in terms of the number of OTUs, especially if based on mechanical lysis such as
bead beating when compared with other lysis methods [24]. With the aim of reducing the
retention capacity of clay particles, the commercial product G2 DNA/RNA Enhancer®
(Ampliqon A/S, Odense, Denmark), hereafter referred to as G2, has been introduced into
lysing matrix tubes. The G2 product is marketed as being able to improve the amount of
DNA recovered after the lysis step [25]. G2 is a product made from freeze-dried highly
mutagenised salmon sperm DNA [25] that adsorbs, like environmental DNA, to the clay
particle before cell lysis [26]. However, unlike salmon sperm DNA, the G2 enhancer is not
amplifiable in downstream polymerase chain reaction (PCR) applications [25].
The primary objective of the present study was to test the effects of the commercial
product G2 on DNA yield and the diversity of the bacterial community from silty clay soil
samples from layers between 1.00 and 2.20 m, thus aiming to develop an improved and
bias-reduced direct DNA extraction protocol for this type of challenging sample. In
addition to the effect of G2 on DNA yield, tests were conducted using both customised
and commercially available DNA extraction kits. Customised tubes for evaluating possible
influences on the DNA yield were prepared using different bead sizes and amounts, along
with different plastic lysing tubes from different suppliers.

Material and methods
Soil core sampling
Soil sampling was performed in September 2016 at a vineyard located in the municipality
of La Horra in the Ribera del Duero region in Spain (41°43'46.82"N, 3°53'29.85"W). The
sampling approach was designed to obtain two undisturbed soil cores, allowing later subsampling for DNA analysis at specific soil core depths. To do so, a Fraste Multidrill model
PL was applied for intact soil core sampling using a hydraulic hammer. This model is
typically used for standard penetration test (SPT) analysis, but in this case it was fitted
with a PVC tube adapted internally to the metal probe rod to allow undisturbed soil core
recovery. The soil cores were recovered in the PVC tubes with a 2.5” diameter in lengths
of 0.60 m. The cores were then sealed at both ends, labelled and stored in a cold room (46 ˚C) until further sub-sampling.
Soil sub-sampling and homogenisation

Sub-sampling was performed by opening the cores and recovering soil from specific
depths and putting the samples into sterile 15 ml plastic tubes. Sub-samples were taken
from the central, untouched part of the cores collected using a sterile spatula and
tweezers. After sub-sampling, the 15 mL plastic tubes were promptly frozen at -18 ˚C,
shipped to Denmark and kept frozen until DNA extraction.

To obtain a homogenous soil sample for distribution between the DNA extraction tubes,
a composite soil sample was produced by mixing 22.5 g of soil. This pool was composed
by mixing 1.5 g of soil from 15 selected soil sub-samples representing soil depths ranging
from 1.00 to 2.20 m, a depth range chosen on the basis of previous pilot studies. The pilot
studies showed that below the depth of approximately 2.20 m, no measurable DNA could
be recovered without using G2, which would make a comparison of microbial
communities between the extractions with and without G2 unviable. To proceed with the
DNA extraction, 0.4 g of the homogenised soil pool was placed in 51 lysing tubes. The DNA
extraction followed the protocol of the FastDNA® Spin Kit for Soil (MP Biomedicals, LLC,
Solon, OH, USA), but was modified with regard to the lysing tubes. For this study, different
types of lysing tubes were prepared using commercial products made by MP Biomedicals
and Ampliqon in order to test the effect of plastics, beads and G2. All the preparations are
summarised in Table 1. With these lysing tube combinations we aimed to compare the
microbial communities for samples extracted with: 1) tubes containing different bead
sizes (series compared: “g” with “h” and “i” and “a with “c” and “d”), 2) tubes containing
G2 (series compared: “a” with “b”; “e” with “g”; and “f” with “h”), and 3) different tubes
supplier (series compared: “a” with “i”; “c” with “g”; and “d” with “h”).

Table 1. All the lysing tubes used in the experiments.
Series

n

Tube

Beads

G2

a*

5

MP-Bio

Mixed

No

5

MP-Bio

1.4 mm

No

b
c
d
e*
f*
g
h
i
A-NEG+G2
A-NEG

5
5
5
5
5
5
5
3
3

MP-Bio
MP-Bio

Ampliqon
Ampliqon
Ampliqon
Ampliqon
Ampliqon
MP-Bio
MP-Bio

Mixed

0.1 mm
1.4 mm
0.1 mm
1.4 mm
0.1 mm
Mixed
Mixed
Mixed

Yes
No

Yes
Yes
No
No
No

Yes
No

*Products already commercialised, while the remainder are customised preparations. ANEG+G2 represents a negative control of the extraction with G2 added; A-NEG represents
a negative control of the extraction using the kit’s lysing tube without a sample. With
mixed beads, the intention was to have an exact proportion of 0.1 and 1.4 mm beads plus
a large 4 mm glass bead. When mixed beads are used, the final weight of the beads is
greater than the single type beads. It was decided not to modify this parameter since the
test was intended to compare already existing commercial products. The customised
preparations were made to evaluate the statistical effect of the different variables
involved. Ampliqon and MP-Bio define the different tube supplier: Ampliqon A/S
(Denmark) and MP-Biochemicals (Germany).
DNA quantification qPCR, library preparation and sequencing

Following the extractions, the DNA yields were measured using Qubit®2.0 fluorometer
(Thermo Scientific™). Qubit measurements were taken from all the tube preparations in
triplicates and the average results reported in Table in S1 Supporting Information. All
PCR reactions were prepared using UV sterilised equipment and negative controls were
run alongside the samples.

The qPCR with primers targeting the 16S rRNA gene was carried out on a CFX Connect™
Real-Time PCR Detection System (Bio-Rad). The primers used were 341F
(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-CCTAYGGGRBGCASCAG) and 806R
(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-GGACTACNNGGGTATCTAAT)
[27],
complete with adapters for Illumina MiSeq sequencing.

Single qPCR reactions contained 4 µL of 5x HOT FIREPol® EvaGreen® qPCR Supermix
(Solis BioDyne, Tartu, Estonia), 0.4 µL of forward and reverse primers (10 µM), 2 µL of
bovine serum albumin (BSA) to a final concentration of 0.1 mg/mL, 12.2 µL of PCR grade

sterile water and 1 ng of template DNA. A standard curve consisting of dilution series of
16S standard was prepared from DNA extracts of Escherichia coli K-12, with seven 16S
rRNA gene copies per genome [28]. The quantity of 10-1 16S standard was 8.45 × 107 16S
genes/µL. Quantification parameters showed an efficiency of E=87.7 % and R2 of 0.997.
The qPCR cycling conditions included initial denaturation at 95 °C for 12 min, followed
by 40 cycles of denaturation at 95 °C for 15 sec, annealing at 56 °C for 30 sec, and an
extension at 72 °C for 30 sec, with a final extension performed at 72 °C for 3 min.

Amplicon library preparation was performed by a two-step PCR, as described by Feld,
Nielsen (29) and Albers, Ellegaard-Jensen (30) with slight modifications. Sample
concentration was approximately 5 ng of DNA, and both PCRs were carried out using a
Veriti Thermal Cycler (Applied Biosystems). In each reaction of the first PCR, the mix
contained 12 µL of AccuPrime™ SuperMix II (Thermo Scientific™), 0.5 µL of forward and
reverse primer from a 10 µM stock, 0.5 µL of bovine serum albumin (BSA) to a final
concentration of 0.025 mg/mL, 1.5 µL of sterile water and 5 µL of template. The reaction
mixture was pre-incubated at 95 °C for 2 min, followed by 33 cycles of 95 °C for 15 sec,
55 °C for 15 sec, 68 °C for 40 sec, with a final extension performed at 68 °C for 4 min.

Samples were subsequently indexed by a second PCR using the following PCR protocol.
Amplification was performed in 28 μL reactions with 12 µL of AccuPrime™ SuperMix II
(Thermo Scientific™), 2 µL of primers complete with indexes and P7/P5 ends, 7 µL of
sterile water and 5 µL of PCR1 product. The cycling conditions included initial
denaturation at 98 °C for 1 min, followed by 13 cycles of denaturation at 98 °C for 10 sec,
annealing at 55 °C for 20 sec, and extension at 68 °C for 40 sec, with a final extension
performed at 68 °C for 5 min. The primer dimers formed in the PCR were removed, along
with PCR components, using a clean-up step. In this step, HighPrep™ PCR reagent
(MAGBIO) was used to selectively bind the DNA fragments to sequence according to the
manufacturer’s protocol. PCR products were finally checked by electrophoresis on a 1.5
% agarose gel. Samples were then pooled in an equimolar amount of 10 ng and sequenced
at Aarhus University (Roskilde, Denmark) on Illumina MiSeq instrument using 2x250
paired-end reads with V2 Chemistry.
Bioinformatics

Sequencing data were analysed and visualised using QIIME 2 v. 2017.9 [31].
Demultiplexed reads from the Illumina MiSeq were quality filtered using the plugin
quality filter with default parameters of QIIME2 [32]. Reads were then denoised, chimera
checked and dereplicated using a DADA2 denoise-paired plugin [33]. The output was
rarefied to the lowest sample at 16047 reads using qiime feature-table rarefy [34].
Thereafter a multiple-sequence alignment was performed using MAFFT [35] and
subsequently a phylogenetic tree generated using FastTree [36]. Alpha and beta diversity
analyses were performed through a q2-diversity plugin [37] with the core-metricsphylogenetic method on the rarefied sequence-variant table. For the alpha diversity, two
different parameters were measured: richness and evenness. Richness was measured
based on Faith-pd [38], while evenness [39] was reported through the Pielou score [40].
This produced box plots and PCoA plots visualised through Emperor [41]. Taxonomic
assignments were performed using qiime feature-classifier classify-sklearn in which a

pre-trained Naïve-Bayes classifier with Greengenes v_13.8 [42] was used. Taxa bar plots
were built using the plugin qiime taxa bar plot with different filtered, unfiltered and
grouped rarefied tables. All the data are available in the Sequence Read Archive (SRA)
with the accession number PRJEB24676.
Statistics

A statistical evaluation of the results was performed separately for DNA quantification
and sequencing dataset. For DNA quantification, assessments based on one-way ANOVA
followed by Scheffe’s test were performed. The ANOVA test indicates whether there is at
least one statistically significant (p-value below 0.05) difference in the whole dataset.
After this we performed a t-test, on Qubit and qPCR results, to evaluate the impact of G2
on the whole dataset. Scheffe’s method, instead, indicates which group comparison is
statistically significant (comparison score > critical Scheffe’s score). The critical value of
Scheffe’s method is calculated starting from the F-critic of ANOVA test multiplied by (N1), where N is the number of comparisons performed with Scheffe’s method. Scheffe’s
test was used here because it is less sensitive to an unequal number of samples
representing the different variables analysed. Furthermore Scheffe’s methods have been
used to reduce false positive results due to type I errors when multiple comparisons are
performed on the same dataset [43]. Both tests were applied to the dataset of the DNA
quantification obtained using Qubit and qPCR for the gene copy number. Since both
results were consistent and G2 is mainly used to obtain DNA for PCR-based downstream
applications, only the results of the qPCR are discussed. All statistical evaluations and
visualisations regarding DNA amount and gene copy number quantification were
performed in Microsoft Office Excel 2010.

Sequencing data after QIIME 2 pipeline processing (2.4) were statistically evaluated using
the Kruskal-Wallis test for alpha and beta diversity, a non-parametric method substitute
of ANOVA when the normal distribution of data cannot be assumed. The resulting p-value
of the alpha diversity comparison was based on the medians of different parameters
(richness and evenness) calculated between the different series analysed. Beta diversity
analyses were performed using both Kruskal Wallis and PERMANOVA with 999
permutations. Finally a statistical evaluation was performed of differentially abundant
features based on an analysis of composition of microbiomes (ANCOM). ANCOM
computes Aitchinson’s [44] log-ratio of relative abundance for each taxon, controlling the
false discovery rate (FDR) using the Benjamini-Hochberg procedure. This test is based on
the assumption that few features change in a statistical way between the samples, and
hence it is very conservative [45]. All these statistical tests were applied using QIIME2
v2017.9.
Results

The main aim of the present study was to evaluate the impact of the commercial product
G2 on DNA extraction from a silty clay soil layer between 1.00 and 2.20 m. Soil samples
description, defined as silty clay, was performed together with an experienced geologist.
G2, freeze-dried inside the lysing tubes, was applied with the purpose of preventing or
reducing the adsorption of environmental DNA onto the clay particles in the soil, thus
improving the recovery of nucleic acids during cellular lysis. This paper presents the

results of the impact of G2 on final DNA extraction efficiency and its possible impact on
the composition of soil microbial communities. Furthermore the G2 effect was compared
with other variables such as bead size and tube supplier in different commercialised and
customised lysing tubes, as summarised in Table 1.
G2 enhanced DNA recovery from deep soil layers

In order to test the influence of the presence of G2 on DNA yield, a series of extractions
were set up using different bead size and tube combinations. Following DNA
quantification via Qubit, the results were analysed. A first evaluation, using t-test to
compare the series that differ for the presence of G2, resulted in a p-value of 9.29*10-16,
indicating a higher yield when G2 is used. As seen in Fig 1A, the G2 component
consistently improved the DNA yield (Scheffe’s score > 27.612 – Table in S1 Supporting
Information). Fig 1A shows that there were differences between the different tube
preparations, irrespective of the presence of G2. Different bead combinations and tubes
without the addition of G2 were therefore tested. These variations could potentially be
attributed to the different beads and the plastic of the tubes (Fig 1B). The mixed beads
allowed greater DNA recovery compared to the use of either 1.4 mm or 0.1 mm beads,
regardless of the type of plastic tubes used (Scheffe’s score > 27.612 – Table in S1
Supporting Information). The differences in the DNA yield between the 1.4 mm and 0.1
mm beads were less pronounced, including for the differences due to the plastic
composition of the tubes. Mixed beads always allowed recovery of the highest DNA yield
in all the tube preparations in which they were used.

DNA Concentration ng/ul
DNA Concentration ng/ul
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Fig 1. Results based on Qubit quantification after DNA extraction expressed as
ng/µl.
(A) Comparison of three commercial products with and without G2. (B) Comparison of
three different bead sizes and the two tube types, without added G2. Values shown are
averages of n=3 independent measurements on n=5 biological replicates. Error bars are
calculated from the standard deviation for each series. There was a statistical significance
(Scheffe’s score > 27.612) for the three comparisons with and without G2 in test A, while
for test B, it occurred in the comparisons between mixed vs. 1.4 mm beads and mixed vs.
0.1 mm beads, but not between 1.4 mm vs. 0.1 mm beads or between the two tube
suppliers (Table in S1 Supporting Information).
Greater DNA yield corresponded to a higher number of 16S genes

Considering that G2 is a DNA-based product, this could potentially affect the Qubit
measurements since the signal recorded using a fluorescent dye is emitted when it binds
dsDNA. In such a situation there might be an overestimation of soil DNA from the Qubit

result. To examine whether this was the case, the copy number variation of a genetic
marker, such as the 16S rRNA gene for bacteria, was tested via qPCR.

The results of the qPCR (Fig 2 and in Table in S3 Supporting Information) confirmed the
trend observed with the DNA yield provided by the Qubit analysis. The ANOVA based on
the qPCR results described the dataset with a p-value of 1.0147*E-36 (Table in S4
Supporting Information). This meant that in all the data produced by qPCR, taking into
account the variance within and between groups, there was at least one difference that
was statistically significant. We therefore performed a t-test, comparing the sample with
and without G2, and it resulted in a p-value of 4.3*10-9, which indicate the statistical
relevance of the usage of G2. However, to identify all the other differences statistically
relevant in our database such as beads and tube suppliers, Scheffe’s method was applied
(Table in S2 Supporting Information). Based on these results, it was evident that G2
always allowed the recovery of the highest number of genes, while mixed beads also
improved gene recovery (Scheffe’s score > 26.117 – Table in S2 “a” Supporting
Information). These results were also evident and consistent when looking at the DNA
yield measured via Qubit, as reported in Table in S1 Supporting Information. The
comparison of different plastic tubes (Table in S2 “e” Supporting Information) showed a
non-significant difference. Instead, the beads used in lysis were shown to have a
significant effect on DNA yield (Table in S2 “b” Supporting Information) and, as discussed
below, also on microbial composition. From the Scheffe’s statistics, it was possible to
observe that the mixed beads from the original lysing tube of the FastDNA® Spin Kit for
Soil always recovered more DNA than the other bead preparations containing either 0.1
mm or 1.4 mm beads. Furthermore it was noted that although there was no statistically
relevant difference between the use of 1.4 mm or 0.1 mm beads, the results changed,
showing a statistical significance, when G2 was added (Table in S2 “d” Supporting
Information).

Evaluation of G2 Effect on Copy Number
Number of 16s Genes/ul
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Fig 2. 16S rRNA gene copy number variation after qPCR expressed as Genes/µl.
A comparison between three commercial products with and without G2. Values shown
are averages of n=3 technical replicates for n=3 biological replicates for each series. Error
bars are calculated from the standard deviation for each series. (*) Significantly relevant
comparison (Scheffe’s score > 26.117). (**) Not statistically relevant (Scheffe’s score <
26.117) (Table in S2 Supporting Information).

Furthermore, the results reported in Table S2 “c” Supporting Information considered the
possibility of basal contamination of the kit that may be relevant during the analyses or
alternatively the possibility of a source of contamination introduced during the G2 freezedrying process. In both cases, the control samples showed that basal contamination of
the kit did not affect the results, and furthermore that the freeze-drying process did not
introduce any more detectable DNA than the negative control.
To visualise this statistical evaluation based on all the different comparisons using
Scheffe’s method, the following procedure was applied: Scheffe’s score (Table in S2
Supporting Information) was averaged by grouping different comparisons based on the
variables examined, i.e. G2, bead size and tube plastic. The average score was then plotted
and the results shown in Fig 3. Calculations are reported in Table S5 Supporting
Information. The results illustrated in Fig 3 show that the main influence to DNA yield
came from the presence or absence of G2 in the lysing tubes, while the bead effect showed
a smaller, but still relevant, significance. The results related to the two plastic tubes tested
were non-significant.

G2

Plastic

Scheffe

Beads

Fig 3. Visualisation of the average score of the Scheffe’s test.
Visualisation of the average score of the Scheffe’s test of categories a, b and e, according
to Table in S2 Supporting Information, visualising the impact of G2 compared with the
effect of plastics and beads. The values on which this visualisation is based are reported
in Table in S5 Supporting Information.
Influence of G2 on the bacterial community structure

We also tested whether the use of G2 influenced microbial community composition, for
example by enriching particular taxa or skewing the relative taxa abundance between
samples. Hence, a subset of the DNA samples was sequenced for the V3-V4 region of the
16S rRNA gene. A statistical evaluation of the differences in alpha and beta diversity
allowed an assessment of the impact of G2 on the microbial community DNA from this
sample. Similarly, the impact of other variables, such as tubes and beads, on microbial
community DNA composition was also evaluated.
After data pre-processing through the QIIME2 pipeline, denoised and rarefied exact
sequence variants were obtained. From these, the effects of G2 and bead size on alpha
diversity were examined, focusing on two parameters: richness and evenness. These
results are summarised in Fig 4.

Fig 4. Alpha diversity analyses on G2 and bead impact on richness and evenness.
(a) Boxplot based on the Faith-pd index and comparing all the samples with G2 (n=7) and
without G2 (n=9). (b) Boxplot based on the Pielou-S score for evenness between samples
obtained with G2 (n=7) and without G2 (n=9). (c) Boxplot based on the Faith-pd index
and comparing all the samples with 0.1 mm (n=5), 1.4 mm (n=5) and mixed (n=6) beads.
(d) Boxplot based on the Pielou-S score for evenness on samples obtained with 0.1 mm
(n=5), 1.4 mm (n=5) and mixed (n=6) beads.

The presence of G2 did not statistically significant affect the richness (p = 0.08) or
evenness (p = 0.874) of the microbial community, as shown in Figs 4A and 4B
respectively. The same tests were applied to the results of the bead and tube comparison.
While the use of two different plastic tubes did not show any statistically significant effect
in terms of richness (p = 0.874) or evenness (p=0.322), this was not the case for the beads.
In particular, the use of mixed bead sizes introduced a significant negative difference in
richness when compared to 0.1 mm beads (p = 0.03), and in evenness when performing
the same pairwise comparison with 0.1 mm beads (p=0.01). This change in the microbial
community resulted in a smaller amount of sequence variants and evenness when mixed
beads were used.

A further analysis was performed of the differences between the samples’ beta diversity
using unweighted Unifrac and Bray-Curtis dissimilarity as metrics. These results were
visualised using principal coordinates analysis (PCoA) plots and statistically evaluated in
PERMANOVA. Fig 5 presents the PCoA plots showing the effects of the use of G2 (Fig 5A)
and different beads (Fig 5B). These plots were obtained with the unweighted Unifrac
distance matrix. The Bray-Curtis PCoA plot was consistent with this representation (not
shown). PERMANOVA tests were performed with 999 permutations on beads, tubes and
the G2 effect and the results are summarised in Table 2. These results showed that only
mixed beads had a statistically relevant effect on beta diversity in the present study’s
samples (p-value = 0.005 and 0.002). A PCoA plot of the tube type used did not allow a

clear distribution to be distinguished between the two different tubes (not shown) and
this was confirmed by the PERMANOVA analysis (p-value = 0.465) (Table 2).

Fig 5. PCoA plots obtained from the UniFrac distance matrix of the sequenced
samples
from
the
different
tube
preparations.
(A) Comparison of data obtained from samples with G2 (blue dots) and without G2 (red
dots). (B) Comparison of data obtained from samples using 0.1 mm beads (green dots),
1.4 mm beads (blue dots) and mixed beads (red dots).

Table 2. Results of the PERMANOVA analyses.
q-value

0.979

pvalue
0.499

1.639

0.005

0.0075*

Variable Groups

Pseudo f-

G2

Present /Absent
0.1 mm / Mixed

Beads
Beads
Beads
Tube

0.1 mm / 1.4 mm
1.4 mm / Mixed

Ampliqon/MP-Bio

0.907
1.715
0.979

0.787
0.002
0.465

0.499
0.787

0.006*
0.465

The first row refers to the use of G2, the second, third and fourth rows refer to the
comparison of different groups of beads, and the fifth row refers to the tube effect.
*Statistically relevant comparisons. Pseudo f- refers to the ratio between cluster variance
and within cluster variance; p-value is considered statistically relevant below 0.05; qvalue is an adjusted p-value for false discovery rate (FDR) when multiple comparisons
are performed.

The compositional bar chart made on phylum resolution (Fig in S7 Supporting
Information) shows that the bacterial communities of the DNA extracts with and without
G2 were not visually distinguishable. By contrast, when looking at the profiles using
different types of beads, these differences were more evident, especially between the
mixed beads compared with 1.4 mm or 0.1 mm beads. All the data reported so far were
obtained by excluding the negative control from the alpha and beta diversity analyses in
order to maximise the effect of the different variables reducing any false negative results.
This could be done after checking the composition of the negative control through a taxabar plot. The dominant taxa in the negative control belonged to the genus Ralstonia,
already reported and known to be common contaminants of kits and PCR reagents [46].
This taxon was filtered out of the other sample since it was present in low amounts (~0.1
% across the different series). Furthermore, the other taxa that appeared in the negative
controls were checked and since they were dominants in all the samples and represented
only a small fraction of the negative control, it was decided not to remove them. The taxa
composition (Fig in S1 Supporting Information) of the microbial community in the soil
horizon between 1.00 and 2.20 m was shown to be mainly composed of members of the
phyla of Proteobacteria, Actinobacteria, Acidobacteria and Chloroflexi. Archaea were also
present and the dominant phylum was Crenarcheota, representing 10 % of the total
relative abundance. For a better visualisation of the differences in terms of phyla
attributable to the different variables involved, Fig 6 shows a heatmap of the microbial
community composition of the dataset. Looking at the dendrogram on the left of Fig 6,
two main groups can be distinguished according to the beads in the second heatmap. The
use of mixed beads in particular altered the community profile, whereas none of the other
variables produced this effect.

Fig 6. Heatmap at phylum level of the sequencing dataset.
The logarithmic scale in which colour intensity determines the abundance of the taxa can
be seen in the bottom right-hand corner. The heatmap represents the samples grouped
by presence/absence of G2 (left legend), different bead sizes (middle legend), and
different tube suppliers (right legend). The names of the phylum are stated below. On the
left the dendrogram of similarity between all the samples is presented.
Finally, an ANCOM test was run in order to identify differentially abundant microbes in
the different groups of samples and determine which variables mostly affected the result.

Specifically, two different group comparisons were performed: one based on the
presence/absence of G2 when mixed beads were used, and the other based on the
difference between the use of mixed beads compared to 0.1 mm beads when G2 was used.
These two tests confirmed that G2 did not statistically alter any taxa among the samples,
as reported in Tables S8 and S9 Supporting Information. However there were four
statistically relevant differences between the use of mixed and 0.1 mm beads. None of
these four taxa belonged to the dominant fraction of the microbial community, but they
represented around 1 % of the microbial community. Three of them were barely
represented in the samples when 0.1 mm beads were used, while they were not present
at all when mixed beads were used. They belong to the phyla of Acidobacteria and
Gemmatimonadetes. Only one of these microbes was represented, at up to 1.36 %, when
mixed beads were used compared to the 0.1 mm beads and it belongs to the order of
Legionellales. The results of this last test are summarised in Tables S8 and S9 Supporting
Information.
Discussion

The use of G2 allowed the recovery of more DNA in all settings and samples, making it the
largest impact variable compared to the other variables of interest (tubes and beads). The
increased DNA yield found in the presence of G2 was in accordance with Bælum et al. [47]
and Jacobsen et al. [48]. The recovered DNA in the first case [47] was several orders of

magnitude higher, probably related to a higher clay content and/or the clay mineral type
increasing the retention capacity of the matrix on the released DNA. A 7.5-fold average
increase in DNA yield was obtained in the second study, which was an inter-laboratory
test [48].

To resolve whether the amount of DNA detected was derived from the microorganisms
dwelling in the soil and not to any residual G2, the impact on 16S rRNA gene copy
numbers was measured using qPCR (Fig 2). The output confirmed the same trend
observed for the Qubit results, meaning a significantly higher recovery of bacterial genes
in all tested cases. The combined use of qPCR and Qubit guarantees the best qualitative
and quantitative analyses of DNA [47, 49]. The differences between the measured DNA
amount and the gene copy number can be explained by the qPCR only being applied to
the bacterial population, leading to an underestimation of the total number of cells in the
samples. This could partially be compensated for by the copy number variations of the
16S rRNA gene in different bacterial populations possibly leading to an overestimation of
the recovered amount of cells within the present samples.

G2 allowed the recovery of the largest amount of DNA when combined with mixed beads,
but a relevant increase could also be observed by using just 1.4 mm beads, regardless of
the plastic tube used. The number of cells could be estimated from the 16S rRNA gene
numbers using the same methodology as Vishnivetskaya et al. [24], in which it was
assumed that the average 16S copy number for the microbial community was 3.6, based
on the observation of Klappenbach et al. [50]. This led to the calculation of a maximum of
3.7*105 cells g-1 of soil using G2 and 2*105 without G2. This value was lower than other
reported cell counts, such as 2.2*108 using the same kit, but in topsoil [24], a difference
that can be attributed to a deeper sampled layer. Comparing the present results with a
direct DNA extraction from a deep soil layer, such as the one performed by Taylor et al.
[51], a more similar value is obtained of around 1.2*106. Differences here could be related
to the different soil type and the different kit used for the DNA extraction.
The combination of the two statistical tests, ANOVA and Scheffe, allowed multiple
comparison analyses on a single dataset, as reported by Mermillod-Blondin et al. [52] and
Brown [53]. In addition to what is reported in Table in S5 Supporting Information and
visualised in Fig 3, it was interesting to note that although there was not a statistically
relevant difference between the use of 1.4 mm or 0.1 mm beads, the results changed when
G2 was added and showed a statistical significance (Table in S2 “d” Supporting
Information). This conversion might be due to the fact that 1.4 mm beads allowed
improved lysis of the cells in the sample, probably because of a better dissolution of the
soil particles, compared with 0.1 mm beads. However, if G2 was not added, most of the
extracted DNA was suddenly adsorbed to the clay particles of the matrix, preventing its
recovery.
To verify whether the use of G2 influenced the microbial composition, a subset of the DNA
extracted from the soil samples was sequenced for the 16S rRNA gene. An evaluation of
alpha diversity showed that evenness and richness did not change when comparing
samples obtained with and without G2 or when using different tubes. Non-residual
contamination of G2 has also been confirmed by Jacobsen at al. [48], where in-depth

sequencing did not show traces of the DNA originating from G2 in the final DNA extract
[48]. In contrast, bead size type had a statistically relevant effect on these two
parameters. The lower richness and evenness when mixed beads were used could be due
to the fact that most of the total DNA extracted came from the dominant fraction of soil
bacteria. Since these dominant bacteria were not selectively lysed by the 1.4 and 4.0 mm
beads alone, but were by the 0.1 mm beads, this ratio between dominant and rare taxa
would be maintained with every bead preparation, although the absolute number of lysed
cells would be different. However, the library size from each sample was not proportional
to the starting amount of DNA, leading to an uneven representation of rare taxa in the
sample with a higher starting amount of DNA. Since the reads belonging to the dominant
bacteria were sequenced multiple times for each sample, the richness when mixed beads
were used was slightly lower. This was a common issue in all the PCR-based surveys and
has also been confirmed by Gonzalez et al. [54]. The lower evenness was also expected.
In this case, samples from mixed bead tubes had a lower number of rare taxa, leading to
a greater imbalance between dominant and rare taxa and thus to less evenness. With a
larger amount of reads per sample, the effect on richness and evenness could probably
be cancelled out or reverted due to the sequencing depth effect [55]. Some of the
differences caused by uneven sequencing coverage could be reduced by performing a
rarefaction on the sample, as was done in this study, but cannot be avoided completely
[56].
In terms of beta diversity, only the use of mixed beads had an effect on the different
samples. The PCoA distributions presented in Fig 5A show a clear cluster belonging to
extracted mixed bead samples. The three bead sizes (0.1 mm, 1.4 mm and 4.0 mm) could
act together to provide a better dissolution of the sample and recover more DNA, but if
sequencing is not deep enough it could lead to the detection of a reduced number of taxa,
as was the case in this study. Furthermore, since commercial products were used here, it
is worth noting that the amount of beads differed between the MP-Biochemical tubes and
the Ampliqon tubes. In particular MP-Bio tubes have a higher volume of beads, and this
could explain some of the differences detected in terms of the amount of DNA and the
quality of the taxa. The synergistic bead effect, both positive and negative, was not
evaluated in this study. Furthermore, the PCoA plots presented in Fig 5, and then
confirmed by the PERMANOVA analyses (Table 2), showed that there was no statistical
difference in microbial composition between the samples with or without the use of G2
(Fig 5A) and also irrespective of the plastic tubes used (not shown). Finally, in terms of
taxonomic composition of the microbial community (Fig in S1 Supporting Information),
these results are consistent with Janssen [57] and He [58] with regard to the dominant
phyla of Proteobacteria, Actinobacteria and Acidobacteria in soil at different horizon
levels.
Conclusions

Based on DNA yield quantification and gene copy-number detection after qPCR, the
current study demonstrated that the use of the commercial product G2 DNA/RNA
Enhancer® (Ampliqon A/S, Odense, Denmark) increased the amount of DNA recovered
from composite and homogenised silty clay soil samples. Furthermore, the use of G2 did
not introduce any significant differences in the richness or evenness of the bacterial

community obtained after amplicon library sequencing when compared with those
samples sequenced without the addition of G2. The two plastic lysing tubes tested had no
effect on either the yield or the composition of the microbiota.

In contrast, the use of different bead sizes had a significant effect. A higher DNA yield was
obtained with the simultaneous presence of differently sized beads. Moreover, the use of
mixed beads in this case led to a slightly lower richness and evenness in the taxa
distribution, an effect that could be explained by the sequencing depth. In terms of future
perspectives coming out of this study, it would be worth applying G2 to other kinds of
samples in which DNA recovery could be affected by proteins or other compounds biasing
downstream application.
These tests may provide useful information for the improvement of existing commercial
products in DNA/RNA extraction kits, raising awareness about the optimal choice of
additives.
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Figure S1: Compositional bar charts on phylum resolution comparing G2
presence/absence (left), beads-effect (middle) and differences among tube supplier
(right) with relative Taxonomic legend. The chromatic orders in the label start from the
top-most abundant and re-cycle every eight taxa.

Supplemental Material Tab. S1 - Scheffe score for Qubit dataset based on the difference series comparisons

27.61*

(*)

Scheffe

FAST tube + Mix beads FAST + G2

FAST tube + Mix beads FAST - G2

172.86

FAST tube + 1.4 mm beads - G2

FAST tube + 0.1 mm beads - G2

1.12

FAST tube + Mix beads FAST - G2

FAST tube + 1.4 mm beads - G2

55.01

FAST tube + Mix beads FAST - G2

FAST tube + 0.1 mm beads - G2

71.78

Ampliqon tube + 1.4 mm beads + G2

Ampliqon tube + 1.4 mm beads - G2

292.02

Ampliqon tube + 0.1 mm beads + G2

Ampliqon tube + 0.1 mm beads - G2

46.50

Ampliqon tube + 1.4 mm beads + G2

Ampliqon tube + 0.1 mm beads + G2

132.48

FAST tube + 1.4 mm beads - G2

FAST tube + 0.1 mm beads - G2

1.12

Ampliqon tube + 1.4 mm beads - G2

Ampliqon tube + 0.1 mm beads - G2

1.54

Ampliqon tube + Mix beads FAST - G2

FAST tube + Mix beads FAST - G2

15.80

Ampliqon tube + 1.4 mm beads - G2

FAST tube + 1.4 mm beads - G2

0.31

Ampliqon tube + 0.1 mm beads - G2

FAST tube + 0.1 mm beads - G2

0.55

FAST tube + Mix beads FAST - G2

Ampliqon tube + Mix beads FAST - G2

15.80

Fast Tube + Mixed Beads + Neg + G2

FAST tube + Mix beads FAST + G2

675.95

Critic

-

calculated

based

on

DNA

amount

(172.86) Statistically significant

Supplemental Material Tab. S2: Scheffe’s test results comparison. A result is considered to be statistically relevant
when the Scheffe’s score is higher than the Scheffe’s critical value (Scheffe Critic = 26.117). * identify statistically
relevant comparison. while letters identify the category in which they belong. a: Comparison based on
presence/absence of G2. b: Comparison between mixed-beads and. respectively. 1.4 mm and 0.1 mm. c:
Comparison between the series A-NEG+G2 and B. A-NEG+G2 and A-NEG (all reported in Table 1) to show that.
based on the controls. G2 does not have any effect statistically relevant in terms of yield of DNA. d: Comparison
between different bead-size (1.4 and 0.1 mm) in presence/absence of G2 e: Comparison between the different
plastic tubes to evaluate the plastic-effect.
Scheffe Critic

First Comparison

Second Comparison

Scheffe Score

Fast tube + Mix beads + G2

Fast tube + Mix beads

139.74 a*

Fast tube + 1.4 beads

Fast tube + 0.1 mm beads

2.14

Fast tube + Mix beads

Fast tube + 1.4 mm beads

48.62 b*

Fast tube + Mix beads

Fast tube + 0.1 mm beads

71.14 b*

Ampliqon tube + 1.4 mm beads + G2

Ampliqon tube + 1.4 mm beads

136.41 a*

Ampliqon tube + 0.1 mm beads + G2

Ampliqon tube + 0.1 mm beads

10.64 a

Ampliqon tube + 1.4 mm beads + G2

Ampliqon tube + 0.1 mm beads + G2

85.78 d*

Ampliqon tube + 1.4 mm beads

Ampliqon tube + 0.1 mm beads

0.71 d

Ampliqon tube + Mix beads

Fast tube + Mix beads

0.24 e

Ampliqon tube + 1.4 mm beads

Fast tube + 1.4 mm beads

0.00 e

Ampliqon tube + 0.1 mm beads

Fast tube + 0.1 mm beads

0.37 e

Fast tube + Mix beads

Ampliqon tube + Mix beads

0.24

Fast Tube + Mix Beads + Neg + G2

Fast Tube + Mix Beads + G2

334.82 c*

Fast Tube + Mix Beads + Neg + G2

Fast Tube + Mix Beads + Neg

5.04 c

26.117

Supplemental Material Tab. S3 - qPCR copy-number results (quantification based on 16s Gene/µl)
FAST tube +
Mix
beads
FAST - G2

FAST tube +
Mix
beads
FAST + G2

FAST tube +
1.4 mm beads
- G2

FAST tube +
0.1 mm beads
- G2

Ampliqon tube
+ 1.4 mm
beads + G2

Ampliqon tube
+ 0.1 mm
beads + G2

Ampliqon tube
+ 1.4 mm
beads - G2

Ampliqon tube
+ 0.1 mm
beads - G2

Ampliqon tube +
Mix beads FAST
- G2

239.674

533.510

150.081

136.344

344.158

197.511

146.488

122.612

306.625

288.782

474.536

146.095

119.145

361.691

217.290

147.103

99.747

278.049

278.633

373.218

156.656

86.502

447.643

139.696

135.779

104.346

257.049

357.835

441.625

120.722

168.695

460.500

174.806

168.359

161.059

289.533

310.236

711.104

161.245

126.655

417.669

188.429

134.722

141.191

286.099

324.357

541.500

98.555

114.850

436.516

190.285

142.007

143.750

271.976

265.700

547.510

154.716

126.569

383.342

246.825

139.759

128.784

266.401

271.138

608.738

158.943

78.312

347.810

193.563

143.349

128.784

275.977

264.020

545.876

169.024

89.805

266.555

211.566

157.162

128.784

278.869

530.846

146.226

116.320

385.098

195.552

146.081

128.784

278.953

91.386

21.150

26.673

58.663

27.878

10.108

17.944

13.435

Average
288.931
Std.
34.101

Supplemental Material Table S4 - ANOVA Table based on qPCR dataset
Source of Variation

SS

Between Groups

1.58179E+12

Within Groups
Total

df

MS

F

P-value

F crit

93.2553326

1.0147E-36

2.0090249

9

1.75755E+11

1.39465E

+11

74

1.884.663.581

1.72126E

+12

83

Supplemental Material Table S5 – Figure 3 Calculation
G2

Beads

Tubes

139.74

2.1

0.00005

136.4

48.2

0.37

10.6

71.1

0.23

40.46667

0.200017

Average
95.58

S8 Supporting Information. ANCOM summary based on G2 comparison. (Online)
S9 Supporting Information. ANCOM summary based on beads comparison. (Online)
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Vertical stratification of microbial communities
in vineyard soils
This paper describe how the microbial community of soil cores, taken in
vineyards, differ along the depth in three different countries. This study was
conducted in order to fill a gap in the existing literature about which microbes live
in deep soil and how they are distributed between countries. Various
microorganisms detected are potential influencers of plant health via microberoot interactions while certain phyla strongly correlate with soil edaphic factors
suggesting a soil composition driven selective process. This work is currently
submitted to FEMS Microbiology Ecology.

This study was initially conceived by R.G. Santini and his Supervisor K. Kjaer and
included geochemistry analyses on soil cores using X-ray fluorescence techniques
combined with microbiological analyses. After the arising of unexpected problems
from the geochemical side I step more into the designing part of this work, where
we focused on the development of the microbiological section. I performed all the
experiments together with R.G. Santini which I trained in sequencing library
preparation and then I performed the bioinformatics data analyses. To fulfill our
goal we developed dedicated protocols which have been also resulting in
Manuscript 2. I assisted R.G. Santini in the interpretation of the results and wrote
parts of the manuscript.
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Abstract

A better understanding of the functional roles of microorganisms dwelling in different
soil horizons relies on their taxonomical identification. Due to the relatively small
number of studies that evaluate deeper soil depths, information about the changes in
microbial communities along soil profiles is limited, however. To fill this knowledge gap,
we retrieved 19 undisturbed soil cores taken down to depths of between 2.4 and 6 m
from vineyards in Australia, Spain and Denmark. For microbial assessment, we subsampled the soil cores at different depths and sequenced the 16S rRNA gene and the ITS
regions for, respectively, prokaryotes (313 samples) and fungi evaluation (63 samples).
Microbial communities were shown to vary significantly with depth and geography.
While several microbes’ taxa were detected solely in specific soil layers and countries,
some prokaryotes were ubiquitous, dwelling at different soil depths, or depending on the
geographical conditions. Various microorganisms detected along the soil profiles are
potential influencers of plant health via microbe-root interactions, including the deep,
fine roots found in plants such as grapevines. In addition, several bacterial phyla were
correlated with soil edaphic factors, suggesting a strong effect of soil composition in
shaping the microbial communities.

INTRODUCTION
Even though soil profiles can extend to many metres’ depth, soil microbiology studies
focus mainly on the uppermost part, and generally the upper 0.25 m (1-3). Compared
with deeper horizons, findings within the topsoil often show a significantly higher
microbial density (1, 4, 5), a higher microbial diversity (1, 2, 6) and a differing
composition (3, 5, 7). Despite such observations, the microbial communities dwelling in
deeper soil profiles have important roles in carbon sequestration (8), nutrient cycling (9,
10), mineral weathering and soil formation (11, 12), contaminant degradation (11) and
groundwater quality (9). In addition, the phylogeny and taxonomy of the microbial
communities found in the deeper soil layers have hardly been studied hitherto (3). Such
microbial community structures and diversity can therefore provide indispensable
information for a better understanding of the soil system.
Soil microbial communities in forests and agricultural systems are important for
nutrient transformation, mineralisation and cycling and plants’ root absorption, and are
thus important for plant growth and productivity (13, 14). Another important positive
influence on plant development is the symbiotic association between a wide range of
microbes and plant roots (13, 15). On the other hand, two main negative effects of soil
microbes on plant development are the presence of microbial pathogens and the
bacteria-plant nutrient competition (13). Taking into consideration that these direct and
indirect interactions all occur along the soil profile where the roots are found, deeprooted plants, such as grapevines, can be expected to be influenced by the microbial
communities found in the deeper soil layers.

The objective of this study is therefore to investigate the vertical distribution of
microbial communities in vineyards in different geographical regions (Australia, Spain
and Denmark) with expected different soil properties. We hypothesise that distinct
microbial communities are adapted to different soil depths, with decreasing microbial
diversity with depth. Soils for this study were collected in vineyards located in the
countries mentioned above, from drill cores up to six metres long, a depth considered not
uncommon for the vertical extension of grapevine roots (16). The soil-bacterial and
archaeal communities were recovered via 16S rRNA gene sequencing, and information
about soil-fungal communities was obtained through sequencing of the ITS region.
MATERIAL AND METHODS
Site descriptions

The three vineyards studied are located in: (1) the Margaret River region of southwestern
Western Australia (33°49'22”S, 115°2'34”E); (2) the municipality of La Horra, Ribera del
Duero region, north-central Spain (41°43'47”N, 3°53'29”W); and (3) Sjællands Odde, a
peninsula in Odsherred municipality, located on the northwest coast of Zealand, in
Denmark (55°57'21”N, 11°25'21”E) (Figure 1).

Figure 1. Vineyard areas and soil core-sampling locations. (A) La Horra, Ribera del
Duero region, Spain, (B) Sjællands Odde, Denmark, and (C) Margaret River, Australia.

The soil from the vineyard in Western Australia is classified as a Chromosol, formed as a
result of pedogenic processes during laterisation of the original geological strata (17, 18).
Chromosol is a chemically weathered soil, mainly composed of Fe, Al, Ti, and Mn oxides,
and generally lacking basic cations and primary silicate (19). The Spanish vineyard is
located in the eastern domain of the Tierra de Campos facies, which is predominantly
shale, interbedded by cross-bedded sands and gravels and calcareous horizons, which
are regarded as being formed in a marginal part of an alluvial depositional setting (20).
The Danish vineyard is situated at an intersection of glacial deposits from the last
glaciation of the area, and onlapping postglacial sediments (21).

Soil core sampling and soil aliquot preparation

The undisturbed vineyard soil cores from Australia, Spain and Denmark were extracted
during March 2016, September 2016 and August 2017, respectively. Soil cores were
collected at an approximate distance of between 0.2 and 0.3 m from grapevine stems.
Figure 1 shows soil sampling locations while Supplementary Table 1 presents soil core
information.

The eight soil cores collected in Australia and the five cores collected in Denmark were
obtained using the direct push technology, through a Geoprobe® model 6610 (Kejr, Inc.,
USA). In Spain, the six soil cores were collected using a Fraste Multidrill model PL (Fraste
Spa, Italy), with a hydraulic hammer with a PVC tube adapted internally to the metal
probe rod, allowing undisturbed soil recovery.

The collected soil cores were sub-sampled at several depth intervals, resulting in 12 to

22 sub-samples per core, depending on the final core depth (Supplementary Table 1).
Sub-samples were taken from the central, untouched part of the cores, using a sterile
spatula and tweezers. A total of 332 sub-samples were obtained from the, in total, 19 soil
cores. The soil-core sub-sampling services were performed at the laboratories of the
South West Institute of Technology (Western Australia), at the Spanish winery laboratory
and at the University of Copenhagen (Denmark). The sub-sampled soil aliquots were
transferred to individual 15-ml sterile plastic tubes and stored immediately at -20oC.
Soil properties

Soil pH was evaluated by mixing the freshly sampled soil and distilled water in a ratio of
1:2 (by volume). After one hour of incubation, the samples were measured with a pH
probe (Hanna pH meter HI 98217, Hanna Instruments, USA). The pH values were
characterised according to Schoeneberger et al., 2012 (22).

Sample preparation and analysis of total organic carbon (TOC) and nitrogen (N) were
performed following the capsule method, based on established protocols (23, 24). Three
soil cores from Australia, two from Spain and one from Denmark were selected for TOC
and N analysis. From each of these six cores, we collected and analysed five to six soil subsamples at depths of between 0.1 and 5 m.

Soil elemental analysis of the occurrence of Mg, Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Co, Ni,
Cu and Zn was performed using a non-destructive Itrax core scanner (Cox Analytical
Systems, Sweden). The Itrax core scanner applies X-ray fluorescence (XRF) spectrometry
for evaluation of the elemental variation.
DNA extraction

Soil DNA extraction was performed on the 332 sub-samples from the 19 soil cores, using
FastDNA® Spin Kit for Soil (MP Biomedicals, LLC, USA), combined with use of the
commercial product G2 DNA/RNA Enhancer® (Ampliqon A/S, Denmark), hereinafter
referred to as G2. Under controlled conditions, at the Ampliqon A/S facilities, 500 µL of
freeze-dried G2 was added to each lysing matrix tube from the FastDNA® Spin Kit for Soil.
Further information about G2 is available in Gobbi et al., in press (25).
To control the variability of the bacterial community within the same soil interval we
produced triplicates of six sub-samples (Supplementary Table 1), resulting in 18 samples.
A triplicate refers to three soil aliquots coming from the same 15-mL plastic tube, in this
way representing the same soil horizon interval.

As a negative control, to verify possible sequenced DNA coming from the G2 product, we
prepared five lysing tubes without soil addition, but with G2 added.

DNA extraction followed the FastDNA® Spin Kit for Soil protocol, and DNA yields were
measured using a Qubit® 2.0 fluorometer (Thermo Fisher Scientific Inc., USA).
Library preparation and Illumina MiSeq amplicon sequencing

Amplicon library preparation was performed as two-step PCR, as reported by Feld et al.
(29) and Albers et al. (30), but with minor modifications. In brief, the bacterial universal
primers 341f/806r and fungal ITS1f/ITS2r were used to amplify the 16S rRNA gene and
ITS regions, respectively. Further protocol details for 16S library preparation are
described in Gobbi et al. in press (25). For ITS library preparation, the protocol and the
cycle are the same as for 16S, except that Supreme NZYTaq II 2x Green Master Mix
(NZYTech, Lda. – Genes and Enzyme, Portugal) was used instead of AccuPrime™. Samples
pooled in equimolar amounts were sequenced on an Illumina MiSeq (Illumina Inc., USA)
instrument, using the V2 Chemistry kit with 2x250 paired-end reads.
From the 332 initial samples for library preparation for 16S rRNA gene sequencing, 20
were excluded as a consequence of non-measurable DNA. Counting the triplicates and
control samples, in total 327 samples were sent for 16S rRNA gene sequencing. For ITS
region sequencing, a total of 67 samples, coming from 4 soil cores, were selected for
library preparation. From this total, 4 samples were excluded and 63 were then sent for
sequencing (Supplementary Table 1).
Bioinformatics and statistical analysis

Sequencing data was analysed, statistically evaluated and visualised, using QIIME 2 v.
2018.2 [31]. The bioinformatics pipeline for DNA-sequenced data treatment was
performed in accordance with Gobbi et al. 2018 (in press) (25).

Statistical evaluation included tests for alpha and beta diversity, using the Kruskal-Wallis
method, which is a non-parametric method substitute for ANOVA when the normal data
distribution cannot be assumed. The resulting p-value of the alpha diversity comparison
was based on the medians of different parameters (phylogenetic diversity PD and
evenness), calculated between the different series analysed. Beta diversity analyses were
performed, using both Kruskal Wallis and PERMANOVA with 999 permutations. A
statistical evaluation was performed of differentially abundant features, based on an
analysis of the composition of microbiomes (ANCOM). ANCOM computes Aitchinson’s
(26) log-ratio of relative abundance for each taxon, controlling the false discovery rate
(FDR) using the Benjamini-Hochberg procedure. This test is based on the assumption that
few features change statistically between the samples, so that it is very conservative (27).
The relationship between the soil physico-chemical factors (pH, TOC, C:N ratio, Mg, Al, Si,
P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn) and the relative abundances of the main bacteria
and archaea phyla observed at different depths were evaluated, using linear correlation
(Pearson) in the StatPlus:mac LE v.6 program.

Data subsets
Soil profiles were divided into three categories: topsoil, medium layer and bottom layer.
Further microbial discussion corresponds to the samples from soil depth intervals
defined in these categories (Table 1).
Table 1. Soil depth intervals considered for discussion of microbial communities
Soil layer
Topsoil
Medium
Bottom
RESULTS

Australia

Spain

Denmark

Soil depth interval (m)
0-0.4
0-0.3
0-0.3
0.5-2.4
0.4-2.4
0.4-2.4
2.5-6
2.5-4.2
2.5-5

Soil properties
For the Australian samples, laboratory pH measurements at different depths of the soil
cores (Supplementary Figure 1) indicated neutral conditions at a depth of 0.5 m, with a
pH varying between 7.11 and 6.62, while measurements from further down, from a depth
of 1 m and up to 4 m, indicated pH values of between 6.58 and 4.30, which are classified
as slightly acidic to extremely acidic. Topsoil samples from Spain showed neutral to
strongly alkaline conditions, with pH varying between 7.16 and 8.57, while pH
measurements at depths of between 1 and 4.1 m indicated slightly alkaline to strongly
alkaline conditions (7.36 to 8.64). For the Danish samples, the measurements indicated
slightly acidic to neutral conditions in the topsoil, with pH varying between 6.31 and 6.99.
An exception was seen for soil core Ob5, presenting a topsoil pH of 7.82. Measurements
at between 1.5 and 5 m indicated slightly alkaline to strongly alkaline conditions, with
values ranging between 7.45 and 8.65.

The highest values of TOC and total N occurred in the top-most samples (0.1 m), except
for sample N in the core Bar1 (Spain), which showed a higher N value in the 0.5 m-depth
sample (Figure 2). From a depth of 1 m and down to 3 to 5 m, depending on the soil core,
measurement of TOC and N showed either relatively stable conditions, or less important
variations. For the three countries, the C:N ratio generally decreased with depth (Figure
2).

Figure 2. TOC, N and C:N ratio measurements for selected soil core profiles. (A) Per
cent of total soil organic carbon plotted on log scale, (B) Per cent of total N plotted on log
scale, and (C) C:N ratio.

Filtering and initial assignment of amplicon sequences
After 16S rRNA gene sequencing, we obtained 12,877,007 quality-filtered reads of a
minimum of 460 bp, with 10,459 to 128,705 sequences for each of the 313 samples. These
sequences represent a total of 94,177 features, of which 92,006 represent bacteria and
1,967 belong to the archaea kingdom, while 204 features are unassigned. From the total
bacteria and archaea features, 7,739 and 53, respectively, were only identified at
kingdom level. For the ITS region sequencing, we obtained a total of 3,389,068 qualityfiltered reads of 250 bp. They are divided into 63 samples, with 31,514 to 101,663 reads
for each sample. In total, the ITS data set included 7,569 features assigned to fungi, 6 to
protista, and 1 to chromista, besides 126 unassigned and 1 unidentified. Of the total
number of fungi features, 5,807 were only identified at kingdom level.
Alpha diversity

Prokaryote phylogenetic diversity (Faith’s PD) showed a slightly uneven distribution
between the vineyards (p = 0.024), with the Danish vineyard showing lower diversity,
compared to Spain and Australia (Figure 3). Moreover, comparing the different cultivars,
no significant phylogenetic diversity difference (p = 0.23) was measured. However, a
significant phylogenetic diversity difference (p < 0.001) was observed between the three
soil layers (top soil, medium layer and bottom layer). The phylogenetic diversity showed
a consistent decrease from the topsoil to the bottom layer.

A

B
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Figure 3. Alpha diversity box plots of prokaryotic phylogenetic diversity.
Comparison of prokaryotic phylogenetic diversity according to: (A) vineyard location, (B)
soil layers, and (C) cultivar.

The phylogenetic diversity distribution of fungi followed a similar trend as observed for
prokaryotes (Figure 4). Even though vineyard location did not result in a significant
difference in terms of number of species (p = 0.225), the three soil layers, defined
according to depth intervals, showed significant phylogenetic diversity differences (p <
0.001). The topsoil revealed higher phylogenetic diversity, especially when compared
with the bottom layer. Because only one cultivar per vineyard was considered for fungi
evaluation, no phylogenetic diversity was measured for this parameter.
A

B

Figure 4. Alpha diversity box plots of fungi phylogenetic diversity comparison.
Comparison of fungi phylogenetic diversity according to: (A) vineyard location and (B)
soil layers.

Beta diversity
Applying principal coordinate analysis (PCoA) to visualise the result of the calculated
distance matrix, we obtained a significant (p ≤ 0.001) separation of the prokaryotic
communities, based on the vineyard’s geographical position (Figure 5). The samples’
similarity with each other includes a qualitative and (semi)quantitative evaluation of
the differences within the resulting data set. Samples from Denmark amid samples from
Australia are all from topsoil, while the samples from Denmark clustered closer to Axis 2
all come from glacial sediment deposits (diamict) found at average depths of 1.40 m.

Figure 5. Vineyard location influences soil prokaryotic composition. The graph
shows PCoA comparisons of prokaryotic (bacterial and archaeal) community
compositions unweighted UniFrac distance (n=313).

As a consequence of the significant distinct prokaryotic communities, depending on
vineyard geography, the influence of depth on the bacterial and archaeal communities
according to soil layers was evaluated independently per vineyard (Figure 6). Significant
distinct prokaryotic communities, depending on soil depth, were observed for the three
vineyards (p ≤ 0.001). Australian samples from the medium-depth layer plot at the
furthermost right-hand side of Axis 1 (Fig. 6A), near the cluster of the bottom layer, are
samples from soil layers at between 1.6 m and 2.4 m, and from the same soil core, K2. In
the Danish vineyard, the medium-layer samples, amid the bottom-layer samples, all come
from the same glacial sediment deposit layer (diamict). Furthermore, significantly
distinct prokaryotic communities were shown according to grape cultivar in Australia (p
≤ 0.001) and Denmark (p = 0.002). However, significant distinct prokaryotic communities
(p ≤ 0.001) also occurred between the soil cores of the same vineyard, including different

cores within the same cultivar.
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Figure 6. Soil depth influence on soil prokaryotic community compositions. The graphs
are PCoA comparisons of bacterial and archaeal Bray Curtis dissimilarity for samples
from (A) Australia (n=119), (B) Spain (n=99) and (C) Denmark (n=95).
In the same way as was observed for prokaryotes, a distinct fungal community
structure was observed, depending on the vineyard’s geographical location (p ≤ 0.001)
(Figure 7A). Due to the reduced number of samples, a PCoA of fungal communities’
distribution according to soil layers was created that included the three countries (Figure
7B). Despite the separation of the fungal-communities structure, depending on vineyard
position, samples from the topsoil and from the bottom layer, irrespective of vineyard,
are clustered according to respective soil layer, while medium-layer samples showed
more dispersed distribution (p < 0.001). The two topsoil samples amid the middle layer
samples correspond to the 0.3 m samples from the Spanish vineyard, while the samples
from 0.1 m are clustered with the other topsoil samples from Australia and Denmark.

Figure 7. Vineyard location and soil depth influence on soil fungal community
composition. The graphs are PCoA comparisons of fungal Bray Curtis dissimilarity from
samples from Australia (n=17), Spain (n=27) and Denmark (n=19). (A) country and (B)
soil depth effects on fungal communities.
Community structure and phylogenetic composition of prokaryotes

Based on the 313 samples evaluated after quality filtering, 1,415 taxa were identified,
with an average of 194 taxa per sample (std. dev. = 69). Taxa shared between the three
vineyard areas reached 726, while taxa shared between the three soil layers per vineyard
varied from 415 to 491. Further details of the taxa numbers for vineyards and soil layers
are shown in Figure 8. The term taxa applied here refers to the highest taxonomic level
identified.

Figure 8. Venn diagrams showing the prokaryote distribution of the 1415 taxa
detected in total. (A) Overlapping coloured areas indicate the number of taxa shared
between the vineyard locations and between pairs of these. Numbers in brackets indicate
taxa detected in only one out of the three countries (B, C and D) Overlapping coloured
areas indicate the number of taxa shared between the three soil layers, and exclusively
between pairs of soil layers, for samples coming from Australia, Spain and Denmark,
respectively. Numbers in brackets indicate taxa detected in only one out of the three soil
layers.
Counting the number of taxa shared between the soil layers per vineyard, the topsoil and
medium layer showed the highest values of shared taxa, in comparison with taxa shared
between medium and bottom layers, and between topsoil and bottom layer. Taxa
detected within the three different soil layers showed similar values in the three
countries, corresponding to 42% in Australia and Denmark, and 46% in Spain out of the
total number of taxa detected in the respective vineyard area.
Out of the total of 1,415 taxa identified, 946 occurred in less than 10% of the 313 samples,
while 41 were detected in more than 75%, and 16 in more than 90% of the samples. The

following five taxa, according to the higher taxonomic level, with the phyla specified in
brackets, are emphasised as occurring in more than 300 out of the 313 samples: member
of the families Syntrophobacteraceae (Proteobacteria) and Gaiellaceae (Actinobacteria),
member of the classes S085 and Ellin6529 (both Chloroflexi), and member of the order
iii1-15 (Acidobacteria).
Comparing the relative abundance of bacteria and archaea according to vineyard area,
the highest values of archaea occurred for samples coming from Denmark (14.4%),
followed by Spain (6.7%) and Australia (2.1%). Based on the higher taxonomic level
among the 48 archaea taxa, members of the SAGMA-X and Cenarchaeaceae families, both
belonging to Crenarchaeota phyla, were shown to be most abundant in the Danish soil.
SAGMA-X and Cenarchaeaceae were also detected in Spain and Australia.
From the 54 bacterial phyla identified in the samples from the three vineyard areas,
considering the entire soil profile evaluated, 10 phyla, besides one unclassified, showed
relative abundance dominance, reaching summed values of 76%, 85% and 88%,
respectively, in Denmark, Spain and Australia. These dominant phyla are: Proteobacteria,
Actinobacteria, Acidobacteria, Chloroflexi, Firmicutes, Verrucomicrobia, Bacteroidetes,
Nitrospirae, Planctomycetes and Gemmatimonadetes.

According to ANCOM test statistical results, of the 59 prokaryote phyla identified for our
samples, 17 belonging to bacteria and 2 to archaea showed significant differences
between the three vineyard areas. Running the ANCOM test for the class level, out of the
225 identified, 67 classes belonging to bacteria and 5 to archaea showed significant
differences between the three vineyard areas (Supplementary Table 2).
Based on soil bacteria documented as plant growth-promoting rhizobacteria (PGPR), 19
species belonging to the genera Azospirillum, Bacillus, Clostridium and Pseudomonas were
detected in our samples (Supplementary Table 3). Other genera with several members
described as PGPR were also identified in our samples, but not assigned to species level,
such as: Arthrobacter, Gluconacetobacter, Micrococcus, Flavobacterium, Rhizobium,
Azoarcus, Serratia and Enterobacter. Of the PGPR identified, members of Bacillus were
shown to be the most abundant, representing 0.7% in Australia, 0.8% in Spain and 1% in
Denmark.
Community structure and phylogenetic composition of fungi

The 63 sequenced samples provided 475 taxa belonging to the fungi kingdom, of which
65 are shared between the three vineyard areas. ANCOM test statistical results calculated
that, of these 65 shared taxa, 4 showed significant differences between the three vineyard
areas (Supplementary Table 4). The numbers of taxa identified in Australia, Spain and
Denmark were 206, 240 and 265, respectively. An observed pattern is the pronounced
reduction in the number of taxa at soil depths below 2.5 m. Comparing the topsoil with
the bottom layer, the numbers of identified taxa belonging to fungi were 161 and 13,

respectively, in the Australian vineyard, 184 and 17 in the Spanish vineyard, and 179 and
28 in the Danish vineyard. Compared with the topsoil, the number of taxa in the medium
layer also showed a reduction (117 in Australia, 121 in Spain and 170 in Denmark),
although this was less striking than for the decrease observed in the bottom layer.
Of the seven documented phyla belonging to fungi, six were detected in Australia and
Denmark (Ascomycota, Basidiomycota, Chytridiomycota, Glomeromycota, Rozellomycota
and Zygomycota) and five in Spain (the same as previously listed, except for
Rozellomycota).

As was the case for bacteria described as PGPR, we crossed the taxonomic data obtained
from our samples with fungi listed as potential phytopathogens associated with
grapevine diseases (28). Based on these listed fungi, 16 taxa were identified in our
samples. Moreover, five other genera with several species associated with grapevine
diseases were observed. Via the ITS region sequenced, it was not possible to reach species
level identification (Supplementary Table 5), however. Of these 21 taxa, 16 were
identified in just one or two samples from the corresponding vineyard, in general with a
relative abundance <0.7%. More widespread taxa, occurring in a higher number of
samples in the three vineyards investigated, and with a relative abundance generally >1%,
refer to Alternaria sp., Clonostachys rosea, Fusarium sp. and Fusarium solani. The genera
Cladosporium. Ilyonectria destructans was also frequent in the samples from the Spanish
vineyard, but did not occur in Danish and Australian vineyards. Relative abundance,
reaching values between 31.4% and 63.5%, was observed for Alternaria sp. in the
Australian vineyard, Cladosporium in the Danish vineyard, and I. destructans in the
Spanish vineyard.
Microbial communities according to soil layer - Prokaryotes

Evaluation of relative abundance within the soil core profiles, according to the three soil
layer intervals (topsoil, medium layer and bottom layer), showed Acidobacteria and
Proteobacteria among the four main phyla detected in the three vineyard areas and in the
three soil layers. Actinobacteria was also detected among the four main phyla in the three
soil layers from Australia and Spain, but only in the topsoil from Denmark. The other
phyla observed among the main four, considering relative abundance values, for each
vineyard and its respective soil layer are: Chloroflexi (medium layer in Australia and
Spain, and bottom layer in Denmark), Firmicutes (bottom layer in Australia and topsoil in
Spain and Denmark), Crenarchaeota (medium layer in Denmark and bottom layer in
Demark and Spain), and Verrucomicrobia (topsoil in Australia and medium layer in
Denmark). Individual relative abundances of these seven phyla varied between 7.7% and
39.6% (Supplementary Table 6). Evaluation of the main phyla-relative abundance
variations, depending on soil layers, is presented in Figure 9. ANCOM test statistical
results showed significant differences for relative abundances obtained in the three soil
layers for 9 out of the 11 phyla mentioned in Figure 9. Exceptions occurred for

Gemmatimonadetes and Actinobacteria (Supplementary Table 7).

Figure 9. Relative abundance variations of the main phyla within the three soil
layers. Phyla that showed relative abundance decrease ( arrow down ) and increase
( arrow up ) from the topsoil to the bottom layer in the Australian, Spanish and Danish

vineyards. Topsoil, medium and bottom layer respectively correspond to samples from
the following depth intervals in m: 0-0.4, 0.5-2.4 and 2.5-6 in Australia; 0-0.3, 0.4-2.4 and
2.5-4.2 in Spain; and 0-0.3, 0.4-2.4 and 2.5-5 in Denmark.

Regarding archaea, it should be noted that, while samples from the Danish vineyard
showed the highest relative abundance for this kingdom amongst the three vineyard
areas, important differences can be observed on comparing the three soil layers. Danish
samples from bottom layers showed a relative abundance of 39.6% for archaea, with
39.5% belonging to the Thaumarchaeota (Crenarchaeota) class. For comparison, in the
topsoil archaea represented 5.4% and in the medium layer 14.9%, of the prokaryotes’
relative abundance.
Evaluating the higher taxonomic levels for the different soil layers, a series of bacterial
taxa occurred as dominant in the three vineyards and in the three soil layers: iii1-15,
Gaiellaceae, S085, Syntrophobacteraceae and Ellin6529. These five taxa are the same as
previously described as occurring in more than 300 out of the 313 samples evaluated,
and according to ANCOM test statistical results, there are no significant differences in the
relative abundance of these between the three soil layers in the three vineyard areas.
ANCOM calculated that the other 203 taxa have significant relative abundance differences
between the three soil layers in the three vineyards (Supplementary Table 8.).

Regarding PGPR, we identified 60 taxa belonging to Rhizobiales, divided into 13 families,
including two unclassified. On comparing the relative abundance of Rhizobiales in the
three soil layers, a reduction by depth in the three vineyard areas occurred. Among the
13 Rhizobiales families identified in our samples, Hyphomicrobiaceae showed the highest
relative abundance. For members of the Bacillus genus, a relative abundance reduction
according to soil depth was also observed in the three vineyards. The other PRGP taxa
showed relative abundances generally lower than 0.1%, not allowing for good correlation
of the values between the different soil layers.
Microbial communities according to soil layer - Fungi

Observing phyla occurrence in the different soil layers (Figure 10), Chytridiomycota,
Glomeromycota and Rozellomycota were not detected in the samples from the bottom
layers, while Zygomycota showed a decrease in relative abundance in the soil-core
bottom layers in the three vineyard areas.

A remarkable variation for our samples, on comparing relative abundances in the topsoil
with the bottom layers, is the increase in unidentified fungi, especially for the Australian
and Spanish vineyards. In these, the values in the topsoil were 28% and 15.7%,
respectively, while the values for the bottom layers were 50.3% and 56.7%. In the Danish
vineyard, unidentified fungi reached 52% in the bottom layers, although topsoil samples
also showed a high value of 45%. Of the 5,807 features identified only until fungi kingdom
level, 1,998 were detected in the Australian vineyard, 1,979 in the Spanish vineyard, and

2,020 in the Danish vineyard. Of these features, only 29 were detected in all the three
vineyard areas, in addition to 21 shared between Australia and Spain; 53 between
Australia and Denmark; and 29 between Spain and Denmark.

Unidentified features that occurred more than 10 times in the dataset were 1,094 in
Australia, 1,154 in Spain and 1,147 in Denmark. From each vineyard area we blasted the
five most predominant features (counts between 23,445 and 84,982) and the taxonomy
reports generally showed a high score for uncultured fungi in the three vineyard areas,
besides Alternaria sp., Phialocephala sp. and Neonectria sp. in Australia; Ilyonectria sp.
and Dactylonectria sp. in Spain and Mortierella sp. in Denmark. Moreover, we checked the
main shared features, considering an occurrence higher than 100 times in the three
vineyard areas. The blast taxonomy report on the six features belonging to this main
shared group showed a high score for uncultured fungus, Cladosporium sp., Meyerozyma
guilliermondii Alternaria sp. and Truncatella sp. Most of the features of unidentified fungi
detected in each vineyard area occurred exclusively in a specific soil layer, and only one
feature in the Australian and four in the Danish vineyard occurred in the three soil layers.
The occurrences of these shared features were 21,538 in Australia and between 107 and
12,217 in Denmark, and the blast showed that they seem to be assigned to uncultured
fungus, besides Alternaria sp. in Australia, and Meyerozyma guilliermondii and
Cladosporium sp. in Denmark.
Evaluation of the relative abundances for the higher taxonomic level identified per
vineyard area according to soil layer generally showed a difference between those that
were dominant (Supplementary Figure 2).

Figure 10. Fungi phyla relative abundance variation in the three soil layers per
vineyard area. (A) Australian samples showed an increase in unidentified fungi and
Ascomycota in the bottom layer, with a reduction in Basidiomycota and Zygomycota. (B)
In Spain, the relative abundance of unidentified fungi greatly increased in the bottom

layer, while Ascomycota and Zygomycota decreased. (C) The Danish vineyard mainly
showed an increase in Ascomycota in the bottom layer. Unidentified fungi in the topsoil
were the highest from the three vineyard areas. Basidiomycota and Zygomycota were
reduced in the bottom layer.

For the yeast group, we identified 15 taxa belonging to the Saccharomycetales order. The
relative abundance variance of Saccharomycetales showed the same pattern of increase,
with depth in the three vineyard areas. While Saccharomycetales relative abundances in
the three vineyards were not detected above 0.42% in the topsoil, nor above 2% in the
medium layer, bottom layer samples showed values of 26.7% in Australia, 29.2% in Spain
and 17.8% in Denmark. Overall Saccharomycetales was the most abundant taxa identified
in the bottom layer.
Contrary to what was observed for Saccharomycetales, taxa belonging to the Hypocreales
and Mortierellales orders showed poor occurrence or were not detected in the bottom
layer, while occurring amongst the most abundant taxa in the topsoil and medium layer.
Correlation between prokaryotic communities and soil edaphic factors

Variances with depth of measured pH, TOC and C:N were independently correlated with
the main bacteria and archaea phyla relative abundances (Table 2). The relationship
analysis between pH and the main phyla of samples from the Danish vineyard showed a
statistically significant correlation (p < 0.05) for five groups. Positive significant
correlation between pH and phyla occurred for the relative abundance of Crenarchaeota
and Chloroflexi, and negative correlation was observed for Acidobacteria, Firmicutes and
Proteobacteria. Australian vineyard samples showed a significant negative correlation
between pH and Crenarchaeota, and a positive correlation for Verrucomicrobia. While the
samples from the Spanish vineyard only showed a significant negative correlation
between pH and Firmicutes.

Variations with depth in TOC and the main phyla-relative abundances showed significant
positive (p < 0.05) correlation for Acidobacteria in the Spanish vineyards, for
Actinobacteria in the Australian vineyard, and for Bacteroidetes and Firmicutes in the
Danish vineyard. For variation with depth of the C:N ratio and bacteria, significant
correlation only occurred for Acidobacteria in the Spanish vineyard and Actinobacteria in
the Australian vineyard. However, several soil elements showed significant correlation
(p < 0.05) with phyla relative abundances (Table 2).
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Soil prokaryotic community composition and diversity

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Our findings for the uppermost soil layer, as compared with deeper soil horizons,
are consistent with an often-significant higher microbial density, in general
associated with a higher diversity (1, 2, 4-6). Varying microbial composition with
depth, such as reported by K. G. Eilers et al. (3), , M. Hartmann et al. (5), C. M. Hansel
et al. (7) and M. Sagova-Mareckova et al. (29), was also confirmed, in our PCoA plots
and by the statistically significant differences obtained between the communities
found in the topsoil, medium layer and bottom layer. On comparing topsoil with the
medium layer in the three vineyard areas, microbial communities dwelling in
deeper horizons showed a lower diversity. A substantial number of taxa identified
in the bottom layer were shared with the upper soil layer; although numerous
unique taxa were only detected at this deeper layer. These microbial diversity
patterns at deeper soil depths have also been identified in other studies (3, 30, 31).
Despite a significant prokaryotic communities difference, depending on grape
cultivar, the fact that soil cores from the same vineyard and the same cultivar also
showed significant differences in these communities corroborates the general
concept that high microbial diversity differences can be found at very small scales
(32).

A reported increase of archaeal:bacterial ratio with soil depth (7) was also observed
in our samples from the three vineyard areas. The remarkable relative abundance
increase with depth for archaea in the samples from the Danish vineyard is probably
the result of the different pedogenic processes in this area. The local sediment at
depths below around 1.4 m is a diamict, which is a non-genetic term defined as an
unsorted, or poorly sorted, sediment in a wide range of particle sizes (33). This
material was deposited by the last Scandinavian ice sheet advance, flowing from
central Sweden into Denmark, and during its subsequent withdrawal that took place
during the Late Weichselian, (between 25 and 17 thousand years ago) (34). Younger
deposits above the diamict are ‘glaciofluvial sand and gravel’ and ‘marine sand and
gravel’ (35). Soil horizons inhabited by microbes coming from the original
depositional material, and that have persisted over time, were previously reported
(36, 37). Thaumarchaeota, which is the main archaea class detected by us in
Denmark, is known to be abundant in marine sediments (38), with considerable
detection at greater soil depths (3, 5, 7). Thaumarchaeota species are involved in
nitrogen cycling, including all known ammonia-oxidizers archaea, besides other
archaea groups with unknown energy metabolism (39). In several studies
Thaumarchaeota is regarded as a new phylum, as proposed by C. Brochier-Armanet
et al. (40). However, in accordance with the Greengenes taxonomy employed in this
study, it is still included as a class of the Crenarchaeota phylum.
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Proteobacteria and Acidobacteria are referred to as the most abundant bacterial
phyla within soils (41). These two phyla have also been detected amongst the main
phyla in studies of vineyard topsoil (42, 43), and we demonstrate that this is also the
case for the topsoil in our studied vineyards. Most soil samples analysed for bacterial
communities evaluation come from the uppermost soil layer; and therefore phyla
distribution at greater depths is still poorly understood (3). Despite the detection of
Proteobacteria and Acidobacteria as the main phyla within the soil profiles from our
three vineyard areas, we observed gradual reductions in the relative abundances of
Acidobacteria in all three vineyards, and also a reduction with depth of
Proteobacteria in the Spanish and Danish vineyards. Relative abundance reductions
of Proteobacteria with depth have previously been reported (3, 31). However, other
studies have also detected the opposite, i.e. increases of this phyla at greater depths
(44, 45). For Acidobacteria, different studies have not shown any clear shifts (3, 29,
44), while other findings report increases of Acidobacteria at greater depths (7, 45).
Due to the different study locations, soil type, and land use and management, these
inconsistencies suggest the importance of site-specific soil physico-chemical
characteristics, which influence the bacterial community composition (3, 46). Sitespecific characteristics can also be the reason for the decrease with depth of
Firmicutes at our Spanish and Danish vineyards, while we observed an almost
threefold increase of Firmicutes relative abundance with depth at our Australian
vineyard. Firmicutes in the bottom layer of samples from Australia reached a relative
abundance close to that of Proteobacteria, the latter being the main phylum
observed within this deeper layer. Western Australian soils are highly weathered,
which implies a lack of basic cations, and that they are iron rich and have an acidic
pH (47). Firmicutes are referred to as thriving in extreme environments (48). Higher
relative abundances of Firmicutes at deeper soil depths have been reported (7, 29,
45), but also reduced abundances, e.g. in C. Will et al. (2).
As observed for our three vineyard areas, a relative abundance reduction with depth
for Verrucomicrobia has also been reported in other studies (2, 3, 7, 44). Moreover,
K. G. Eilers et al. (3) and C. M. Hansel et al. (7) detected an increase in the relative
abundance of Verrucomicrobia in the soil layers just below the topsoil, followed by
a reduction at greater depths, which is a similar pattern to that observed for the
Danish vineyard. Knowledge of Verrucomicrobia is still limited, other than that they
are ubiquitous in soils (49) and suggested to be free-living decomposers, with the
Spartobacteria as the dominant class (31). The genus DA101, belonging to
Spartobacteria, was indeed detected in our three vineyard areas and found to be
dominant in the topsoil and medium layer samples from the Australian and Danish
vineyards. The functional role of DA101 is not yet fully understood, but recent works
indicate that it is a widespread global soil species (50, 51). Also belonging to
Verrucomicrobia, two unidentified members of the Pedosphaerales order showed
broad detection in our three vineyard areas.
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Plant growth-promoting rhizobacteria
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Nineteen species recognised as PGPR were detected in this study, indicating
potential interaction of these bacteria with the grapevine roots and aboveground
grapevine organs. Examples of the species identified include: Azospirillum brasilense,
Bacillus muralis, B. firmus, B. endophyticus, Clostridium butyricum, Pseudomonas
stutzeri and P. fragi (Supplementary Table 3). In addition, several genera containing
members described as PGPR were identified in our samples, but these genera could
not be assigned to a species level. I. Zarraonaindia et al. (43) found a correlation
between bacteria in the soil and in the above-ground parts of grapevine organs,
suggesting soil as a main microbial reservoir potentially influencing grapes and
wine typicity. However, for further consideration based on our findings, evaluations
of the microbial communities dwelling in the rhizosphere and grapevine organs
(roots, leaves, flowers and grapes) are recommended.
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The relative abundance reduction of Rhizobiales with soil depth in the samples from
the three vineyard areas is consistent with previous observations, showing a
positive correlation with the C:N ratio (2, 52). Due to the close relation between
plant roots and Rhizobiales, as well as other PGRP, it can be inferred that, in addition
to C:N ratio, the relative abundance reduction with soil depth of these microbes is
also a result of the lower root density in the deeper soil layers. Lower root density
leads to a reduced rhizosphere, an area known to typically support a higher
microbial density than bulk soil (53). Studying grapevines, D. R. Smart et al. (54)
found that around 80% of the roots are located within the upper 1 m of soil, which
correlates with the decreased abundance of Rhizobiales with depth in our samples.
A higher abundance of PRGPs in the rhizosphere will probably increase the
population found in the bulk soil near the root zone. Besides the already well-known
relationship of Rhizobiales with legume species, this order is also widely found to be
associated with higher plants, with studies indicating beneficial functional
interactions with its hosts (55, 56).
Correlation between prokaryotic communities and soil edaphic factors

The statistically significant correlation between pH and relative abundances,
observed for five phyla in the Danish vineyard (Crenarchaeota, Chloroflexi,
Acidobacteria, Firmicutes and Proteobacteria), but just two phyla in the Australian
vineyard (Crenarchaeota and Verrucomicrobia) and only one phyla in the Spanish
vineyard (Firmicutes), are probably a result of the greater pH variance in the Danish
soil profiles. The soils in the latter showed a pH pattern of a slightly acidic to neutral
character in the topsoil, gradually shifting to a slightly to strongly alkaline character,
while the Australian and Spanish soil profiles were found to be acidic for the former
and alkaline for the latter. The Spanish soil profiles showed minor changes in pH
values with depth, potentially causing a less measurable influence in the microbial
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communities. A weak correlation between pH and microbial abundance, probably
as a result of small soil pH variation, is reported in C. Will et al. (2). Nevertheless, as
observed for the samples from the Danish vineyard and in other studies (57-60), pH
is considered to be one of the main drivers of bacterial community composition.

The effect of soil-carbon influencing microbial communities (60) was observed at
weak significant levels for our three vineyards, restricted to positive correlations
between TOC and Bacteroidetes and Firmicutes in the Danish soil profiles, to
Actinobacteria in the Australian soil profiles, and to Acidobacteria in the Spanish soil
profiles. Significant positive correlation with the C:N ratio was only observed for
Actinobacteria in Australia and Bacteroidetes in Denmark. One reason for such an
outcome might be the small numbers of samples available for these evaluations.

Bacteria and archaea main phyla showed significant correlation with most of the
elements evaluated (Al, Si, P, S, Cl, K, Ca, Ti, Mn, Fe, Ni and Cu). The same element
was shown to correlate either positively or negatively with different phyla, which
was consistent with studies showing different bacteria inversely reacting to
environmental changes in the soil. Such differences in the bacteria response to
environmental factors are probably the result of adaptation mechanisms and
intrinsic distinct tolerance levels, supported by these microorganisms (61-63).
Exceptions occurred for Cr and Zn, which for all the significantly correlated phyla
showed positive relationships. Based on the literature accessed, contrary to the
abundant information available correlating soil pH and carbon content with
bacterial community composition, there is still an information gap concerning the
correlation between soil chemical constitution and microbial community
composition. Data corroborating our findings of significant negative correlation
between soil elements and phyla refers to: K and Ca and Proteobacteria (57); K2O
and Proteobacteria (64); and Ca and Acidobacteriaceae (Acidobateria) (65). In the
same way, significant positive correlation is described for: S and Chloroflexi (64); Al
and Verrucomicrobia (64); K2O and Bacteroidetes (64); and Al and
Betaproteobacteria (Proteobacteria) (64). Inversely to our observations, negative
correlation between S and Acidobacteria and Actinobacteria is reported by S. N.
Yurgel et al. (64).
Actinobacteria in our Australian soil cores showed significant negative correlation
with Al, while positive correlation in the Danish soil cores. Al and Actinobacteria
presenting significant negative correlation have been observed in a study conducted
in acidic soil (64), a pH condition also observed in the Australian vineyard. Opposite
significant correlations were also observed between Verrucomicrobia and K in the
Australian and Danish soil cores, as a negative correlation for the former and a
positive correlation for the latter. Positive significant correlation between
Verrucomicrobia and K2O is reported by S. N. Yurgel et al. (64).
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In view of the measured variations in soil edaphic factors along the soil profiles, taxa
detected dwelling at different depths are described as being habitat generalist. On
the other hand, taxa restricted to a specific soil layer are categorised as being habitat
specialist (66); yet it might be the case that these taxa were not detected in our
samples in other soil horizons.
Soil fungal community composition and diversity

There are approximately 120,000 fungi species described worldwide (67), thus
representing only a fraction of the estimated global fungi diversity. In less
conservative numbers, these are estimated at 6 million species (68), but they more
probably range between 2.2 and 3.8 million (67). Consistent with such data, ITS
sequencing from our 63 soil samples showed relative abundances of unidentified
members of the fungi kingdom reaching 33.6% in the Spanish soil cores, 34.7% in
the Australian, and 44.1% in the Danish. It should be emphasised that out of the
7,569 features assigned to fungi, 5,807 of these were only identified to kingdom level,
and the 1,762 features identified at higher taxonomic levels represented 475 taxa.
Correspondingly, the 5,807 unidentified features most likely represent numerous
fungi taxa with varied relative abundances, and not a few taxa occurring in high
abundances.
In a global study of soil samples from natural communities, collected at a depth of
0.05 m, members of the Agaricomycetes class dominated all of the 11 ecosystems,
followed mainly by Sordariomycetes, Leotiomycetes, Eurotiomycetes and
Mortierellomycotina, with these four classes presenting relative abundance
variations according to ecosystem (69). Compared with these five most abundant
classes detected globally, our samples taken at 0.1 m depths showed
Sordariomycetes as the main class in the Australian and Spanish vineyards and the
second-largest class in the Danish vineyard. Mortierellomycotina was also detected
among the main classes observed in Spain and Denmark, but Agaricomycetes,
Leotiomycetes and Eurotiomycetes did not show values among the most abundant
classes. While Dothideomycetes in the Australian and Spanish vineyards and
Tremellomycetes in the Spanish and Danish vineyards occurred as the main fungi
classes, in the aforementioned global study these two classes were detected with
less important relative abundances in the natural ecosystems evaluated. Since the
samples evaluated here come from vineyards, such relative abundance differences
in the dominance of the fungal communities inhabiting the uppermost soil layer may
be a result of land-use change (59, 70). As reported by A. Orgiazzi et al. (70), who
evaluated soil samples taken at 0.2 m depths in a natural cork-oak forest, a pasture,
and a managed meadow, vineyard samples showed important relative abundance of
Zygomycota, after Ascomycota and Basidiomycota, which is the same pattern that is
observed in our topsoil samples.
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Important relative abundance variation with depths of different fungi phyla is
present in the current study. However, due to the lack of reported studies of
vertically stratified soil-fungi communities to the same depths as evaluated here, we
cannot properly compare the trends obtained. Most soil fungi research has been
performed within the uppermost soil layer. In addition, according to a research
review (71) and other more recent studies (72-75), fungi vertical stratification
assessment is mainly restricted to the upper 0.15 m of the soil profiles, or does not
reach depths > 0.6 m.
Dominant fungal taxa in our soil cores typically varied according to vineyard area
and depth of soil layer, probably indicating the recognised major influence of
climatic, biotic and abiotic factors on fungi community composition (69). The
changes in the fungi communities with soil depth are relevant for plants that develop
deep roots, since many fungi species influence plant health, and they act as biostimulants, biocontrol agents, decomposers and pathogens (76). For instance, for
our samples from soil depths below 2.4 m, the species Meyerozyma guilliermondii
and Cyberlindnera jadinii showed important relative abundances in all vineyards at
such depths, while they had low abundance or were non-detected in the overlaying
soil layers. Both species are yeast (order Saccharomycetales), with studies of their
biotechnological applications under way (77, 78). Several species of yeast are
described as presenting ecological functions influencing plant growth (79).
Moreover, the yeast population is normally in an order of magnitude that is higher
in the rhizosphere, compared with bulk soil (80). The same trend is thus expected
for the vineyards studied here.

Members of the Hypocreales and Mortierellales orders were abundant in all topsoil
and medium layer samples from our study, while they were poorly abundant or nondetected in the bottom layer. Mortierellales are saprobic organisms (81), while
Hypocreales are distinguished by the ability to derive nutrition from varied nutrient
sources (82). Several species of Hypocreales are commercially developed and
applied as biocontrol of plant diseases and pests, while others are subject to
research. Nevertheless, the genus Fusarium, belonging to Hypocreales and detected
within most of our samples, is a well-known potent plant pathogen (82). Hypocreales
is the largest class belonging to Ascomycota, with worldwide distribution, and
includes species with varied life modes, including saprobic, pathogenic or
endophytic species (83).
The combined functional diversity of the main groups detected in the different soil
layers (Saccharomycetales, Hypocreales, Mortierellales and Dothideomycetes) can be
related to the concept of soil health, which refers to soil as a living system influenced
by different processes and properties, and highly influenced by the soil microbiota
activity (76).
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Vineyard-associated diseases
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Soil samples from the three vineyard areas and from different soil-depth layers
showed 16 fungal taxa described as potential grapevine pathogens. Five other
identified genera, with several species, are associated with grapevine diseases (28).
Nevertheless, it should be emphasised that the detection of these phytopathogens is
not a direct indicator of plant infection. The total soil and rhizosphere microbial
activity and their interaction deeply influence the ability of a pathogen to affect plant
health severely (53). This total microbiome and its interaction are responsible for a
soil phenomenon known as ‘general disease suppression’. When disease
suppression is characterised by the action of specific microorganisms, it is referred
to as ‘specific disease suppression’ (53, 84). However, general suppression may
occur due to the absence of information about the action of specific microorganisms
involved in limiting either the survival or the growth of the pathogens (84). The
information retrieved here shows the potential applications of ITS region
sequencing in identifying the soil fungi associated with plant health.

252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272

In conclusion, this study expands the general understanding that microbial
communities composition vary significantly with depth and geography and also that
some prokaryotes are ubiquitous, dwelling in the different soil depths and countries
here evaluated. Considering the grapevine roots’ potential to reach deep soil depths
and the recognised association between roots and microorganisms, we identified
well-known plant-health associated microbes that significantly differed with soil
depth, including exclusive taxa detected in specific soil layers. The large knowledge
gap concerning soil fungi species was evidenced by the current study, with most of
the sequenced ITS region not being assigned in the database, requiring further
efforts for its identification. As a fundamental element of wine production and in
direct relation to plant health, more attention should be given to the soil fungal
species occurring in different soil layers.
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We prepared replicates of six sub-samples (Supplementary Table 1), resulting in 18
samples to detect the intra-variability of the bacterial and archaeal communities
within the same depths in different vineyards, and their soil cores. Replicates refer
to three soil aliquots taken from the same 15-mL plastic tube, in this way
representing the same soil horizon interval. PCoA comparisons of bacterial and
archaeal unweighted UniFrac distance for these samples showed clustering for each
group of replicates (Supplementary Figure 3).
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Supplementary Figure 3. Prokaryotes communities’ distribution according
soil replicates. Graph is PCoA comparisons of bacterial and archaeal unweighted
UniFrac distance. The six replicates refer to samples E1, E15, M2, M10, P1 and P16,
followed by the letters a, b, and c.

In relation to the G2 product negative-controls, from five samples prepared without
soil addition, but with G2 added, two showed measurable DNA. These two samples
were sent for 16s rRNA gene sequencing and only one passed the quality filtering.
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Based on the bacterial composition outcome of this control sample, we filtered out
a series of taxa from our samples. The taxa excluded refer to members of the
Ralstonia, Burkholderia and Pelomonas genera, all recognised as common
contaminants of DNA extraction kits and laboratory reagents (1).
1.
Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, Turner P,
Parkhill J, Loman NJ, Walker AW. 2014. Reagent and laboratory contamination can
critically impact sequence-based microbiome analyses. BMC biology 12:87.

Supplementary Figure 1. pH measurements along the soil profiles

511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530

Supplementary Figure 2. Relative abundances for the higher taxonomical level identified
per country according to soil layer. In general it is noticed a difference between the soil taxa
comparing soil layers from the same country. Topsoil, medium and bottom layer
correspond, respectively to samples coming from the following intervals in mbgl: 0.00-0.40,
0.41-2.49, 2.50-6.00 in Australia, 0.00-0-30, 0.31-2.49 and 2.50-4.20 in Spain; 0.00-0.30,
0.31-2.49 and 2.50-5.00 in Denmark.

OTHER SUPPLEMENTARY MATERIAL AVAILABLE ONLINE
Supp. Table 1. Soil cores information

Supp. Table 2. ANCOM results for prokaryotes at phyla and class levels

Supp. Table 3. List of reported and potential PGPRs detected on the samples
Supp. Table 4. ANCOM results for fungi at specie level

Supp. Table 5. Information of fungi associated with vineyard diseases

Supp. Table 6. Bacteria and Archaea phyla relative abundances (%) variation

Supp. Table 7. ANCOM results for prokaryotic phyla detected in the three layers

Supplementary Table 8. ANCOM results for prokaryotes detected in the three soil
layers in higher taxonomic levels.
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This paper includes an extensive characterization of the inner mycobiome of
grapevine trunks comparing asymptomatic with symptomatic plants affected by
Esca. We focused on the fungal community since the pathogens involved in this
disease are ascribed to this kingdom. This paper has been submitted to Frontiers in
Microbiology and it is actually accepted for revision.
This paper was conceived by G. Del Frari and myself as a significant achievement
towards the comprehension of the trunks microbial dinamycs occurring during the
establishment of a symptomatic condition, on grapevine leaves, affected by Esca
disease.
G. Del Frari and I developed the protocols and performed the experiments. I
analyzed and interpreted the data together with M. R. Aggerback and G.Del Frari. I
wrote part of the manuscript and revised the final draft.
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Abstract
Esca is a disease complex belonging to the grapevine trunk diseases cluster. It
comprises five syndromes, three main fungal pathogenic agents and several
symptoms, both internal (e.g. affecting the stem) and external (i.e. affecting leaves
and bunches). The etiology and epidemiology of this disease complex remain, in
part, unclear. Some of the points that are still under discussion concern the sudden
rise in disease incidence, the simultaneous presence of multiple wood pathogens in
affected grapevines, the causal agents and the discontinuity in time of foliar
symptoms manifestation. The standard approach to the study of esca has been
mostly through culture-dependent studies, yet, leaving many questions
unanswered.
In this study, we used Illumina® next-generation amplicon sequencing to
investigate the mycobiome of the wood of grapevines in a vineyard with history of
esca. We characterized the wood mycobiome composition, investigated the spatial
dynamics of the fungal communities in different areas of the stem and in the canes,
and assessed the putative link between mycobiome and foliar symptoms.
An unprecedented diversity of fungi is presented (289 taxa), including five genera
reported for the first time in association with grapevine’s wood (Debaryomyces,
Trematosphaeria, Biatriospora, Lopadostoma and Malassezia) and numerous
hitherto unreported species. Esca-associated fungi Phaeomoniella chlamydospora
and Fomitiporia sp. dominate the fungal community, and numerous other fungi
associated with wood syndromes are also encountered (e.g. Eutypa spp., Inonotus
hispidus). The spatial analysis revealed different abundances of taxa, the exclusive
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presence of certain fungi in specific areas of the plants, and tissue specificity. Lastly,
the mycobiome composition of the woody tissues in proximity to the canopy that
manifested foliar symptoms of esca, as well as in foliar symptomatic canes, was
highly similar to that of plants not exhibiting any foliar symptomatology. This
observation supports the current understanding that foliar symptoms are not
directly linked with the fungal community in the wood.
This work builds to the understanding of the microbial ecology of the grapevines
wood, offering insights and a critical view on the current knowledge of the etiology
of esca.

Introduction
The phyllosphere, rhizosphere and endosphere of grapevine (Vitis vinifera L.) are
characterized by the presence of complex communities of microorganisms that
constantly interact with one another and with the plant, affecting it positively,
neutrally or negatively (Bruez et al., 2014; Pinto et al., 2014; Zarraonaindia et al.,
2015). Until a decade ago, the approach to characterize the mycobiome - namely the
fungal community present in/on an organism - of grapevines, focused on culturedependent studies in which fungi were isolated in vitro and identified
morphologically and/or molecularly (Morgan et al., 2017). This approach remains
valid to this day, however it presents several limitations, such as the impossibility
of detecting uncultivable fungi, the bias of the cultivation conditions (e.g. growth
medium, incubation parameters) and the difficulty of isolating species present in
low abundances (Morgan et al., 2017). In recent years, technologies like nextgeneration sequencing (NGS) have improved in quality and reduced in cost, which,
in combination with ever more efficient bioinformatics tools, have allowed the
exploitation of this method in the study of the molecular ecology of environmental
DNA (eDNA) samples. In particular, DNA metabarcoding approaches have taken the
investigations of microbiomes to a new level, surpassing some of the limitations
which characterize culture-dependent studies. In fact, NGS studies have revealed a
higher diversity of taxa and accurate relative abundances in samples coming from
different environments, including the vineyard (Peay et al., 2016; Morgan et al.,
2017; Jayawardena et al., 2018). Despite these recent advances, cultureindependent studies describing the microbial endosphere of grapevines are still
scarce.
DNA metabarcoding is a promising tool to investigate the microbial communities
present in the wood of grapevines, as it may lead to a new understanding of the
complexity that characterizes grapevine trunk diseases (GTDs). This cluster of
fungal diseases affects primarily the perennial organs of the plants, such as the trunk
and roots, however secondary symptoms may be observed in leaves, bunches and
shoots. Overall, GTDs cause a loss in vigor, productivity, quality of the yield and
lifespan of the plants, with conspicuous economic consequences (Bertsch et al.,
2013; Fontaine et al., 2016; Hofstetter et al., 2012). GTDs pathogens are
phylogenetically unrelated, belonging to different families, orders and even phyla,
although plants infected may reveal similar symptomatology. For example, wood
discoloration and necrosis are symptomatology shared by all GTDs (e.g. Figure 1 C),
whereas the ‘tiger stripes’ pattern in the leaves can be attributed to both grapevine
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leaf stripe disease (GLSD; Figure 1 F) and black dead arm (Mugnai et al., 1999;
Larignon et al., 2009; Bertsch et al., 2013). Moreover, the simultaneous presence of
several possible causal agents in infected grapevines complicates the outline of a
clear etiological pattern (Bruez et al., 2016; Edwards and Pascoe, 2004; Mondello et
al., 2017). This is especially true in the case of esca, a disease complex consisting of
five separate syndromes (brown wood streaking of rooted cuttings, Petri disease,
GLSD, esca and esca proper) in which, according to current literature, several
pathogenic fungi play a role (Surico, 2009). These fungi may infect vines in the field,
where conidia or other propagules reach fresh pruning wounds and start colonizing
the xylem, or during the propagation process in nurseries (Gramaje et al., 2018). The
pathogens most frequently associated with the first three syndromes are
Phaeomoniella chlamydospora
and
Phaeoacremonium
minimum, two
tracheomycotic ascomycetes; while the latter two syndromes are associated with
the presence of the wood rotting basidiomycete Fomitiporia mediterranea (esca),
especially common in Europe, or with the simultaneous presence of both
tracheomycotic and wood rotting pathogens (esca proper) (Surico, 2009). Along
with these three players, other wood pathogens including, but not limited to,
members of the Diatrypaceae and Botryosphaeriaceae are often found in
symptomatic plants (Bruez et al., 2014; Edwards and Pascoe, 2004; Hofstetter et al.,
2012; Travadon et al., 2016). Studies that used the NGS approach to learn more
about the grapevine endosphere are scarce (Dissanayake et al., 2018; Jayawardena
et al., 2018) and none of them investigated the mycobiome of GTDs-affected plants.
This study focuses on a vineyard in Portugal, which ranks 11th in the world for wine
production, with a total vineyard area of 195 kha (Aurand, 2017). V. vinifera cultivar
Cabernet Sauvignon is the most cultivated worldwide, with a total vineyard area of
340 kha. It is considered susceptible to trunk diseases (Darrieutort and Pascal,
2007; Eskalen et al., 2007) and has already been cited in studies concerning the
microbial ecology of wood, phyllosphere and grapes (González and Tello, 2011;
Bruez et al., 2014; Morgan et al., 2017; Singh et al., 2018). This work aims to
investigate the fungal communities present in the wood of grapevines, in a vineyard
with history of esca proper. Three main objectives were set: (1) to characterize the
mycobiome of the wood of V. vinifera cv Cabernet Sauvignon, in a vineyard located
in the Lisbon area (Portugal), using Illumina® NGS; (2) to understand the spatial
distribution of the communities present in different areas of perennial wood and in
annual wood; (3) to understand whether there is a link between the microbial
communities of the wood and the expression of foliar symptoms of esca.
Materials and Methods
The vineyard
Field sampling took place in the experimental vineyard (Almotivo) of the Instituto
Superior de Agronomia, in Lisbon (38°42'32.7"N, 9°11'11.5"W). The vineyard has a
density of 3333 plants/ha, the soil is classified as vertisoil, it is managed under
conventional agricultural practices and there is no irrigation system. The selected
cultivar was Cabernet Sauvignon grafted on 140 RU rootstock, 19 years old at the
moment of sampling (planted in 1998), trained as Cordon Royat Bilateral and spur
pruned. The field has a history of esca, with leaf-symptomatic grapevines accounting
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for less than 1% of the total plants in all recorded years (2015, 2016 and 2017). The
selection of the plants used in this experiment was restricted to a block of 450 m2.
The immediate surroundings of the vineyard, within a 25 m radius from the
perimeter, are characterized by the presence of diverse vegetation. The majority of
the species are listed in Table S4, found in the supplementary materials.

Sampling and experimental setup
Samples of perennial wood (PW) were taken in a non-destructive way, in April 2017,
by means of hand-drilling the plants with a gimlet (Figure 1 B). The sampling
procedure occurred as follows. The bark, on each sampling point, was removed with
the use of a knife and the wounds were disinfected with ethanol (70% v/v); the
gimlet was placed perpendicularly on the open wounds and manually forced in the
wood until it went through the whole width of the plant. This allowed us to extract
cores of wood (5 mm of diameter and approximately 60 mm long) which were
immediately placed in sterile 15 mL falcon tubes and temporarily stored in ice
(Figure 1 C). Samples were then frozen, freeze-dried and stored at -80 °C. After
extracting each core of wood, the gimlet was sterilized by dipping it in a sodium
hypochlorite solution (0.35 w/w of active chlorine) for 1 minute, followed by a rinse
with ethanol (70% v/v) and then double-rinsed with sterile distilled water (SDW),
in order to minimize cross-contamination.
Canes grown in the 2017 growing season were sampled, as annual wood (AW), in
September, detaching them with pruning scissors, approximately 3 cm above the
spur from which they departed (total length of the canes sampled 50 mm; Figure 1
F). Each sample was deprived of its bark, frozen, freeze-dried and stored at -80°C
until processing.

Concerning the PW, ten grapevines were sampled in 9 areas each, as shown in Figure
1 (B). Five of these plants did not show foliar symptoms of esca during the previous
two growing seasons (years 2015 and 2016), while the other five presented leaf
‘tiger stripes’ symptoms, only in one of the two cordons (cordon 2; Figure 1 A),
during the previous growing season (year 2016). The terms ‘asymptomatic’ and
‘symptomatic’, which will often be encountered in the rest of the text, refer
exclusively to the foliar symptomatology and not to the wood symptomatology
(unless specifically stated).
The tissue types corresponding to the nine sampling areas are: ‘Graft Union’ (GU),
located approximately (3±1 cm) above the soil, on the graft union; ‘Trunk’ (T), (22±1
cm) above GU; ‘Upper Trunk’ (UT), (22±1 cm) above T; ‘Arm 1’ (A1), was located on
the cordon, (36±2 cm) away from UT; the sample point ‘Spur 1’ (S1) is located on
the cordon, right below the spur, (10±1 cm) from A1; ‘Arm 2’ (A2), located (22±1
cm) to the right of A1; ‘Spur 2’ (S2), (10±1 cm) from A2 (Figure 1). Sample points
(A1, S1, A2 and S2) belonged to cordon 1, and the canopy departing from this cordon
never exhibited foliar symptoms, for all 10 sampled plants. Sampling points (SA,
symptomatic arm) and (SS, symptomatic spur) are the equivalent of points (A1) and
(S1), but located in cordon 2. In this case, 5 out of the 10 sampled grapevines
presented foliar symptoms in the canopy departing from (SS), while the other 5
plants had a non-symptomatic canopy.
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Only one tissue type was examined in the AW, namely the ‘Canes’, where 15 canes
were sampled from 10 plants. Five of them came from asymptomatic plants, while
the other 10 came from symptomatic plants. Within these 10, 5 canes were foliarsymptomatic, while the other 5 were asymptomatic and sampled in cordon where
the whole canopy was asymptomatic (Figure 1 F).
To address the three objectives of this study the sample points corresponding to
different tissue types were combined as follows. (1) To characterize the mycobiome
of the wood of the vineyard, all sample points were taken in consideration (n= 80
from wood, n= 15 from canes; Figure 1 A). (2) To learn about the spatial distribution
of the mycobiome in the different areas of the plants, we used tissue types (GU – S2)
(n= 10 per tissue type, total n= 70; Figure 1 D), along with asymptomatic canes (n=
10). (3) To understand the link between foliar symptoms expression and
mycobiome of PW or AW, we created three groups per category. In the category
‘PW’, group (i) consisted in asymptomatic plants (cordon 1, points ‘A1 and S1’; n=
10), group (ii) consisted in symptomatic plants, sampled in the asymptomatic
cordon (cordon 1, points ‘A1 and S1’; n= 10), group (iii) consisted in symptomatic
plants, sampled in the symptomatic cordon (cordon 2, points ‘SA and SS’; n= 10)
(Figure 1 E). The same applied for the category ‘AW’, where group (i) consisted in
asymptomatic canes, sampled from asymptomatic plants, group (ii) consisted in
asymptomatic canes, sampled from symptomatic plants, group (iii) consisted in
symptomatic canes.
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Figure 1. Sampling points in the permanent wood or annual wood of grapevine cv
Cabernet sauvignon. (GU) Graft union, (T) Trunk, (UT) Upper trunk, (A1) Arm 1, (S1)
Spur 1, (A2) Arm 2, (S2) Spur 2, (SA) Symptomatic arm, (SS) Symptomatic spur.
Cordon (1) presented canopy with healthy leaves in all ten sampled plants, while
cordon (2) presented foliar symptoms in the canopy, departing from SS, in five of
the sampled plants (circles and letters in red). (A) Sampling points used to
characterize the mycobiome of permanent wood – objective 1-. (B) Sampling
procedure involved using a gimlet to drill the wood and extract wood cores. (C)
Cores of wood extracted with a gimlet (red arrows indicate wood symptomatology).
From right to left: brown wood streaking, wood necrosis, extensive wood necrosis,
wood decay-white rot-wood necrosis. (D) Sampling points used to test the spatial
distribution of fungal communities – objective 2-. (E) Sampling points used to
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examine the mycobiome present in the wood in proximity of the canopy with foliar
symptomatology (AS, SS) and healthy (A1, S1) – objective 3-. (F) From left to right:
symptomatic canes sampled from plants with foliar symptoms, asymptomatic canes
sampled from plants with no foliar symptoms in either of the cordons or with foliar
symptoms in only one of the two cordons; the sampling area for each cane is
indicated by the blue rectangle.

DNA extraction, amplification, library preparation and sequencing
Wood samples were ground to dust using sterile mortars and pestles aiding the
process with liquid nitrogen. An aliquot of ground wood (0.25 ± 0.01 g) of each
sample was added to DNA extraction columns (FastDNA™ SPIN Kit for Soil, MP
Biomediacals® LLC) and total DNA was extracted as described by the kit
manufacturer. Three negative controls of the DNA extraction procedure were added.
The amplicon chosen in this study targeted the Internal Transcribed Spacer ITS1
region, and the primer set selected was ITS1F2 - ITS2 (Gaylarde et al., 2017) with
overhang recommended by Illumina. For building libraries, we have been using a
double-step PCR approach as reported by Feld et al. (2015). The full sequence of the
primers, including Illumina overhangs, is the following: ITS1F2 (5’TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-GAACCWGCGGARGGATCA-3’) and
ITS2
(5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTGCGTTCTTCATCGATGC-3’) (Gaylarde et al., 2017).
Each first-step PCR reaction contained 12.5 µL of Supreme NZYTaq II 2x Green
Master Mix™ (NZYtech™), 0.5 µL of forward and reverse primers from a 10 µM stock,
1.5 µL of sterile water, and 5 µL of template. Each reaction was pre-incubated at 95
°C for 2 min, followed by 40 cycles of 95 °C for 15 s, 75 °C for 10 s, 55 °C for 15 s, 72
°C for 40 s; a further extension was performed at 72 °C for 10 min.
Second PCR-step for barcoding, fragment-purification by using MagBio beads and
Qubit quantification was performed as reported in Gobbi et al. (2018). Final pooling
was performed at 10 ng/sample. DNA Sequencing was performed using an in-house
Illumina MiSeq instrument and 2x250 paired-end reads with V2 Chemistry.
Bioinformatics
After sequencing, demultiplex was performed using our Illumina MiSeq platform
and the raw data were analyzed using QIIME 2 v. 2018.2 (Caporaso et al., 2010)
using the same pipeline described in Gobbi et al. (2018); denoised reads were
trimmed 15 bp on the left to remove the adapters and then they were analyzed using
DADA2 with the exact sequence variants (EVS) methods (Callahan et al., 2017). Each
ESV appears at least twice in the dataset. Singletons were discarded. Taxonomic
assignments were performed at 99% identity using qiime feature-classifier classifysklearn with a Naïve-Bayes classifier trained with UNITE (Nilsson et al., 2013) v7.2
for ITS. To test the three hypotheses underlying this work we separate the frequency
table in three sub-tables which were tested under different conditions. The raw data
of this study will be available on European Nucleotide Archive (ENA) (Study
Accession Number: PRJEB31028).
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Statistics
The frequency table and its taxonomy were combined, converted to biom format in
QIIME (Caporaso et al., 2010), then merged with a table of metadata into an S4 object
and analysed in R (v. 3.4.3) using the following packages: phyloseq, v. 1.22.3
(McMurdie and Holmes, 2013); biomformat, v. 1.10.0 (McMurdie and Paulson,
2018), vegan, v. 2.5.2 (Oksanen et al. 2007); ggplot2, v. 3.0.0 (Wickham, 2016);
igraph, v. 1.2.2 (Csardi, 2006), MetacodeR, v. 0.2.1.9005 (Foster et al., 2017);
adespatial, v. 0.1.1 (Dray et al., 2018); data.table, v 1.10.4.3 (Dowle and Srinivasan,
2017); and microbiome, v. 1.4.0.R code is publicly available at
https://github.com/marieag/EMG.
To assess the alpha diversity, Shannon diversity index and Pielou’s evenness were
calculated and tested with pairwise ANOVA, determining differences in these
indexes between tissue groups. We analyzed the ꞵ-dispersion to measure betweensample variances in abundance, computing average distances of the individual
samples. The resulting ordination was plotted using the non-metric
multidimensional scaling (NMDS) combined with a Jaccard index matrix. These
ordinations were also performed with a Bray-Curtis dissimilarity matrix. To assess
overall inter-group variance, we performed a PERMANOVA, using a Jaccard distance
matrix with 999 permutations. In order to illustrate this effect size compared to the
relative abundance of the taxa, we created differential heat trees using MetacodeR,
illustrating the log2 fold change in species abundance. A Wilcoxon Rank Sum test
was applied to test differences between the same species in different tissue groups,
and the resulting p-values were corrected for multiple comparisons using FDR, as
implemented in MetacodeR. P-value threshold was set to 0.05.
Results
Sequencing dataset description
This dataset, obtained by sequencing, consists of a total of 95 samples. This includes
80 samples collected from different parts of the PW and 15 from canes (AW). All of
them represent a total of 20 plants and each one of these counts as an independent
biological replicate. This dataset contains 2805 exact sequence variants which
appear a total of 8.184.885 times among all the different samples.

Visual examination of the sampled wood
Before processing the samples for the molecular analysis, wood cores of permanent
wood and samples of annual wood were visually examined to assess the presence of
symptomatology. Approximately 10% of the wood cores were fully asymptomatic,
75% presented symptoms of tracheomycosis (e.g. brown wood streaking and/or
wood necrosis), and 15% showed the presence of white rot, which was always
associated with other tracheomycosis symptoms. The examination of the annual
wood revealed that 100% of the samples were fully asymptomatic.
The wood mycobiome
The identification of sequences in our dataset revealed an unprecedented diversity.
Taxa that were assigned to genus or species level are 289, 50 of them are found in
relative abundance (RA) greater than 0.1%, while the remaining 239 are considered

873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917

rare taxa (RA < 0.1%). Within these 239 taxa, 146 are found in a RA included
between 0.1 and 0.01%, and 93 have a RA lower than 0.01%. The full list of taxa is
available in the supplementary material (Table S5).
The qualitative overview of the wood mycobiome will focus mainly on the 30 most
abundant taxa in PW and the 12 most abundant in AW, which account for 79.1 and
80.8% of the total RAs respectively (Table 1), while the remaining percentages
represent unidentified taxa or fungi found in lower abundances. Within this group
of taxa, five genera and nine species of fungi are described for the first time in
association with the grapevine wood mycobiome, while the remaining 18 taxa have
already been reported (Table 1).
The community encountered in perennial wood is characterized by the presence of
both ascomycetes and basidiomycetes (66.7% and 27.7% RA), with high
abundances of tracheomycotic pathogen Phaeomoniella chlamydospora (25.8%)
and white rot agent Fomitiporia sp. (14.6%), two organisms directly associated with
esca proper and other esca-related syndromes. Among all sampled wood cores (n=
80), P. chlamydospora was present in 68 of them (85%; RA> 0.1%), while
Fomitiporia sp. in 58 (64%; RA> 0.1%) or 14 (17.5%; RA> 35%). Other GTD
pathogens among the 30 most abundant taxa are Eutypa lata (0.7%) and E.
leptoplaca (0.9%), within the Diatrypaceae. More members of this family are
Anthostoma gastrinum (0.9%), a potential wood pathogen, as well as E. flavovirens,
Eutypella citricola and Cryptovalsa ampelina, identified as rare taxa. Members of the
Botryosphaeriaceae (e.g. Diplodia pseudoseriata, Neofusicoccum parvum, N.
australe), Ilyonectria sp. and Neonectria sp. are also found, although represented
only as rare taxa (Table S5). Decay agents, such as Fomitiporia sp., Fomitiporia
mediterranea (0.2%) and Inonotus hispidus (0.3%), were also identified in this study,
along with several others represented in minor abundances (e.g. Fomitiporella sp.).
Among the endophytes and saprophytes, Alternaria sp. (3.2%), Cladosporium sp.
(1.9%), Aureobasidium pullulans (0.4%) and Psathyrella sp. (0.5%) are the most
abundant. Several other genera or species, identified for the first time is association
with grapevine wood, amount to 14 taxa out of the 33 most abundant in PW or AW
(Table 1).
Annual wood is also colonized by both ascomycetes (76.3%) and basidiomycetes
(18.8%). The most abundant taxa are endophytic and saprophytic fungi, with
Alternaria sp. (14.6%), Ramularia sp. (9.4%) and Cladosporium sp. (8.2%) being
among most abundant, as well as other species reported for the first time (e.g.
Debaryomyces prosopidis; Table 1). Only two wood pathogens are present in
moderate abundances in AW, namely P. chlamydospora (3.9%) and Diaporthe sp.
(0.8%), while other pathogenic agents are found in minor abundances (RA < 0.2%;
e.g. Neofusicoccum australe).
The core mycobiome, namely the taxa shared between PW and AW, is constituted
by 44 taxa. Only 10 taxa are unique to AW and the remaining 235 are unique to PW.
All the 10 unique taxa found in AW are considered rare taxa, as their RAs are lower
than 0.1% of the total, while among the many taxa unique to PW we find organisms
belonging to the Hymenochaetaceae, Lophiostomataceae, Pleomassariaceae,
Xylariaceae and several others (Table S5).
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Table 1. List of most abundant taxa, identified to genus or species level, found in grapevine wood. The list includes the 30 most abundant
taxa found in permanent wood and the 12 most abundant in annual wood, for a total of 32 taxa. The numbers between brackets represent
the relative abundance of that Phylum or Family in the permanent wood or annual wood (PW% - AW%) based on the table created to
address objective (1). The ecology of the identified taxa in wood of grapevines or of other plants is shown based on available literature (E=
endophyte, S= saprophyte, P= pathogen, na= unknown ecology). The presence of taxa in different tissue types is based on the table created
to address objective (2), (+) indicates presence (RA ≥ 0.1%), (-) indicates absence or presence in RA < 0.1%. Meaning of GU, T, UT, A1, A2,
S1, S2 and C as in the legend of Figure 1.
Phylum

Family

Ascomycetes Biatriosporaceae (0.6 – 0)
(66.7 – 76.3)
Bionectriaceae (0.4 – 0)
Davidiellaceae (2.0 – 8.2)
Diaporthaceae (<0.1 –
0.8)
Diatrypaceae (2.6 – 0)

Species
Biatriospora
mackinnonii‡
Clonostachys rosea
Cladosporium sp.
Diaporthe sp.

Anthostoma gastrinum†
Eutypa lata
Eutypa leptoplaca
Dothioraceae (0.4 – 4.0)
Aureobasidium
pullulans
Glomerellaceae (<0.1 – Colletotrichum sp.
0.7)
Herpotrichiellaceae (27.1 Exophiala xenobiotica†
– 3.9)
Phaeomoniella
chlamydospora
Hypocreales (0.3 – 0.2)
Acremonium sp.

Relative
abundance (%)
PW
AW

Ecology
in wood

Presence in different tissue type

0.6

-

Ea

GU / T / A1 / S1 / C
UT
A2
S2
-/-/-/-/-

0.9
0.7
0.9
0.4

4.0

S, P c, d
Pb
Pb
E, S b

+/+/+
-/-/-/-/+
-/+/+

0.4
1.9
<0.1

<0.1
0.5

25.8
0.2

8.2
0.8

0.4
-

3.9
-

*

E, S, P b
E, S b
E, S, P b

Pb
na

Pd
Ee

-/-/+/+/+
-/-/-

-/+/+
-/-

-/+
+/-/-

+
+

-/-/-

-/-

-/-

-

-/-/-

+/+/+
-/-/-

+/+
-/-/+/+
-/+

+/+
-/-

+/-/+
+/+
-/+/+
+/+
-/+

+
-

+
-

Lophiostomataceae (3.8 – Angustimassarina
0)
acerina†
Lophiostoma sp.
Lophiostoma cynaroidis†
Lophiotrema rubi

Table 1. (continue).
Phylum

Family

Species

Massarinaceae (0.5 – 0)
Mycosphaerellaceae (3.3
– 9.4)
Pleomassariaceae (2.9 –
0)
Pleosporaceae (3.9 –
14.8)
Saccharomycetaceae
(10.9 – 31.8)
Xylariaceae (0.7 – 0)
Basidiomyce Filobasidiaceae
tes (26.7 – 0.2)
18.8)

(0.2

Massarina sp.
Ramularia sp.

Trematosphaeria
pertusa‡
Alternaria sp.

Debaryomyces
prosopidis‡
Lopadostoma
meridionale‡
Lopadostoma
quercicola‡
– Filobasidium magnum†

0.5
2.7
0.3
0.3

-

Relative
abundance (%)
PW
AW

Sf

E, S b
Eg
na

Ecology
in wood

-/-/+

+/+/-/+/+/-/-

+/+
+/-/-/-

+/+
+/-/-/-

-

Presence in different tissue type

0.5
3.1

9.4

Eh
na

GU /
A1 /
S1 / C
T / UT
A2
S2
+/+/+
-/+/+/+/+
+/+
+/+ +

3.2

14.6

E b, j

+/+/+

2.9
10.4
0.3
0.4
0.1

-

31.5
-

0.2

*

Si

na

Sk
Sk
na

+/+/-

-/+

+/+

-

+/+/+

+/+

+/+

+

-/-/-

+/-/+/-/-

+/+
-/-/-

-/+

+/+
-/-/-/-

+
-
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Hymenochaetaceae (15.2 Fomitiporia sp.
14.6
Pd
+/+/+
+/+
+/+ – 0)
Fomitiporia
0.2
Pd
-/+/+/-/mediterranea
Inonotus hispidus
0.3
S, P l
+/-/-/+
-/‡
Malasseziaceae (0.3 – Malassezia restricta
0.2
0.2
na
+/-/-/-/+
0.3)
Psathyrellaceae (0.5 – 0) Psathyrella sp.
0.5
Sm
+/-/-/-/n
Sporidiobolaceae (0.6 – Rhodotorula
0.4
<0.1
S
-/+/+
+/+
-/0)
mucilaginosa†
Tremellaceae (6.4 – 8.3)
Cryptococcus sp.
2.7
7.6
E, S b
+/+/+
+/+
+/+ +
Cryptococcus
0.3
-/-/+
-/-/†
heimaeyensis
Cryptococcus victoriae† 2.9
0.7
+/+/+
+/+
+/+ +
TOTAL
79.1
80.8
* References. a(Kolařík et al., 2017), b(Jayawardena et al., 2018), c(Haynes, 2016), d(Gramaje et al., 2018), e(González and Tello, 2011),
f(Thambugala et al., 2015), g(Xing et al., 2011), h(Casieri et al., 2009), i(Suetrong et al., 2011), j(Pancher et al., 2012), k(Jaklitsch et al., 2014),
l(González et al., 2009), m(Bruez et al., 2016), n(Haňáčková et al., 2017).
‡First report of genus and species in grapevine wood.
†First report of species in grapevine wood.
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Diversity and spatial distribution of the mycobiome
Alpha diversity
The Shannon (H’) and Pielou’s (J’) indexes vary significantly among tissue types
(Figure 2, Table 2). The Shannon diversity analysis reveals that the three sampling
points located in the trunk, namely GU, T and UT, differ from both the spurs points
S1 and S2 (p < 0.01, p < 0.05, p < 0.001, respectively). The spur tissue is also
significantly different from the annual wood (Canes; p < 0.001). No differences are
observed among samples GU, T and UT, as well as between the two sample points in
the arm (A1 and A2) and in the spurs (S1 and S2). Exact p-values are available in
Table S6 in the supplementary materials. The different tissue types also vary in the
evenness of the mycobiome, with the fungal communities of the canes, GU, T and UT
being more evenly distributed than those of the spurs (Figure 2); canes’ evenness
differ from both the Arm tissues as well (Arm 1 and Arm 2; p < 0.05). Also, for this
parameter the three tissue types in the trunk (GU, T and UT) do not differ, as well as
the two tissues Arm 1 and Arm 2, and tissues Spur 1 and Spur 2 (Figure 2).

Beta diversity
The Jaccard’s index, when visualized in a non-metric multidimensional scaling
(NMDS) plot, shows a considerable overlap for different tissue types (Figure 3 A).
The PERMANOVA indicates significant difference between groups (p < 0.001), but
looking at the ordination, the difference is arguably in the clustering of the
observations, rather than a distinct difference in sample composition. A pattern
emerges when examining each tissue type separately (Figure 3 B). We observe a
reduction in between-sample variability starting from the GU to T and until UT. The
UT variability is very similar to that of both the Arm points (A1 and A2), while the
Spurs (S1 and S2) have higher between-sample variability, when compared to the
Arms, but similar to one another. Concerning the AW, the variability of this tissue
type is very low (Figure 3 B). Bray Curtis test revealed a similar profile and
significant differences (p < 0.001; data not shown). Matrixes of the Jaccard and Bray
Curtis are available in the supplementary materials.
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Table 2. Shannon diversity (H’) and Pielou’s evenness (J’) indexes of the spatial
distribution analysis (objective 2) and the mycobiome analysis in the wood
associated with symptomatic canopy (objective 3).
Spatial distribution (objective 2)
Graft Union
Trunk
Upper trunk
Arm 1
Spur 1
Arm 2
Spur 2
Canes
Foliar
symptomatology
(objective 3)
Permanent wood
Asymptomatic arm
in asymptomatic plant
Asymptomatic arm
in symptomatic plant
Symptomatic arm
Annual wood
Asymptomatic cane
in asymptomatic plant
Asymptomatic cane
in symptomatic plant
Symptomatic cane

Shannon
(H’)

Pielou's evenness
(J’)

1.85
1.73
1.92
1.26
1.08
1.58
1.09
1.93

0.60
0.57
0.61
0.40
0.34
0.49
0.37
0.61

1.29

0.41

1.25

0.39

1.05
2.04
1.81
2.09

0.33
0.63
0.59
0.68
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Figure 2. Box plots of diversity indexes (Shannon, Pielou’s evenness) of the fungal
communities present in different sampling areas of the permanent wood (Graft
Union, Trunk, Upper trunk, Arm 1, Spur 1, Arm 2, Spur 2) and annual wood (Canes).
Statistical differences are shown by (*), where the Pair-wise ANOVA analysis
resulted in a p < 0.5 (*), p < 0.1 (**) and p < 0.01 (***).
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Figure 3. Non-metric multidimensional scaling (NMDS) plots based on Jaccard’s
index. Fungal communities present in different tissue types in grapevine. (A) Shows
all samples ordinated together, while (B) is the same data, split up per tissue group.
Ellipses illustrate the multivariate normal distribution of samples within the same
tissue group. The groups are colour-coded to correspond with Figure 2.
Mycobiome composition and differentially represented taxa
The bar plot in Figure 4 shows the relative abundance of the 20 most abundant taxa
in different tissue types, giving an overview of the presence/absence of taxa and
their differential representation. For example, Eutypa lata and Acremonium sp. are
present exclusively in the wood below the spurs, while Trematosphaeria pertusa
was detected in the same tissue type and in the graft union. Fomitiporia sp., very
represented in most of the perennial wood, is nearly absent in the graft union. This
tissue contains three unique taxa, Psathyrella sp., Lophiotrema rubi and
Lopadostoma quercicola, as well as other taxa which are present in higher
abundances when compared to the rest of the plant, such as Lophiostoma sp. and
Massarina sp. The heat trees shown in Figures 5 and 6 give a thorough view of the
differently abundant taxa, when comparing each tissue type, for taxa with RAs >
0.1% (n= 50). The majority of the statistical differences observed, for both
ascomycetes and basidiomycetes, concern the comparison between the Canes (AW)
and all other tissue types of the permanent wood. Among the ascomycetes, the AW
presents lower abundance of P. chlamydospora and Diatrypaceae, and higher
abundance of Aureobasidium pullulans, Debaryomyces prosopidis, Diaporthe sp.,
Capnodiales, depending on the woody tissues compared.
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Figure 4. Barplots of the relative abundance of the 20 most abundant taxa identified
to species (s_) or genus (g_) level, found in different sampling areas of the stem and
in the canes of grapevine. ‘Unassigned’ are taxa identified to a lower taxonomic level
than genus, ‘Others’ are taxa not included in the 20 most abundant.
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Figure 5. Differential heat tree matrix depicting the change in taxa abundance
between different tissue groups, for ascomycetes, represented in the dataset (RA >
0.01%). The size of the individual nodes in the grey cladogram depicts the number
of taxa identified at that taxonomic level. The smaller cladograms show pairwise
comparisons between each tissue group: an orange node indicates a higher
abundance of the taxon in the tissue group stated on the abscissa, than in the tissue
group stated on the ordinate. A blue node indicates the opposite. Taxa identified as
statistically differently represented, according to the Wilcoxon test, are tagged with
a black star.
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Figure 6. Differential heat tree matrix depicting the change in taxa abundance
between different tissue groups, for basidiomycetes, represented in the dataset (RA
> 0.01%). The size of the individual nodes in the grey cladogram depicts the number
of taxa identified at that taxonomic level. The smaller cladograms show pairwise
comparisons between each tissue group: an orange node indicates a higher
abundance of the taxon in the tissue group stated on the abscissa, than in the tissue
group stated on the ordinate. A blue node indicates the opposite. Taxa identified as
statistically differently represented, according to the Wilcoxon test, are tagged with
a black star.
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Mycobiome and foliar symptoms
Alpha and beta diversity
The examination of the mycobiome of the wood in the proximity of the canopy that
exhibited foliar symptoms of esca revealed no significant differences in term of
diversity (H’) and evenness (J’), when compared with the fungal communities in the
wood in proximity of non-symptomatic canopy, both in symptomatic or
asymptomatic vines (p > 0.05; Table 2). The same results were obtained when
comparing the mycobiome of the annual wood (canes) presenting foliar symptoms
or non-symptomatic leaves, in both symptomatic and asymptomatic plants. The
Jaccard indexes, when plotted in a NMDS matrix, reveal overlapping communities
with a very similar between-sample variability, suggesting an overall similarity in
beta diversity. In fact, the PERMANOVA analysis revealed no statistical differences
among the three tissue groups in both permanent wood (p = 0.067) and annual
wood (p = 0.429). Boxplots of the diversity indexes and NMDS of beta dispersion are
available in the supplementary materials (Figure S9, Figure S10).
Mycobiome composition and differentially represented taxa
The mycobiome of the permanent wood in proximity of symptomatic or nonsymptomatic canopy is characterized by high abundances of P. chlamydospora,
Fomitiporia sp. and Debaryomyces prosopidis (Figure 7). The most frequent taxa of
known GTD-associated pathogens are presented in Table 3.
The MetacodeR analysis revealed no statistical differences among taxa for their
differential abundance in the three tissue groups compared in permanent wood and
in annual wood. Nevertheless, trends of change are present for some taxa, and they
are shown in the heat trees in Figure 8.

The permanent wood in proximity of non-symptomatic canopy in non-symptomatic
plants presents higher abundances of Ramularia sp., Cladosporium spp., Alternaria
sp., Debaryomyces sp., Cryptococcus sp. and, to a lower extent, P. chlamydospora;
while Fomitiporia spp. is under-represented, when compared with the wood near
symptomatic canopy.
When comparing the PW in proximity of non-symptomatic and symptomatic
canopy, both collected from a symptomatic vine, similar trends are observed. In fact,
Ramularia sp., members of the Pleosporales and Aureobasidium pullulans are overrepresented in the former, along with a minor over-representation of the other taxa
previously mentioned. Also, in this case a trend of underrepresentation is observed
for Fomitiporia spp.
Some differences are also observed when comparing the PW near asymptomatic
canopy coming from either asymptomatic or symptomatic plants. In the former we
observe an over-representation of Alternaria sp., Debaryomyces sp. and
Cryptococcus spp., and an under-representation of Aureobasidium pullulans and
Anthostoma sp.
Annual wood communities are characterized by similar relative abundances, among
the most abundant taxa, for all three groups analyzed. Several trends of variation
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are shown in Figure 8, involving primarily genera Malassezia, Cryptococcus,
Acremonium and Diaporthe.

Table 3. Relative abundances of genera or species of fungi known to be involved in
GTDs, encountered in the permanent wood (PW) or annual wood (AW), relative to
objective (3). Three groups of wood were examined, namely the PW in proximity of
symptomatic canopy (SYM); asymptomatic canopy, but in vines that presented foliar
symptoms (ASYM-SYM); asymptomatic canopy, in vines that did not present foliar
symptoms (ASYM). The same groups were examined in AW, namely canes with
manifested foliar symptoms (SYM); asymptomatic canes, but in vines that presented
symptomatic canopy (ASYM-SYM); asymptomatic canes, in vines that did not
present symptomatic canopy (ASYM). Taxa listed are found in RA > 0.01% of the
total dataset, other known wood pathogens (RA < 0.01%) are not included.
Genus/Species
Ascomycetes
Anthostoma gastrinum*
Diaporthe sp.
Eutypa lata
Eutypa leptoplaca
Neofusicoccum parvum
Neofusicoccum australe
Phaeomoniella
chlamydospora

Pathogens’ RA in PW
ASYMSYM
ASYM
SYM

Pathogens’ RA in AW
ASYMSYM
ASYM
SYM

21.8

3.5

1.3
0.2
0.7
0.1

Basidiomycetes
Fomitiporia sp.
34.9
Fomitiporia mediterranea 0.9
Total Ascomycetes
Total Basidiomycetes
TOTAL
1138
1139
1140
1141

22.7
35.8
58.5

0.7
0.1
3.7
-

<0.1
<0.1
<0.1
-

24.1
<0.1

7.7
0.1

50.1

53.9
24.1
78.0

43.1

43.1
7.8
50.9

0.6
-

<0.1
0.2

1.2
-

-

-

-

4.1
4.1

3.4

3.6
3.6

4.9

6.1
6.1

*genus Anthostoma has been associated to pathogenicity in grapevine wood, but not
A. gastrinum, being this the first report of this species in grapevine wood. The RAs
of this taxon were not calculated in the Total(s).
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Figure 7. Barplots of the relative abundance of the 20 most abundant taxa identified to species (s_), genus (g_) or family (f_) level.
‘Unassigned’ are taxa identified to a lower taxonomic level than family. ‘Others’ are taxa not included in the 20 most abundant. (Left)
Communities found in the PW in proximity of symptomatic canopy (‘Symptomatic_arm’) or of asymptomatic canopy, either in symptomatic
plants (‘Asymptomatic_arm symptomatic_plant’) or in asymptomatic plants (‘Asymptomatic_arm asymptomatic_plant’). (Right)
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Communities found in the canes with manifested foliar symptoms (‘Symptomatic_cane’) or asymptomatic, but coming from symptomatic
(‘Asymptomatic_cane symptomatic_plant’) or asymptomatic plants (‘Asymptomatic_cane asymptomatic_plant’).

Figure 8. Differential heat tree matrix depicting the change in species abundance between different tissue groups, represented in the
dataset with a (RA > 0.01%). The size of the individual nodes in the grey cladogram depicts the number of taxa identified at that taxonomic
level. The smaller cladograms show pairwise comparisons between each tissue group, with the colour illustrating the log2 fold change: a
red node indicates a higher abundance of the taxon in the tissue group stated on the abscissa, than in the tissue group stated on the
ordinate. A blue node indicates the opposite.

Discussion
Characterization of the mycobiomes in PW and AW
The diversity of the fungal communities living in the stem of woody plants, characterized by
NGS approaches, is largely unknown. Research performed over the past decades on the
grapevine mycobiome, using both culture-dependent and independent approaches, revealed
over 900 fungal taxa (Jayawardena et al., 2018). The richness of the wood mycobiome in
esca infected vineyards was estimated to be 88 taxa in Montpellier, France (Travadon et al.,
2016); 85 species in Bordeaux, France, from 108 single strand conformation polymorphism
(SSCP) profiles (Bruez et al., 2014); and 150 operational taxonomic units (OTUs) in
Switzerland (Hofstetter et al., 2012). This study, the first using a NGS approach, reveals an
even greater richness (289 taxa), adding numerous fungi to the known list of 900+ known
taxa. Several factors may play a role in shaping the fungal community composition, such as
location, cultivar and age of the plants (Dissanayake et al., 2018; Travadon et al., 2016). This
is the primary reason why we expect that using NGS to assess the diversity of the wood
mycobiome in other vineyards will considerably increase the number of fungal species found
in association with grapevine wood.
Interestingly, 239 out of the 289 taxa (80%) are rare taxa. The ecology of several of them is
known (Jayawardena et al., 2018), while that of several others needs to be assessed,
nevertheless the extent to which they contribute to the grapevine-mycobiome and fungusfungus interactions remains to be elucidated. Grapevines permanent wood seems to function
as a reservoir of fungal diversity, where species that are found in minor abundances may
thrive under specific environmental conditions (e.g. extreme weather conditions,
mechanical injuries), leading to positive or negative effects for the plant’s wellbeing.
Unsurprisingly, within this massive richness, numerous fungi associated with GTDs were
identified, both as frequent and rare taxa. This agrees with previous reports showing that
esca-affected plants may host numerous other wood pathogens (Edwards and Pascoe, 2004;
Rumbos and Rumbou, 2001). However, Phaeoacremonium spp., a genus of tracheomycotic
fungi often involved in esca-associated syndromes (Mostert et al., 2006), was not detected.
The vineyard under study, as well as other esca-symptomatic fields examined in previous
works (Bruez et al., 2014; Hofstetter et al., 2012; Travadon et al., 2016), are dominated by
wood pathogens (e.g. P. chlamydospora or Botryosphaeriaceae), and the presence of decay
agents was confirmed in all studies. On the other hand, the wood mycobiome of healthy
vineyards, characterized by other authors, is dominated by endophytes and occasionally
saprobes, some of which hold potential for biological control of wood pathogens, with genera
Trichoderma, Aureobasidium, Acremonium, Cladosporium, Alternaria and Epicoccum being
predominant (Dissanayake et al., 2018; González and Tello, 2011; Pancher et al., 2012).
Despite the fact that wood pathogens were encountered, in minor abundance, also in healthy
vineyards (González and Tello, 2011; Pancher et al., 2012), decay agents were not reported.
Unfortunately, previous studies did not report data on rare taxa, therefore it is not possible
to establish if other wood pathogens – including decay agents – were present but unable to
thrive (e.g. antagonistic interactions with other fungi, strong plant defenses) or if they were
completely absent.

The differences observed between PW and AW (e.g. alpha diversity, beta dispersion, taxa
composition and abundance), some of which have also been observed in a previous study in
grapevines (Hofstetter et al., 2012) and other plants (Qi et al., 2012), can be due to two main
factors. First factor is the time that fungi had to colonize the perennial wood (up to 19 years
in the present study), which is also subjected to yearly pruning, leaving wounds that are the
optimal entry point for colonizers. The annual wood had approximately 5 months of age from
bud-burst to sampling and no wounding occurred in the shoots (e.g. summer pruning). A
second factor that explains the these differences is the tissue-specificity, as considerable
anatomical, biochemical and physiological differences characterize permanent wood and
annual wood, which may prevent some fungi, such as decay agents, from colonizing the
latter. In fact, the absence of decay agents in annual wood (e.g. Fomitiporia sp., Inonotus
hispidus, Fomitiporella sp.) observed in this study, and also reported in canes and nursery
propagation material in other studies (Casieri et al., 2009; Halleen et al., 2003; Hofstetter et
al., 2012; Rumbos and Rumbou, 2001), suggests that the infection by these pathogens occurs
exclusively in older wood and under field conditions.
A brief introduction of the five genera identified for the first time in grapevine’s wood
follows.
Debaryomyces.
Members
of
the
genus
Debaryomyces
(Saccharomycetales,
Saccharomycetaceae) are yeast-like ascomycetes found in several ecological niches. There
are 93 species in the genus, with D. hansenii being the most widely studied. D. hansenii has
been isolated from shoots of Sequoia sempervirens and from the soil under the tree
(Middelhoven, 2003), as well as from white and brown rot of several woody species
(González et al., 1989). Debaryomyces sp. was also detected in slime fluxes of Prosopis
juliflora, a deciduous woody plant, as well as in insects associated with it (Drosophila
carbonaria and Aulacigaster leucopeza) (Ganter et al., 1986). Molecular analysis identified
some of these strains as a new species, D. prosopidis (Phaff et al., 1998), which is the only
record of this organism in literature. Concerning the vineyard, Debaryomyces sp. has been
identified on grape berries (Jara et al., 2016) and during wine fermentation (Varela and
Borneman, 2017).
Trematosphaeria. Members of the genus Trematosphaeria (Pleosporales, Pleomassariaceae)
are saprotrophs or hemibiotrophs of terrestrial woody plants, with some exceptions
reported from freshwater or marine habitats (Tanaka et al., 2005). T. pertusa, from this
study, is known to grow on the surface of decaying terrestrial wood (Suetrong et al., 2011),
however, it has also been retrieved from wood of Fagus sylvatica and Pinus sylvestris
submerged in a river (Kane et al., 2002). Terrestrial woody hosts of T. pertusa include also
Fraxinus excelsior, Fagus sp. and Platanus sp. Lopadostoma. Members of the genus
Lopadostoma (Xylariales, Xylariaceae) are ascomycetes currently considered saprotrophs
(Anthony et al., 2017). Members of the Xylariaceae are typically saprobes, despite some
members of this family are endophytes and others are plant pathogens (Mehrabi and
Hemmati, 2015). To date, due to the lack of studies on this topic, the ecology of the genus
Lopadostoma remains to be fully understood. There are 12 species described in this genus,

most of which have been isolated from hosts Quercus spp. or Fagus sylvatica (Jaklitsch et al.,
2014).
Biatriospora. The genus Biatriospora (Pleosporales, Biatriosporaceae) contains species that
have been isolated as endophytes of both terrestrial and marine-associated plants (Kolařík
et al., 2017), as well as from lichens, as an endolichenic fungus (Zhou et al., 2016). Known
hosts of this genus, in temperate climate, are Ulmus spp. and Acer pseudoplatanus, along with
several other hosts from tropical climates (Haňáčková et al., 2017; Kolařík et al., 2017).
Biatriospora sp. is a source of bioactive compounds (heptaketides) with antifungal
properties (Zhou et al., 2016) and preliminary studies suggest some potential in biological
control (Haňáčková et al., 2017). B. mackinnonii, from this study, has been isolated from
terrestrial plant material and it has also been linked with human mycetoma, a skin disease
(Ahmed et al., 2014; Kolařík et al., 2017).
Malassezia. Members of the genus Malassezia (Malasezziales, Malasezziaceae) are yeast or
yeast-like basidiomycetes isolated from numerous niches. Fourteen species belong to this
genus and most of them are obligatory lipophiles (Sommer et al., 2015). M. restricta, from
this study, has been identified as endophyte of both woody and herbaceous plants (e.g.
Eucalyptus sp., Populus deltoids, Spiranthes spiralis, Solanum tuberosum) as well as found on
orchid roots, and in soil (Abdelfattah et al., 2016; Connell and Staudigel, 2013; Paulo et al.,
2017).

It is important to mention the genera Cryptococcus, Angustimassarina and Exophiala, found
in this study, which have been previously associated once to grapevine’s wood, either as
saprobes or endophytes, by a culture-independent study (Jayawardena et al., 2018). Lastly,
species of Ramularia have been isolated from leaves (both as epiphytes and endophytes) of
several hosts, including Platanus sp., Prunus cerasus and Vitis vinifera (Bakhshi and Arzanlou,
2017), although never in association with wood.

Among the genera and species that were found associated with grapevines for the first time
in this study, some have previously been detected in the endosphere or phyllosphere of other
woody plants that were found in the proximities of the vineyard used in the present study
(Table S4). For example, Lopadostoma spp. and Anthostoma gastrinum were reported in
Quercus (Haynes, 2016; Jaklitsch et al., 2014), Rhodotorula mucilaginosa and
Trematosphaeria pertusa in Fraxinus (Haňáčková et al., 2017; Suetrong et al., 2011), and
Malassezia restricta in Eucalyptus (Paulo et al., 2017). This suggests that the fungi present in
the endosphere and phyllosphere of the flora in proximity of a vineyard might influence the
composition of the mycobiome of grapevines wood, acting as a reservoir of multi-host fungi,
with wind, rain and insects being possible vectors for mycobiome exchange.

Spatial distribution of the fungal communities
The concept of spatial distribution and tissue specificity in woody and herbaceous plants is
not new in microbial ecology (Kovalchuk et al., 2018; Paulo et al., 2017; Singh et al., 2017;
Wearn et al., 2012). However, studies that investigated the spatial distribution of fungal

communities that colonize different areas or tissues in the wood of adult grapevines are
scarce (Bruez et al., 2014; Travadon et al., 2016), and none of them used NGS approaches.
When examining the relative abundances of identified taxa with NGS, it is important to
remember that the ITS marker, our target amplicon, can be found in multiple copies in the
genome of fungi and the number of copies may vary considerably from species to species
(Schoch and Seifert, 2012), which inherently leave fungal relative distributions with great
uncertainties.
From a qualitative point of view, the communities of various areas in PW shared numerous
taxa, overall in agreement with the findings of Bruez et al. (2014), although some tissue types
were more variable than others. Also, considerable differences are evident from a
quantitative point of view. High variability was observed among individual plants, as already
noted in grapevines (Travadon et al., 2013).
The graft union and the wood below the spurs host unique taxa or taxa that are found only
in low percentages (RA < 0.1%; Table 1) in other parts of the plant. Supposedly, the root
system (in this study Vitis berlandieri x V. rupestris), whose endosphere is influenced by the
soil microbiome (Zarraonaindia et al., 2015) and by the rootstock used in the propagation
process, harbor unique fungi that have a limited capacity of colonizing the stem of V. vinifera.
Interestingly, Fomitiporia sp., a species that is well represented in all PW tissues (8.9% < RA
< 22.9%), is nearly absent in the graft union (0.6%; Figure 4). Artificial inoculations of F.
punctata in rootstock Kober 5BB (V. berlandieri x V. riparia) led to low re-isolation
percentages of this pathogen (8% of inoculated plants; Sparapano et al., 2000), and we are
not aware of any other literature that describes the presence of Fomitiporia sp. in the root
system of naturally infected vines.
The spur tissue is located in proximity of pruning wounds, which are considered the main
entry point of GTDs-associated fungal pathogens (Bertsch et al., 2013). Through this woody
tissue some colonizers successfully spread throughout the cordon and trunk (e.g. P.
chlamydospora or Fomitiporia sp.), while others may be restrained by the antagonistic
interactions with the resident mycobiome and/or plant defenses (e.g. Eutypa spp.,
Clonostachys rosea, Acremonium sp.; Table 1).
The remaining tissues, namely trunk, upper trunk and arm points, do not differ by any of the
parameters measured in this study (e.g. alpha and beta diversity, MetacodeR; Figures 2, 3, 5
and 6), where unique taxa among the most represented fungi are nearly absent (Table 1),
and relative abundances differ primarily in the representation of P. chlamydospora (Figure
4).
The results of this study show that the wood mycobiome of grapevines may vary and, in
order to have a representative understanding of the diversity and abundance of the fungal
communities, multiple sampling areas are recommended. We propose four samples per
plant. The first two are the graft union and the wood below one spur, where some taxa are
uniquely represented and abundances vary considerably; the third is any point of the trunk
or arm; and the forth is annual wood.

Fungal communities and foliar symptomatology
The outcome of the statistical analyses of the mycobiome of both permanent wood and
annual wood highlight that the fungal communities were not affected by the manifestation
of foliar symptoms, or vice versa. The manifestation of “tiger stipes” foliar symptoms, always
associated with an advanced stage of infection by tracheomycotic pathogens, is in large part
cryptic due to its discontinuity and unidentified causal agents (Mugnai et al., 1999).
Greenhouse and field trials failed to reproduce such symptoms with artificial inoculations of
Pa. chlamydospora and/or Pm. minimum (Zanzotto et al., 2007; Gramaje et al., 2010), except
for one study in which esca-like foliar symptoms were replicated in a very small percentage
of inoculated plants (Sparapano et al., 2001). Other microbial ecology studies of the wood
from foliar-symptomatic and asymptomatic vines showed that there are no differences in
the fungal community composition, finding similar abundances of wood pathogens (Bruez et
al., 2014; Hofstetter et al., 2012). Nevertheless, tracheomycotic fungi are currently believed
to be directly or indirectly responsible for foliar symptoms as they are frequently isolated
from symptomatic wood (Surico, 2008). The two arguments supporting this hypothesis are
that the translocation of (1) fungal toxins, (2) byproducts of the wood degradation or (3) a
combination of both, via xylem sap, from the permanent wood to the leaves, are responsible
for the appearance of leaf symptoms (Mugnai et al., 1999). While other studies showed that
some toxins or culture filtrates of tracheomycotic fungi could lead to leaf discoloration and
necrosis, solid evidence of the replication of the “tiger stripes” pattern is lacking (AbouMansour et al., 2004; Andolfi et al., 2011; Evidente et al., 2000; Sparapano et al., 2000). No
evidence is currently available in support of the second hypothesis, namely the role of
byproducts of wood degradation.
The results of the present study are, to some extent, in agreement with the findings of
Hofstetter et al. (2012) and Bruez et al. (2014). In fact, the fungal communities present in the
PW in proximity of canopy that had exhibited symptoms were overall similar to those found
in plants with healthy canopies (in symptomatic or asymptomatic plants). When considering
trends, Pa. chlamydospora is more abundant in the wood near non-symptomatic canopies,
while Fomitiporia sp. is the most represented taxa in the wood near symptomatic canopy.
This observation suggests a higher wood decay activity, which likely leads to a greater
presence of byproducts of wood degradation, therefore supporting the second hypothesis
for foliar symptoms manifestation. Regardless, it does not explain the manifestation of foliar
symptomatology in grapevines not infected by Fomitiporia sp. (Edwards et al., 2001).
The similarity in the community structure of symptomatic and non-symptomatic canes is an
additional evidence in support of the current understanding that fungi present in AW are not
directly linked with the foliar symptomatology.
Foliar symptoms’ manifestation remains cryptic, however, it is important to note that this
study, as well as the one by Bruez et al. (2014), analyzed the microbial communities of the
permanent wood several months after the plant had exhibited foliar symptoms. It is not
known whether the pathogens abundance in the moment pre-/during/postsymptomatology vary. In fact, the study by Bruez et al. (2014) revealed that alterations in
the wood mycobiome may occur in different seasons, therefore further research is needed

in this direction. However, this may not apply to the annual wood, as foliar symptoms were
still present, and manifested only two months before wood tissue sampling.

Further considerations
In this study, the mycobiome of the canes (AW) is composed principally by endophytes and
saprobes, with the exception of pathogens P. chlamydospora and Diaporthe sp., whose
presence did not induce the appearance of wood symptoms. Concerning the former, this
observation suggests that this fungus may fall along a continuum ‘from mutualist to
saprophyte or latent pathogen’ (Wearn et al., 2012), as also proposed by other authors
(Hofstetter et al., 2012; Rumbos and Rumbou, 2001), and whose pathogenicity is triggered
by external factors. Interestingly, also Fomitiporia sp. was often identified in woody tissue
that did not present the typical white rot symptom. This fungus may live asymptomatically
in wood when found in low abundances, and produce white rot when its presence increases
considerably. Hypothetically, the wood cores showing this symptom (15% of the total) may
be the same in which Fomitiporia sp. was present in a RA > 35% (17.5%).
The presence of P. chlamydospora, and that of other wood pathogens, in vineyards around
the world might be currently blatantly underestimated due to the elusiveness of internal
symptoms. The Almotivo vineyard (this study) presented an incidence of foliar symptoms
manifestation of ca. 1%, for three consecutive years, nevertheless, 100% of the sampled
plants were colonized by both P. chlamydospora (in PW and AW) and Fomitiporia sp. (in PW).
It is already known that foliar symptoms are not a reliable parameter to assess the health
status of a vineyard (Pollastro et al., 2000), although it is the only one currently employed. It
is of utmost importance to develop tools that allow vine growers to assess the real extent of
infections in the wood, and apply appropriate control measures.

Conclusion
The characterization of the grapevine wood mycobiome, using NGS, in a vineyard affected by
esca proper is an important step that lays the foundations for future studies to compare
microbial community structures of vineyards affected by esca or other GTDs. Some
parameters that may influence the mycobiome composition and which may be of interest to
investigate upon are: the flora surrounding the vineyard, the climatic conditions and
seasonality, geographical location and year. Moreover, useful comparisons can be made
between cultivars and vineyard management strategies (e.g. conventional, organic,
biodynamic). Eventually, a meta-analysis of the mycobiome that takes into account several
of these parameters may reveal a pattern that could elucidate some of the obscure points
that still prevent a full understanding of the etiology of this disease complex.
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Assessing the impact of plant genetic diversity in
shaping the microbial community structure of
Vitis vinifera phyllosphere in the Mediterranean
This paper show the effect of grape cultivar on shaping and selecting the phyllosphere microbial
community.The experimental setup includes samples collected in a field-station in Montpellier,
which account for 279 different cultivar within the same vineyard. This paper was published on
Frontiers in Life Science.
This paper is presented and discussed in this thesis since it is complementary to Manuscript 4
and Manuscript 6 and assess the microbial community living on leaves of Vitis vinifera. In this
way, I could contribute to characterize also the phyllosphere microbiota and how it is affected by
the different cultivar and further discuss it within Manuscript 6.
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Abstract
The aerial surface of the plant (phyllosphere) is the habitat of complex microbial
communities and the structure of this microbiome may be dependent on plant genetic
factors, local environment or interactions between them. In this study, we explored the
microbial diversity present in the phyllosphere of a very diverse set of grapevine cultivars
representing the three genetic pools of the species, grown on an experimental plot at
Montpellier (French Mediterranean region). We assessed microbiome variation in the
phyllosphere using amplicon sequencing of the 16S rRNA gene and of the internal
transcribed spacer (ITS), according to the grapevine genetic pools or cultivars, and organs
(i.e. leaves and grape berries). The observed microbiome was complex; out of 542 bacterial
genera; Pseudomonas, Pantoea, Sphingomonas, and Acinetobacter were the most abundant
and almost ubiquitously present across the samples, and out of 267 fungal genera;
Aureobasidium, Alternaria, Mycosphaerella and Aspergillus were most represented. Our
results illustrated that the microbial taxa were almost uniformly distributed among the
genetic pools and only a few cultivar or genetic pool level differences were found, but a very
clear differential taxa abundance was found between the leaf and berry samples. Some genus
level associations were also observed with certain genetic pools.
Introduction
Vitis vinifera (subsp. vinifera L.), is the main grape species grown for fruit and wine
production over the world. It is a natural host of a wide variety of prokaryotic and eukaryotic
microorganisms that interact with grapevine, having either beneficial or phytopathogenic
effects (Schulz et al. 1999). These microbes also play a major role in fruit yield, grape quality
and, ultimately, in the pattern of grape fermentation and wine production (Compant et al.
2011; Bokulich et al. 2016; Belda et al. 2017).
The grapevine phyllosphere is rather less extensively studied as compared to the

rhizosphere and endosphere (Vorholt 2012). The phyllosphere (in general) also harbors
complex microbial communities involved in many crucial functions such as nitrogen fixation
(Jones 1970), carbon sequestration, degradation of pesticides and organic pollutants (Brandl
et al. 2001; Kishore et al. 2005; Bulgarelli et al. 2013). It is a significant and ubiquitous habitat
for microorganisms and also an open system that microbes can invade by migration from the
atmosphere, soil, other plants and insects (Lugtenberg et al. 2002; Williams et al. 2007). But
microbial populations on phyllosphere are also known to live and thrive under harsh
environmental factors such as UV radiation, air pollution, temperature fluctuations, water
and nutrient availability (Andrews and Harris. 2000; Lugtenberg et al. 2002; Müller & Ruppel.
2014).
A very fundamental question in microbial ecology is what drivers shape the microbiome on
phyllosphere? Environmental conditions at the particular location and biotic factors such as
leaf age have been identified as important drivers (Kadivar & Stapleton 2003, Ikeda et al.
2011). Some reports on grapevine phyllosphere also suggested that the bacterial and fungal
communities of the phyllosphere are minimally affected by the chemical and biological
treatments tested, and they mainly differed according to the grapevine location (Perazzolli
et al. 2014; Bokulich et al. 2014). Few authors suggested that in the tropical and temperate
forests, the plant genotype is a major driver of the composition of the bacterial communities
in the phyllosphere (Lambais et al. 2006; Redford et al. 2010). Another study on Arabidopsis
thaliana also illustrated that the plant genetic factors may influence the community
composition of the phyllosphere (Bodenhausen et al. 2014).
Until recently, there have been no scientific reports available, analyzing the effect of
grapevine genetic factors on the microbiome structure of the phyllosphere. Considering that
the microbial diversity present in phyllosphere could be relevant for plant health
(Lugtenberg et al. 2002; Compant et al. 2005; Vorholt 2012), a better understanding of how
the microbiota associated with grapevine phyllosphere is structured according to the
grapevine genetic diversity available at a particular geographic location may provide
unexpected opportunities to develop innovative and natural biocontrol methods or
phytostimulators against plant pathogen or new breeding scheme for the creation of
innovative resistant cultivars. As a first step towards this goal, we explored the bacterial and
fungal diversity in the phyllosphere of leaf and berry samples from a set of rather diverse
grapevine cultivars that belongs to the three genetic pools of the cultivated grapevine
(Nicolas et al. 2016), in the French Mediterranean region. These experiments led us to
address two major questions: i) What microbial diversity is present in the phyllosphere of
our Mediterranean vineyards and ii) how this microbiome structure itself according to the
grapevine genetic diversity and plant organs.
Materials and Methods
Sample collection and DNA extraction
A total of 279 grapevine cultivars were grown in a completely randomized block design at

Le Chapitre INRA Villeneneuve-Les-Maguelonne field station near Montpellier (French
Mediterranean region). A panel of cultivars representing three genetic pools (western
Europe, WW; from eastern Europe, WE; and table grape, TE) was constructed for genomewide association studies while minimizing relatedness and retaining the main founders of
modern cultivated grapevine to optimize the genetic diversity (Nicolas et al. 2016). Nine
cultivars were randomly selected from each genetic pool and leaf (with sizes +1 to +4)
samples were taken from four to five plants of each cultivar. Leaf samples were taken before
spraying of pesticides; each plant had the same age. We collected the leaf samples in the
Spring (mid-May 2016) and at the beginning of harvesting season, we also collected samples
of berries from the same cultivars. A metadata table containing all the information about the
samples and replicates can be downloaded from the GitHub repository
(https://github.com/PrashINRA/MetaData_GrapevinePhyllo.git). All samples were washed
with an isotonic solution of sodium chloride (0.15M) containing 0.01% Tween 20 using a
horizontal shaker for 1hr at 100 RPM. Afterward, samples were given an ultrasonic bath for
7-10 min using Ultrasonic Cleaner (Branson 5510) for maximum recovery of microbes from
the sample surface. The remaining solution was centrifuged at 4,000g and microbial pellets
obtained in a 2-ml Eppendorf tube were collected and stored at -20°C. DNA was extracted
from the pellets using the Meta-G-Nome Isolation Kit (Epicentre, Illumina) following the
manufacturer’s instructions.
PCR amplifications and MiSeQ library preparation.
To access bacterial communities, the V4 region of the 16S ribosomal gene was amplified
using primers 515F and 806R (Caporaso et al. 2011). Fungal community diversity and
abundance were accessed using modified ITS9 and ITS4 primers targeting the ITS2 region
(Blaadid et al. 2013; Lundberg et al. 2013). Two-step PCR was performed to prepare
sequencing libraries. PCR1 was designed to perform amplification of the target regions and
to add Illumina Nextera transposase sequence to the amplicons. Primers from Illumina kit
for dual indexing of the amplicons was used in PCR2. Both forward and reverse primers for
PCR1 were amended with frameshift (FS) sequences in their 5’ overhang to improve
sequence diversity and overall read quality (Souza et al. 2016). PCR1 was performed in 20μL
reactions with 30ng of sample DNA using the Advantage 2 PCR kit (Clontech, 639206). PNA
PCR clamps were also used to reduce host organelle contamination (Souza et al. 2016). The
same PCR1 was performed for ITS amplification except for the step of PNA annealing.
Amplicon replicates were pooled, purified using Agencourt AMPure XP beads (Beckman
Coulter) at a bead-to-DNA ratio of 0.7:1, resuspended in 30μL MilliQ water and evaluated in
agarose gels. In PCR2, each cleaned PCR1 product within the same sample received a unique
combination of forward and reverse primers (respectively, N7 and S5 Illumina dual index
oligos). Afterward, samples were again cleaned using AmPure XP magnetic beads, pooled in
equimolar concentrations and sequenced using 2x250bp MiSeq v2 sequencing (Illumina Inc.,
San Diego, CA, USA).

Data processing and analysis
All RAW data files were imported and processed in the R-environment (R Core Team, 2017)
using
various codes and inbuilt functions available in different R-packages. The whole dataset for
16S and ITS amplicon sequences were uploaded and available at the institutional server
http://agap-ng6.supagro.inra.fr/inra. Data processing and further analysis were done in two
phases. In phase-I, raw data files from both the datasets were filtered and trimmed using the
fastqPairedFilter() function of the dada2 package (Callahan et al. 2016) and bases with lowquality scores were discarded. These filtered files were then processed using Divisive
Amplicon Denoising Algorithm (DADA) pipeline which included the steps of dereplication,
core denoising algorithm and merging of the base pairs. Merging function provided global
ends-free alignment between paired forward and reverse reads, and merged them together
if they overlapped exactly and a table for ribosomal sequence variants (RSVs, a higher analog
of operational taxonomic units-OTUs) was constructed, which records the number of times
each amplicon sequence variant was observed in each sample. DADA infers sample
sequences exactly and resolves differences of as little as one nucleotide (Callahan et al. 2016).
Chimeras were removed using the removeBimeraDenovo() function of the dada2 package.
OTU sequences were assigned a taxonomy using the RDP classifier and the UNITE database
(Wang et al. 2007; Abarenkov et al. 2010) with assignTaxonomy() function of the same
dada2 package for 16S and ITS sequences, respectively. Then, at the end of phase-I data
processing, a phyloseq data object was created to initiate phase-II data analysis.
In phase-II, a phylogenetic tree for the taxa was constructed using the R-package ape
(Paradis et al. 2004) and merged with the phyloseq data object of phase-I. Unassigned taxa
and singletons were also removed using the subset_taxa() and prune_taxa() functions of the
phyloseq package in R (McMurdie & Holmes 2013). This data object was then used to
calculate microbial abundances, α, β diversity analysis and for other statistical tests using
various functions in the phyloseq and vegan packages (McMurdie & Holmes 2013; Oksanen
et al. 2017).
Prevalence plot for taxa abundances was made using ggplot() function of the ggplot2
package (Wickham 2009) using the entire 16S and ITS data-sets. Chao1 estimates of α
diversity (Chao 1987) was measured within sample categories using estimate_richness()
function of the phyloseq package. Relative abundances of microbial genera were also plotted
using the ggplot2 package (Wickham 2009) on the above data, which were also rarified to
even depth of 5,000 reads per sample.
Multidimensional scaling (MDS, also known as principal coordinate analysis; PCoA) was
performed using Bray-Curtis dissimilarity matrix between samples and visualized by using
their base functions in the phyloseq package (McMurdie & Holmes 2013).
Statistical Analysis

We analyzed all the data from 16S and ITS amplifications separately in R version 3.3.4 using
the dada2, phyloseq and vegan packages. CRAN packages plyr and ggplot2 (Wickham 2009;
Wickham 2011) were also used to draw the figures. We assessed the statistical significance
(P < 0.05) throughout and whenever necessary, we adjusted P-values for multiple
comparisons according to the Benjamini and Hochberg method to control False Discovery
Rate (Benjamini & Hochberg 1995) while performing multiple testing on taxa abundance
according to sample categories. We performed an analysis of variance (ANOVA) among
sample categories while measuring the Chao1 estimates of α-diversity. Stratified
permutational multivariate analysis of variance (PERMANOVA) with 999 permutations was
conducted on all principal coordinates obtained during PCoA with the adonis() function of
the vegan package, to observe the statistical significance of clusters according to the sample
categories.
Linear regression (parametric test), and Wilcoxon (Non-parametric) test were performed on
taxa abundances against genetic pools using their base functions in R (Myles and Douglas
1973; Bauer 1972).

Results
Quality assessment of the data
Raw demultiplexed sequence data files were generated using high-throughput amplicon
sequencing of 16S and ITS ribosomal RNA genes and the number of reads per sample has
been taken into account to obtain the depth of the sequencing. Rarefaction curves (number
of reads vs number of OTUs) from both the datasets (Fig.1A, B) began to level off for most of
the samples suggesting a good quality and coverage of both the data-sets and thus we can
assume that the microbial communities were reasonably characterized with the sampling
effort.
Microbial diversity in the phyllosphere
A total of 5,772,135 16S and 3,807,033 ITS amplicon sequences were generated from 80
samples covering two sample types (or organ types) and three genetic pools, respectively.
We identified 12,875 unique bacterial and 3,413 unique fungal OTUs, in our phyllosphere
samples. After removal of unassigned taxa (genus level assignment) and singletons, 6,017
unique bacterial and 2,075 unique fungal OTUs belonging to 542 bacterial and 267 fungal
genera were recovered. Phylum level classification of bacterial and fungal communities was
also identified (Fig.2A, B) using the feature prevalence of entire16S and ITS data-sets, which
is the number of samples in which a taxon appeared at least once. For example, the phylum
Ignavibacteriae had only five unique taxa with the cumulative abundance of thirty-eight and
its presence is observed in less than 10% of the samples. Bacterial and fungal communities
were heavily dominated by phylum Proteobacteria (relative abundance > 55%) and
Ascomycota (> 65%) respectively.

Effects of genetic diversity on microbial communities in the phyllosphere
Multiple testing on each of bacterial 6017 and fungal 2075 OTUs (with adjusted p-values:adjp
and controlling false discovery rates) was performed according to cultivars and genetic pools
and apart from two bacterial taxon (OTU1309, genus: Gemmatimonas, adjp = 0.0209, FDR =
0.06017 and OTU120, genus: Hymenobacter, adjp = 0.036, FDR = 0.05), and one fungal taxon
(OTU63, genus: Penicillium, adjp = 0.02, FDR = 0.028), which were differentially abundant
between WW, and WE, we did not recover any taxa whose abundance is significantly
different (statistically) among the genetic pools.
Relative abundances for the twenty most abundant genera were plotted as well for each
cultivar within their genetic pools (Fig.3A, B) and microbial genera were quite uniformly
abundant among the three genetic pools. This pattern was also the same when we analyzed
the abundances in leaf and berry samples individually within these three genetic pools
(Fig.4A, B), except for few cultivar level differences (e.g- bacterial genus Vagococcus in the
cultivars of TE and fungal genus Pichia in the cultivars of WW genetic pool). To test the
association of these genera with genetic pools, we performed a linear regression for
abundances of these genera against genetic pools (parametric test). As the Pichia also seems
more abundant in the phyllosphere of berries (Fig. 4B), we also added this as confounders
to the regression and the results indicated a highly significant association of these genera to
TE and WW genetic pools, respectively (Table 1&2). We also observed that the abundance
data for these genera were not normally distributed and therefore performed a
nonparametric test (Wilcoxon rank sum test), that confirmed the association.
The Chao1 estimator of alpha diversity was also measured and plotted according to the
genetic pools (Fig.3C, D) and again we did not observe a very significant genetic pool wise
differences in these estimates (ANOVA, for 16S data: Chao1, P = 0.033; for ITS data: Chao1, P
= 0.041).
Microbial community structure assemblages among the three genetic pools were also
compared using PCoA to look for the genetic pool wise patterns of microbiota present in the
phyllosphere. Taxa in both the PCoA plot (Fig. 3E, F) were clustered together (PERMANOVA,
for 16S data: at F = 0.971, R2 = 0.285, P = 0.408; for ITS data: at F = 0.991, R2 = 0.172, P =
0.394), which also indicated the impact of genetic diversity is less evident. Results were the
same when PCoA was performed on the data-sets grouped within 27 grapevine cultivars
(Supplementary data S1).
Effect of organs on phyllosphere microbiome
Multiple testing on taxa abundances in the phyllosphere of leaves and berries gave 17
bacterial and 33 fungal OTUs whose abundance was significantly different between these
two organs. The data revealed the organ-specific patterns of phyllosphere microbiota in
these grapevine cultivars. Table 3 and 4 are provided for 16S and ITS data respectively to
display various bacterial and fungal OTUs (along with their respective genera) with their
false discovery rates (FDRs) and adjusted p-values. According to the corrected p-values and

FDRs, 5 bacterial (e.g- Pseudomonas and Pantoea. adjusted P-value; adjp = 0.0038 & FDR =
0.00118) and 31 fungal genera (e.g- Aspergillus and Mycosphaerella. adjp = 0.0005 & FDR =
0.000129) were most differed between leaf and berries were, respectively.
Relative microbial abundances for top twenty taxa was also calculated on leaf and berry
samples (also grouped in genetic pools; Fig.4A, B) and differential abundances on both
sample type were clearly visible. Leaf phyllosphere was heavily occupied by bacterial and
fungal genera of Pseudomonas and Pantoea & Aureobasidium, Mycosphaerella, respectively.
On the other hand, berry surfaces mainly comprised of bacterial genera of Acinetobacter and
Sphingomonas & with fungal genera of Aureobasidium, Aspergillus and Pichia.
To investigate the influence of leaves and berries, we also compared Chao1 estimates of
alpha diversity between leaf and berry samples (Fig. 4C, D) and these estimates were also
significantly different ( ANOVA, for 16S data: Chao1, P = 0.007; for ITS data: Chao1, P = 4.53e08).
PCoA also indicated the same as it identified clear, separate clusters (Fig. 4E, F)
corresponding to both organs (PERMANOVA; for 16S data: at F = 45.384, R2 = 4.121, P = 0.001;
for ITS data: at F = 48.306, R2 = 2.539, P = 0.001).
Discussion
Our analysis based on high throughput 16S and ITS profiling identifies the presence of
complex microbiota in the phyllosphere of leaves and fruits (berries) of grapevine cultivars
grown in our Mediterranean vineyard and it is dominated by bacterial genera of
Pseudomonas, Sphingomonas, Enterobacter and the fungal genera of Aureobasidium,
Alternaria, Cladosporium, respectively which is concordant with the findings of other
grapevine related studies (Zarraonaindia et al. 2015 & Zhang et al. 2017). High relative
abundances of some other microbial genera such as Pantoea and Mycosphaerella have also
been identified in this study, which has been reported in few grapevine cultivars before as
endophytes (Bell et al. 1995; Baldan et al. 2015). This is not uncommon as epiphytes and
endophytes are separated by a thin boundary between their habitats and due to vertical and
horizontal microbial transfers (Frank et al. 2017) sharing of the major chunk of OTUs are
inevitable (Bodenhausen et al. 2013). The bacterial genus Vagococcus has also not been
widely reported in plants by research communities except rhizosphere and phyllosphere of
Rice (Mwajita et al. 2013). Hence, the specific abundance of this genus must be further
identified to have the preliminary view of its functionality in the Mediterranean vineyards.
The reason for its abundance could be the interaction between plant genetic factors and
environmental conditions at this specific geographic location of the vineyard. Epiphytes (the
phyllosphere microbes) associated with grapevine have been suggested to originate from
soil, but are distinct from those in the rhizosphere microbiome (Zarraonaindia et al. 2015);
this is most likely a consequence of the physio-chemical composition and surrounding
environment which strongly modulates microbial community structure and its dynamics
(Wagner et al. 2016). Other reports also evidenced that both environment and the plant

genotype could be the major drivers for epiphytic community structuring (Redford et al.
2010; Turner et al. 2013).
Our preliminary study based on random sampling of 27 cultivars (from three genetic pools)
also indicated that there is probably an impact of grapevine genetic diversity over the
microbial composition in the phyllosphere, but it is not quite evident as we found only a few
microbial OTUs were differentially abundant among genetic pools. Sampling from cultivars
(among these genetic pools) which are more distant in the context of their genetic
relatedness must be done in the future to further explore the impact of this genetic diversity.
Few genera were also found specifically associated with some cultivars of certain genetic
pools (e.g- Vagococcus with the genetic pool TE) and this association (if further confirmed
with above mentioned sampling strategies), should be taken into account in developing new
selective breeding strategies in order to have the putative beneficial role of the phyllosphere
as a performance trait of the cultivars. Moreover, environmental control in shaping
microbiome in these genetically diverse grapevine cultivars should also be further
investigated by sampling at different geographic locations displaying variable climatic
conditions.
On the other hand, leaf and berry samples clearly displayed very distinct microbial patterns.
Type of genera present and their taxa abundances was significantly different in both the
organs. The physical features of berry surface like the number of waxy layers (or bloom,
which prevent water loss from the skin) and their thicknesses are cultivar-specific (Knoche
and Lang 2017). These physical features could influence the contact and permeability of the
grape berry cuticle to different microorganisms as observed for some pathogens, such as
Botrytis cinerea (Herzog et al., 2015) and could be the reason for organ-specific microbiome
differences and deserve further investigations.
This finding is also consistent with the few other findings, in which organ-specific microbial
patterns have been reported in sugarcane (Souza et al. 2016) and in some commercially
important grapevine cultivars (Bokulich et al. 2014). Our leaf samples were majorly
occupied by the bacterial and fungal genus Pseudomonas, Pantoea and Sphingomonas &
Aureobasidium, Mycosphaerella and Cladosporium. At the other end, berry surfaces displayed
higher abundances of bacterial genus like Acinetobacter, Gluconobacter, Enterobacter, but
major fungal abundances were similar in both leaf and fruit surfaces except the genus of
Aspergillus and Pichia. Pichia (a yeast, family Saccharomycetaceae) was also found
specifically abundant in berries of grapevine cultivars of the genetic pool WW. Taxonomy of
Pichia is not fully resolved, and thus, a large diversity of roles in winemaking may be
expected within this genus with some species inducing potential faults in winemaking
(Fugelsang and Edwards 2010). Therefore the information regarding its association with
certain genotypes should further be investigated in the context of wine fermentation.
A richly diverse fungal component of the grapevine microbiome has also been uncovered in
this work and it could also be particularly significant because there is not sufficient
information on the potential risks or benefits of plant-fungi associations. Grapevine

associated microbial communities are relevant to industrial fermentation processes for wine
production. Based on our results it can be assumed that grape juice used for wine production
harbors a diverse bacterial and fungal community originating from its phyllosphere as well
(e.g- Pantoea and Aspergillus).
Some species of most abundant microbial genera we found (e.g- Pseudomonas and
Mycosphaerella) have been previously reported for acting as biocontrol agents or BCAs
(Kurose et al. 2016; Jousset et al. 2006). An interesting question would be to evaluate how
to integrate microbial community studies into traditional biocontrol approaches? This
integration could provide a better understanding of how microbial communities are
interacting with each other, with the host plant, pathogen or with BCAs, which would be
definitely helpful for designing a novel biocontrol method. This also suggests that there is an
open field for further studies of the possible role of bacterial and fungal colonizers in plant
growth, development and response to biotic and abiotic stress.
A whole-genome shotgun sequencing followed by metagenomic analysis (Qin et al 2010) can
add a more detailed layer of information to the taxonomical characterization of a wide
variety of grapevine samples, by generating information on the gene composition of the
bacteria and fungi present. This information can, in turn, be used to discover new genes and
to formulate putative functional pathways and modules, thus could provide insight into
functional and genetic microbiome variability. Apart from metagenomics, the use of
additional tools such as RNA-Seq (for meta-transcriptomics) may offer a more informative
perspective as it can reveal details about populations that are transcriptionally active and
not just identify the taxa and genetic content of microbial populations. Moreover, the
integration of different omic approaches (e.g- meta-transcriptomics & meta-proteomics)
may open a window into discovering the regulatory mechanisms orchestrating observed
gene expressions, thereby uncovering how host-microbe and microbe-microbe interactions
that regulate microbiome activity.
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Table 1: Summary of association tests for bacterial genus Vagococcus against three genetic
pools
Statistical Tests
Genetic Pools
P-values
Linear regression
TE
0.000985
(Parametric test)
WE
0.06004
WW
0.125
Wilcoxon Rank Sum test
TE
0.0008407
(Non-parametric test)
WE
0.06324
WW
0.1072
Table 2: Summary of association tests for fungal genus Pichia against three genetic pools
Statistical Tests
Linear regression
(Parametric test)

Wilcoxon Rank Sum test
(Non-parametric test)

Genetic Pools
TE
WE
WW
TE
WE
WW

P-values
0.1932
0.2294
0.01239
0.0732
0.3316
0.005286

Table 3: Bacterial OTUs with differential abundance between leaf and berry samples with
their respective genera, adjusted p-values, and FDRs.
OTUs
Genus
adj p-values
FDRs
OTU5

Pseudomonas

OTU12

Enterobacter

OTU184

Comamonas

OTU1

Pantoea

OTU70

Gluconobacter

OTU112

Carnobacterium

OTU25

Erwinia

OTU81

Cloacibacterium

OTU150

Bacillus

0.0038

0.00118

0.0038

0.00118

0.0038
0.0038
0.0038
0.007
0.007
0.007

0.0104

0.00118
0.00118
0.00118

0.001475
0.001475
0.001475
0.001475

OTU389

Stenotrophomonas

OTU136

Duganella

OTU92

Nocardioides

OTU44

Staphylococcus

OTU37

Orbus

OTU29

Bartonella

OTU29

Phaeosphaeria

OTU46

Nodulosphaeria

OTU36

Coniothyrium

OTU54

Naevala

OTU124

Blumera

OTU57

Hormonema

OTU111

Phoma

OTU149

Glucononacetobacter

OTU16

Acinetobacter

0.0104

0.001475

0.0205

0.00317

0.0104
0.0104
0.0259
0.0273
0.0355
0.0405

0.001475
0.001475
0.00379
0.00393
0.00479
0.00520

Table 4: Fungal OTUs with differential abundance between leaf and berry samples with their
respective genera, adjusted p-values, and FDRs.
OTUs
Genus
adj p-values
FDRs
OTU27

Dioszegia

OTU78

Golovinomyces

OTU81

Ramularia

OTU53

Bullera

OTU59

Cryptovalsa

OTU43

Boeremia

OTU88

Sydowia

OTU20

Stemphylium

OTU51

Pyrenophora

OTU24

Chalastospora

OTU45

Vishniacozyma

OTU71

Lachnum

OTU91

Cryptococcus

OTU2

Mycosphaerella

0.0005

0.000129

0.0005

0.000129

0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005

0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129

OTU95

Angustimassarina

OTU89

Diplodia

OTU275

Diaporthe

OTU18

Pichia

OTU5

Aspergillus

OTU126

Hortaea

OTU96

Acaromyces

OTU84

Metschnikowia

OTU117

Sigarispora

OTU15

Botrytis

OTU120

Candida

OTU1

Aureobasidium

A

B

0.0005

0.000129

0.0005

0.000129

0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.001

0.0195

0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.000129
0.00025
0.00606

Fig 1. Rarefaction curves for (A) bacterial and (B) fungal datasets based on sequencing reads,
describing the observed number of OTUs as a function of the sequencing reads per samples.
Each color represents the sample (n = 80). Saturation of the curves represents the good
coverage and quality of the data-sets.

Fig 2. Prevalence plot (taxa prevalence versus total count) for (A) bacterial and (B) fungal
taxa representing the phylum level diversity across samples. Each point corresponds to a

different or unique taxon. The y-axis represents the fraction of samples, these taxa are
present.

Fig 3. Relative abundances of (A) bacterial and (B) fungal genera present on each cultivar,
grouped within their genetic pools (9 cultivars per genetic pool, top 20 taxa, characterized
to the genus level and datasets were rarified to 5,000 sequence reads per sample). Chao1
estimates of α-diversity for (C) bacterial and (D) fungal data-sets for three genetic pools.

PCoA plots using Bray-Curtis distance between samples for (E) bacterial and (F) fungal datasets among three genetic pools, explaining >60% variations with first two axes (taxa with
variance < 1e-05 were trimmed).

Fig 4. Relative abundances of (A) bacterial and (B) fungal genera present on leaf and berry
samples, also grouped within their genetic pools (top 20 taxa, characterized to the genus
level, datasets were rarified to 5,000 sequence reads per sample). Chao1 estimates of αdiversity for (C) bacterial and (D) fungal data-sets for both the organ types. PCoA plots using
Bray-Curtis distance between samples for (E) bacterial and (F) fungal data-sets as per leaf
and berry samples based on Bray-Curtis distance matrices, explaining >60% variations with
first two axes (taxa with variance < 1e-05 were trimmed).

MANUSCRIPT 6
Seasonal microbial dynamics on grapevine leaves
under biocontrol and copper fungicide treatments
This last manuscript reports the result of a microbial survey conducted in Western Cape,
South Africa, where we tested two different fungicide treatments on grapevine leaves. From
one side we applied a conventional copper spray treatment while at the other side we tested
a novel strain of Lactobacillus plantarum MW-1, which showed in-vitro fungicide activity.

The aim of this study was i) to understand the dynamics of the microbial community along
the season and ii) the ecological impact of these two treatments, on fungal and bacterial
populations. Therefore, the quantitative approach we integrated, to measure the fungal load
between two treatments was not meant to draw any phytopathological conclusion on the
efficacy of the biocontrol agent over the traditional copper treatment. This work is currently
under revision after it has been submitted to Frontiers in Microbiology.

I conceived this study together with I. Kyrkou within the framework of our project
MICROWINE. After we designed the experiment, different private companies took a role in
performing periodic sampling and sprays and on the logistics of the samples until they
arrived, frozen, to our laboratory. I performed, with E. Filippi, all the experiment in
laboratory. I interpreted the data and wrote all the manuscript except for the introductory
section that was written by I. Kyrkou.
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Abstract

Winemakers have long used copper as a fungicide on grapevine. However, the potential of
copper to accumulate on soil and affect the biota poses a challenge to achieving sustainable
agriculture. One recently developed option is the use of biocontrol agents to replace or
complement traditional methods. In the present study, a field experiment was conducted in
South Africa in which the leaves in two blocks of a vineyard were periodically treated with
either copper sulphate or sprayed with Lactobacillus plantarum MW-1 as a biocontrol agent.
This study evaluated the impact of the two treatments on the bacterial and fungal
communities as they changed during the growing season. To do this, NGS was combined with
quantitative strain-specific and community qPCRs. The results revealed the progression of
the microbial communities throughout the season and how the different treatments affected
the microbiota. Bacteria appeared to be relatively stable at the different time points, with the
only taxa that systematically changed between treatments being Lactobacillaceae, which
included reads from the biocontrol agent. Cells of Lactobacillus plantarum MW-1 were only
detected on treated leaves using strain-specific qPCR, with its amount spanning from 103 to
105 cells/leaves. Conversely, the fungal community was largely shaped by a succession of
different dominant taxa over the months. Between treatments, only a few fungal taxa
appeared to change significantly and the number of ITS copies was also comparable. In this
regards, the two treatments seemed to affect the microbial community similarly, revealing
the potential of this biocontrol strain as a promising alternative among sustainable fungicide
treatments, although further investigation is required.
1. Introduction

Copper (Cu) compounds have traditionally been the means to combat phytopathogenic
microbes, especially fungi, in crop plants (Banik and Pérez-de-luque 2017). In organic
agriculture including organic vineyards, the use of Cu-based pesticides is currently the only
chemical treatment allowed, although it is limited to a maximum of 6 kg Cu ha-1 per year in
the EU (Commission Regulation, 2002). Such a strict regulation is explained by the adverse
effects of Cu on soil organisms and its long-term persistence on surface horizons (Van

Zwieten et al. 2004). Another rational behind this is that Cu overuse may lead to the
development of Cu resistance in pathogenic fungi (Wang et al. 2011). Lastly, Cu residues on
grapes may compromise wine quality (Tromp and Klerk 1988). In contrast, biocontrol
agents, such as lactic acid bacteria, are not harmful to either the environment or health.
Indeed, they are classified as “generally recognized as safe” (GRAS) by the Food and Drug
Administration (FDA, USA) and have received the “qualified presumption of safety” (QPS)
status from the European Food Safety Agency (EFSA) (Trias et al. 2008).

The biocontrol potential of the lactic acid bacterium Lactobacillus plantarum has recently
emerged as an important subject of study. The effectiveness of L. plantarum against several
fungi has been emphasized in a large-scale screening study of over 7.000 lactic acid bacteria,
which showed that most of the strains with antifungal properties belonged to L. plantarum
(Crowley, Mahony, and van Sinderen 2013). Furthermore, many in vitro studies have
demonstrated the antifungal properties of L. plantarum strains against plant parasites of the
genera Botrytis (Sathe et al. 2007; Wang et al. 2011; Fhoula et al. 2013; de Senna and Lathrop
2017), Fusarium (Lavermicocca et al. 2000; Sathe et al. 2007; Smaoui et al. 2010; Wang et al.
2011; Crowley, Mahony, and van Sinderen 2013), Aspergillus (Lavermicocca et al. 2000;
Djossou et al. 2011), Rhizopus (Sathe et al. 2007; Djossou et al. 2011), Alternaria, Phytophtora
and Glomerella (Wang et al. 2011), Sclerotium, Rhizoctonia and Sclerotinia (Sathe et al. 2007).
Additionally, chili seeds infected by Colletotrichum gloeosporioides germinated well after
treatment with L. plantarum (El-Mabrok et al. 2012). In the field, a mix of L. plantarum and
Bacillus amyloliquefaciens applied to durum wheat from heading to anthesis showed
promising control of the fungal pathogens F. graminearum and F. culmorum (Baffoni et al.
2015).

In vitro trials using different L. plantarum strains have shown a promising inhibition of plant
pathogenic bacteria belonging to the genera Clavibacter (Oloyede et al. 2017), Xanthomonas
(Visser et al. 1986; Trias et al. 2008; Roselló Prados 2016), Erwinia (Visser et al. 1986) and
Pseudomonas (Tajudeen et al. 2011; Fhoula et al. 2013; Roselló Prados 2016). In fact, the
inhibitory activity of L. plantarum against P. syringae in planta has long been documented
(Visser et al. 1986), while that against Rhizobium radiobacter has only recently been
reported (Korotaeva N, Ivanytsia T, and Franco BDGM 2015). Meanwhile, field sprays of L.
plantarum on Chinese cabbage alleviated the severity of soft rot by Pectobacterium
carotovorum subsp. carotovorum (Tsuda et al. 2016) and contributed to a reduction of fire
blight by Erwinia amylovora on apple and pear (Daranas et al. 2018). However, the
aforementioned studies focused on the effects of L. plantarum on single organisms while its
effects on the microbial community in a field remain to be investigated.
Next-generation sequencing (NGS) and quantitative PCR (qPCR) techniques facilitate rapid
and cost-competitive mapping of complex microbiomes by tracking fastidious, unculturable
or even unknown taxa and their roles (Schloss and Handelsman 2005; Clark et al. 2018). In
particular, through accurate, real-time enumeration of taxonomic or functional gene
markers, qPCR has enabled microbiologists to quantify specific species or phylotypes out of
an environmental “genetic soup” (Clark et al. 2018) Nonetheless, qPCR assays rely

exclusively on known genes and thus overlook taxa distinct from those already described
(Smith and Osborn 2009). This limitation is circumvented by NGS technologies and the
approaches of either marker gene amplification (amplicon sequencing) or total (shotgun)
sequencing of environmental DNA. Owing to the PCR amplification of specific molecular gene
markers, amplicon sequencing can still be quite inefficient for drawing conclusions about the
genus or species level (Escobar-Zepeda, De León, and Sanchez-Flores 2015). Moreover,
biases can be introduced due to horizontal gene transfer, interspecific gene copy number
variation within a microbiome and underrepresentation (Escobar-Zepeda, De León, and
Sanchez-Flores 2015). Nevertheless, both NGS and qPCR have substantially contributed to
explorations of the planet’s microbiome, and amplicon sequencing remains a valuable tool
for comparative studies of microbial communities (Warinner et al. 2014; Roggenbuck et al.
2014).

From an anthropocentric viewpoint, there has been increasing interest in using the above
technologies to decipher the microbial interactions that directly affect human health and
resources (e.g. on crops and livestock). In this context, the positive role of probiotic bacteria
has long been acknowledged and their potential is being investigated in some detail (Soccol
et al. 2010). L. plantarum is a versatile lactic acid bacterium and probiotic, and is ubiquitous
on plants. The bacterium has been isolated from various environments, such as fermented
food products, the human mouth and grape must (König and Fröhlich, 2009), and hence
constitutes a promising case study. L. plantarum has been examined for, among other things,
its adequacy as a biocontrol agent against phytopathogens and, as mentioned previously, it
is generally considered a good candidate for use in agriculture.

Even though available results of the antagonism of L. plantarum against phytopathogens in
vitro are encouraging, harsh field conditions call for the careful design of field application
trials (Visser et al. 1986). For example, a lack of nutrients can be circumvented by repeated,
surface spray applications to sustain high viable biocontrol numbers (Visser et al. 1986). The
scarcity of field studies makes it more difficult to evaluate this prediction, as well as the effect
L. plantarum may have on a field’s native microbiome. The aim of this study was to evaluate
this effect by investigating the progression of the bacterial and fungal communities in two
plots in the same vineyard, one treated with Cu and the other with a biocontrol strain of L.
plantarum, as the season progressed. Furthermore, the persistence of the applied biocontrol
organism on the vines was monitored. To the authors’ knowledge, this study is the first
preventative intervention using a biocontrol L. plantarum strain in a field-experiment.
2. Results

This study used a combination of amplicon library NGS for both 16S and ITS, and qPCR with
universal and strain-specific primers. The outcome of the DNA sequencing is presented
below, followed by the results of qPCR analyses on the vine leaves. Finally, the results are
presented of analyses of the must during different steps in the fermentation process.
2.1 DNA sequencing dataset description

The sequencing provided a dataset of 147 samples. After quality filtering, 14,028 exact
sequence variants were attained from 3,011,656 high-quality reads concerning just the 16S
community on leaves. For the ITS sequencing of the leaves, 6,901 features were retained,
coming from 4,854,508 reads. All the samples were sequenced with sufficient coverage to
unravel the complexity of the microbial community harboured on the leaves, as seen by the
rarefaction curves in Figure S1. To minimise statistical issues that could arise from
differences in terms of sequencing depth, the samples were normalised by randomly
extracting 24,000 reads from each of the samples before any downstream analyses were
performed.
2.2 Alpha diversity on leaves

This section focuses on two different parameters that describe the microbial community on
leaves: phylogenetic diversity (PD) and evenness. The alpha diversity results are
summarised in Figure 1. Looking at the bacterial community on leaves, it was noted that PD
was significantly higher in the Cu-treated samples compared to the biocontrol samples, as
shown in Figure 1a (p-value= 0.014), and that PD seemed largely unaffected by the sampling
time during the season (p-value= 0.538), as shown in Figure 1c. Looking at the evenness in
Figure 1a, it can be seen that the Cu samples had a greater evenness than the biocontrol
samples (p-value =0.0003). In contrast, no statistical effect on evenness was evident when
looking at the collection time for 16S (p-value= 0.38), as displayed in Figure 1c.

In contrast, the fungal community seemed to be unaffected by the treatments in terms of PD
and evenness (p > 0.05), as visualised in Figure 1b. However sampling time produced a
strong effect on PD (p-value<<0.05) and evenness (p-value<<0.05) on the ITS distribution,
as revealed in Figure 1d. In particular, the number of sequence variants in the community
tended to increase over time from September to November, and then suddenly decreased
from December to the post-harvest period in February and March.

Figure 1: Boxplots of phylogenetic diversity (PD) (left) and evenness (right), grouped by
treatments (above) and period (below) for bacteria and fungi. a) PD (left) and evenness
(right) of bacteria grouped by treatment, b) PD (left) and evenness (right) of fungi grouped
by treatment, c) PD (left) and evenness (right) of bacteria grouped by period, d) PD (left) and
evenness (right) of fungi grouped by treatment.
2.3 Beta diversity on leaves

This section shows the differences between the samples using Bray-Curtis dissimilarity,
looking at the distribution and relative abundances of the single feature between samples.

The beta diversities of 16S and ITS sequence datasets, coloured by treatment or collection
time, were visualised by PCoA plots and are shown in Figure 2. With regard to the bacterial
community in Figure 2a, it can clearly be seen that the 16S distribution on leaves strongly
clustered by treatment (p-value=0.001), while no significant pattern (p-value>0.05) was
found in relation to the sampling collection time (Fig. 2b). The opposite trend was apparent
for the fungal community. In fact, although ITS distribution does not appear to be affected by
the treatment (p-value >0.05) as displayed in Figure 2b, it does strongly depend on the
period of collection during the season, not only at month level (p-value= 0.001) as shown in
Figure 2d, but sometimes even at day level (p-value= 0.001), as presented in Figure S2.

Figure 2: PCoA plots displaying the beta diversity within the dataset for 16S (left column)
and ITS (right column) with samples coloured by treatment (above) and period of collection
(below). a) Distribution of 16S data based on treatment, b) distribution of ITS dataset
grouped by treatment, c) distribution of 16S dataset coloured by period, and d) distribution
of ITS coloured by period. All distance matrixes are calculated based on Bray-Curtis
dissimilarity.
2.4 Taxonomical composition on leaves

The results below show the microbial composition in terms of taxa assigned to the different
features found, highlighting the microbial representation on grapevine leaves. All the
information regarding bacterial and fungal community are summarised in Figure 3. Figure
3a shows the taxa bar plots of the bacterial population. In order, the dominant bacterial taxa
inferred from the sequence features were Lactobacillaceae, Bacillus, Oxalobacteraceae,
Enterobacteriaceae, Planococcaceae, Pseudomonas, Enterococcus, Sphingomonas and
Staphylococcus. The main notable difference between the biocontrol-treated samples and the
Cu-treated leaves was in the variation of Lactobacillaceae. This family includes the potential
biocontrol agent and is an important indicator of its presence on leaves. Although members
of Lactobacillaceae are generally present on the leaves, the difference between the
biocontrol and Cu-treated samples was statistically significant (based on ANCOM). When the
exact sequence variant assigned to this taxa was identified, an alignment was performed
against the NCBI database using BLAST. The result of this confirmed the sequence belong to
Lactobacillus plantarum. The presence of Lactobacillaceae on treated samples varied from
42 % to 68 % of the total bacterial community in the period from September to December.
In the post-harvest months (February and March), the relative abundance decreased to
between 0.1 % and 3.8 %, resembling the values found in the control/Cu-treated samples.
This means that three months after the final spray (December) the relative abundance of
Lactobacillaceae resembled the levels found on copper-treated leaves.
The fungal communities, displayed in Figure 3b, were relatively similar for the biocontrol
and Cu-treated samples when looking at the entire growing season. The dominant taxa
belonged to Pleosporaceae, Cladosporium, Alternaria, Capnodiales, Sporobolomyces and
Aureobasidium pullulans. Although no differences appeared between the two treatments,
another pattern was seen with respect to the collection time. In fact, during the growing
season, there was a significant change in the taxonomical composition of the fungal
communities. Several fungal outbreaks led to a variation in relative abundances during the
period studied. For instance, Pleosporacea members tended to increase in relative
abundance from September to December, reaching 55 % of the total community, before
suddenly decreasing to 9 % in March, although they still appeared among the dominant taxa.
Sporobolomyces, Sporidiobolus and Botryosphaeriaceae were more dominant in September,
while Cladosporium and Alternaria were mostly represented in the post-harvest months. In
light of this finding, it was of interest to examine the differences between the treatments just
within the same sampling period. Interestingly Botryosphaeriaceae varied in relative
abundance from 18 % in the Cu-treated leaves to 0.67 % to the biocontrol in September.
Further analyses were performed using BLAST on the dominant sequence variant assigned
to Botryosphaeriaceae and the read was assigned at species level to Diplodia seriata, a known
pathogen that causes bot canker on grapevine. Conversely Leptosphaeriaceae detected in
September ranged from 2.7 % in Cu-treated leaves to 12 % recorded in biocontrol-treated
samples for the same period.

Figure 3: Taxonomical bar plots for the bacterial and fungal community. Figure 3a) from left
to right: taxa bar plots in which all the 16S samples are grouped by treatment, a taxa bar plot
in which the 16S samples are grouped by treatment during a specific period, and finally the
legend representing the 18 most abundant bacteria. Figure 3b) from left to right: taxa bar
plots in which the ITS samples are divided by treatment, a taxa bar plot in which the ITS
samples are grouped by treatment within a specific period, and finally the legend
representing the 18 most abundant fungi.

2.5 ANCOM and Gneiss on leaves
To test which taxa change in a statistically relevant way, ANCOM was run using treatment
and period as discriminants for these samples. The result was that for 16S between different
treatments, the only taxa that changed in a statistically significant way was Lactobacillaceae,
the family to which this study’s biocontrol agent belongs, with the main sequence variant
assigned to Lactobacillus plantarum (Table S1). Only two statistically relevant differences
were found when looking at the period regarding mitochondria and Ralstonia, but none were
associated with grapevine and furthermore they appeared in low abundance (Table S2).

In the fungal community there were only two taxa that changed significantly between
treatments. These taxa belong to the species Kondoa aeria and to the order of Filobasidiales
(Table S3). They were in very low abundances and did not seem to be related to any known
disease or have an impact on the plant itself. Instead, for this period a large amount of taxa
were observed that changed during the season, 42 of which are classified at least at class
level (Table S4). These findings provide information that can be used to understand the
evolution of the fungal community as the season progresses. These 42 taxa included
potential pathogens such as Alternaria, Cladosporium or members of Botryosphaeriaceae,
with the main sequence assigned to Diplodia seriata using BLAST. As the period shaped the
fungal community, an investigation was carried out on which taxa changed between different
treatments during specific periods in the season. This ANCOM test returned 50 taxa, of which
46 were classified at order level (Table S5). Among the taxa that appeared to be differentially
distributed between treatments, in a short period of time (such as September alone), there
were Botryosphaeriaceae and Leptosphaeriaceae, which were previously highlighted when
looking at the taxonomical composition in Figure 3b.

Gneiss was then run on the bacterial community dataset to evaluate the impact of MW-1 on
other bacteria. Interestingly, Lactobacillacea appeared to be sensitively different (p-value
<0.05) from the rest of the microbial community, based on the position occupied in the tree
(Fig. S3), but the fact that this taxon branches out from the rest means that it does not interact
with other species in the community within the same microbial niche. This is a further
evidence of that the introduction of this biocontrol agent does not alter the bacterial
community that would normally be found on leaves sprayed with copper.
2.6 Quantifying fungal and MW-1 biomass on leaves

The results of the quantitative evaluation by qPCR of the microbial community on the
samples are summarised in Figure 4. The detection of the biocontrol agent was determined
by strain-specific qPCR combined with a high-resolution melting curve. Furthermore, the
total relative abundance of fungi during the period and between the treatments was
compared using universal primers for fungi (with the same primer set used for the
generation of the sequencing reads to reduce biases). The biocontrol agent was detected in
all the treated samples after the first spray (26 September) and up to 2 February, one month
after harvest. The cell numbers showed a range spanning from 10^3 to 10^5 cells/leaf. The
maximum amount of Lactobacillus plantarum MW-1 cells was detected after the spray on 15

November, while on two dates the number of cells detected was below the detection limit.
This study’s time zero, 15 September, was the first time that MW-1 was not detectable, with
no spraying having previously been done, while the second time was on 9 March, two months
after harvest.

The total fungal abundance could be estimated at cell level number without introducing
significant biases due to an uneven ploidy variation between the different taxa detected.
However, since the community composition between the treatments appeared to be very
similar, it was assumed to have a negligible difference in terms of genome distribution. For
this reason, a relative quantification was performed between the two fungal communities
grouped by treatments. With this in mind, the results obtained showed that the fungal
communities between the two treatments followed a similar trend, with no profound
variations between the different treatments. It was decided to estimate the number of fungal
genomes, assuming a fungal-genome average size of 27.5 Mb. Accordingly, the number of
genomes ranging from 10^2 to 10^4 genomes/leaves during this period was calculated.
After normalising the raw-qPCR signals using the gDNA amount, an ANOVA was run which
gave a p-value of 0.56. This confirmed that the variation between the two fungal
communities coming from the two treatments was not significant. Finally a correlation
analysis was performed between the number of cells of MW-1 detected and the
corresponding fungal genome amount for each sample. In this case, the analyses returned a
coefficient of -0.39, which could be interpreted as a moderate negative correlation between
fungi and MW-1.

To further demonstrate the link between initial gDNA amount and qPCR signal, an additional
correlation analysis was performed. First two index ratios (IR) were calculated: IR1 between
input gDNA in Cu versus biocontrol-treated leaves, and IR2 by dividing qPCR genome-copies
detected on Cu versus biocontrol-treated leaves. Finally, the correlation between IR1 and IR2
during the period was determined. The correlation coefficient was 0.81, confirming that the
two IRs were highly positively correlated, as shown in Figure 4a. A t-test on the two IR series
(the assumption of equal variance was tested with a F-test that resulted in a p-value of 0.165)
confirmed that the difference was not significant (p-value= 0.699). This means that the
tendency of the two IRs did not differ significantly between the treatments. In conclusion,
this indicated that not only did the two fungal communities not differ significantly in
composition between treatments, but they were also quantitatively comparable.

Figure 4: a) Positive correlation between index-ratios IR1 and IR2; letters identify the
collection date as reported in Table 1. b) Normalised genomes count for MW-1 (light blue
triangles), estimated fungal genomes on community treated with biocontrol agent (dark blue
squares) and fungal community genomes count under Cu treatment (black diamonds);
curves are expressed as log10 of the genome count. The red dashed line indicates the harvest.
3. Discussion

Understanding the structure and dynamics of microbial communities in the phyllosphere is
important because of their effects on plant protection and plant growth. Since the structure
and dynamics of the microbiome are affected by environmental factors such as geography
(Bokulich et al. 2014), grape cultivar (Singh et al. 2018) and climate (Perazzolli et al. 2014),
this study focused on different treatments applied in two blocks of the same vineyard. Both
treatments, Cu and MW-1, were applied to control fungal diseases. The treatments were
applied throughout the growing season and were followed by the periodic collection of

samples. The number of sprays was unequally distributed and was based on the visible
symptom evaluation on the plants within the two blocks. This is important to note since the
impacts of any chemical and biological treatments depend on the dosage and frequency of
applications, as well as other biotic and abiotic factors (Perazzolli et al. 2014).

This study revealed the development of the grapevine leaf microbiome over the growing
season and displayed the impact of different types of vineyard management using NGS
technology combined with qPCR. The combined use of these approaches allowed
quantitative and qualitative information to be recovered from the compositional dataset
(Perazzolli et al. 2014).

In the present study, the biocontrol-treated phyllosphere-bacterial community had a
reduced phylogenetic diversity and evenness compared with Cu-treated leaves, seemingly
due to the presence of highly dominant taxa (i.e. the biocontrol agent, which appears as
Lactobacillaceae, being dominant in almost all the treated samples). These highly abundant
taxa probably compact the remaining populations, reducing evenness and phylogenetic
diversity, and excluding some of the rare species that are likely to be missed at a fixed
sequencing depth. In fact, phylogenetic diversity positively correlates with sequencing
depth, as shown by Davison and Birch (2008). The beta diversity of the bacteria displayed
significant differences since both communities, by treatment, scattered in two distinct
directions along axis 1, which explained 28.5 % of the variation.

In contrast to the bacterial communities, the fungal communities were affected by the
sampling period, during which PD and evenness showed similar trends for both the
biocontrol and Cu-treated leaves. This is in line with Singh et al. (2018) who showed that the
shift of the microbial community in samples collected at different times was detected for
fungi only. The fact that phylogenetic diversity increased, together with evenness, until
December suggested that the complexity of the fungal community increased due to a higher
number of equally abundant taxa. In December, the fall in PD and evenness was probably
due to the presence of one or a few taxa with a high relative abundance that replaced rare
species. This hypothesis is based on the fact that the sequencing depth was comparable
between samples. The beta diversity of the fungal communities showed that the two
treatments had an insignificant effect on the fungal community when the whole period was
considered. This result is consistent with the study of Perazzolli et al. (2014) where a
chemical and a biocontrol agent against downy mildew were tested in different locations and
climatic conditions. They showed that the fungal community was impacted mostly by
geography and was resilient to the treatments tested. Instead, it is clear from the present
study that the fungal community was strongly affected by the sampling time, suggesting an
evolution of the harboured microbiota due to seasonal changes such as temperature, solar
exposition, rainfall and other abiotic fractions. The fact that microbial seasonal shift only
impacts the fungal community and not the bacterial community is consistent with the work
of Singh et al. (2018) in which two sets of samples from the same vineyards were analysed
and the impact of different sampling times on the microbial community was measured.

The differences in beta diversity reflected the change in taxonomical composition in both
bacterial and fungal communities. In particular, the bacterial communities differed
significantly only for the relative abundance of Lactobacillaceae, as shown in Table S1,
obtained by applying ANCOM. This taxon appeared in the biocontrol-treated leaves in
relative abundance up to 40 % and contained reads of the biocontrol agent MW-1. After
blasting the exact sequence variant against NCBI, the analyses could be refined to species
level, identifying Lactobacillus plantarum as the most likely assignment. The present
biocontrol strain, which here appeared as the dominant sequence variant, was not the only
representative of Lactobacillaceae. The presence of other sequence variants assigned to
Lactobacillaceae was also retrieved on copper-treated samples. This is consistent with the
existing literature in which a community of LAB is found living on the phyllosphere naturally
(Daranas et al. 2018). Furthermore, the strain-specific qPCR applied to recognise and
quantify MW-1 produced a precise signal peak only on the biocontrol-treated samples. This
allowed the conclusion to be drawn that the different amount detected in relative abundance
for the Lactobacillaceae family was due to the presence of reads from the biocontrol agent.
Finally the bacterial community, which appeared to be relatively stable throughout the
season, reflected the composition already reported by Singh et al. (2018) The dominance of
Proteobacteria and Firmicutes highlighted in their paper was consistent with the
distribution shown in the present study, where the dominant taxa belonged to the same
phyla. Furthermore, Singh et al. (2018) analysed two different sets of samples, one collected
in spring and one during the harvest period, which displayed similar bacterial community
composition with a few differences in relative abundance, e.g. the taxa Cyanobacteria.

The analysis of the microbial community throughout the season offered interesting insight
into the possible correlations between specific fungal outbreaks and seasonal variations.
When looking at the whole period, there was a clear succession of dominant fungal taxa with
Botryosphaeriaceae and Sporobolomyces in September, Pleosporacea in December and
Cladosporium, Alternaria and Aureobasidium pullulans in February and March. All of these
taxa are listed as being commonly recovered on grapevine plants in the review of
Dissanayake et al. (2018). However, focusing on the differences between treatments that
appeared only at a specific period of the season, other taxa could be found that were sensitive
to the treatments. These taxa were generally hidden when looking at the complete timeline,
but appeared clear when the focus was on a specific period. For instance, in September, just
after spraying started, there were differences in the dominant taxa between treatments. The
biocontrol leaves showed a reduced relative abundance of Botryosphaeriaceae compared to
the Cu-treated samples, with the dominant sequence variant assigned to Diplodia seriata, a
known grapevine pathogen that can cause bot canker (Úrbez-Torres et al. 2008). Conversely,
within the family Botryosphaeriaceae, there is also the genus Botryosphaeria, whose
anamorph stage has been confused with Diplodia (Phillips, Crous and Alves 2007). This
genus appears not to be strongly affected by Cu (Mondello et al. 2017), but from the results
of the present study it might be impacted by MW-1. Conversely, this biocontrol agent seems
not to affect the taxon Leptosphaeriaceae, whose group contains pathogenic taxa such as
Leptosphaeria that can cause black-leg disease in brassica (Hammond, Lewis, and Musa

1985). However, to the authors’ knowledge, Leptosphaeriaceae does not include pathogenic
strains on grapevine. Furthermore, Leptosphaeriaceae are sensitive to chemical pesticides
(Eckert et al. 2010), and this could explain the reduction when Cu was applied. However
targeted quantitative methods are required to confirm this.
Finally, the outcome of the NGS approach was combined with a targeted strain-specific qPCR
to detect and quantify the biocontrol agent. A qPCR was applied on the fungal communities
from the two treatments. This combined approach has previously been reported (Perazzolli
et al. 2014) as an efficient way of drawing conclusions about microbial ecology when
biocontrol agents are involved. The number of cells detected for MW-1 was consistent with
the existing literature in which biocontrol agents on the phyllosphere are studied and
quantified, and could eventually be used as an indicator of the effectiveness of the treatment
(Perazzolli et al. 2014). The detection limit in this study was 102 cells/gram of leaves, a
frequent limit of detection when qPCR is used (Hierro et al. 2006). The number of cells
detected during the season varied between 105 and 103. A sudden tenfold decrease was
expected 1-6 days after the spray, as previously reported in other field studies such as
Daranas et al. (2018) using L. plantarum PM411 on apple, kiwi, strawberry and pear plants.
When investigating the amount of fungi, the number of cells was not estimated due to the
biases that could have been introduced by different ploidy between species. However, an
average amount of fungal genomes was estimated based on the information reported in Li et
al. (2018), with the average size for ascomycetes and basidiomycetes estimated at 13 and 42
Mb respectively. Accordingly, since members of both phyla were retrieved, 27.5 Mb was used
as the average size for genomes. However, the results could be slightly different if these
parameters were changed, consistent with other studies on fungal genomes such as Mohanta
and Bae (2015), which reported different sizes. All the analyses established that the two
fungal communities were quantitatively similar. Finally, when comparing the two
normalised qPCR signals, an ANOVA test confirmed that there were no significant differences
between treatments.
Based on these results, leaves treated with L. plantarum MW-1 showed minor differences at
specific periods of the year in terms of taxonomical composition, and there were no
significant differences in terms of fungal load when compared with Cu-treated leaves. To
conclude, although further evidences are required, this study provides affirmation that
Lactobacillus plantarum MW-1 offers a promising biocontrol alternative or supplement to
the use of Cu as a fungicide treatment on grapevine leaves. Finally, it paves the way for more
environmentally-friendly treatment practices, not only in vineyards but also in other crops
that are sensitive to fungal diseases and require chemical treatments.
4. Material and Methods
4.1 Materials
Leaves were collected periodically from September 2016 to March 2017 from a vineyard in
a winery in the Western Cape (South Africa). Two plots in the same field, separated by
several lines of grapevine, were managed in two different ways: one block was sprayed with

Cu in a traditional vineyard management system, while the other was sprayed with a
Lactobacillus plantarum MW-1 as a potential biocontrol agent. The Lactobacillus plantarum
MW-1 strain has previously been isolated from grapes in the same wine region (data not
shown). During the studied period, 12 different samplings were carried out in which leaves
were collected in five spots for each of the treatment areas within the vineyards. For each
spot and each treatment there were three independent biological replicates. Each sample
consisted of five leaves that were placed in a 50 ml Falcon tube. The tubes were frozen at 20 °C and shipped to the laboratory in Denmark. Sample collection followed the spray
calendar for the biocontrol agent. After the grape harvest in January, there was a follow-up
with two extra samplings in February and March. All the plants from which leaves had been
collected were marked and did not change throughout the experimental plan. A complete
calendar of the sampling is given in Table 1.

Table 1: Sampling dates in this study; second column report the code used during dataprocessing and analyses; third column identify the state of the vineyard at the time of the
samples collection
Date of collection
15 September 2016
26 September 2016
29 September 2016
10 October 2016
17 October 2016
25 October 2016
3 November 2016
18 November 2016
30 November 2016
12 December 2016
2 February 2017
9 March 2017

Code in the paper
1.S
2.S
3.S
1.O
2.O
3.O
1.N
2.N
3.N
1.D
1.F
1.M

Note
Time
zero,
no
sprays
performed
After biocontrol agent spraying
After biocontrol agent spraying
After biocontrol agent spraying
After biocontrol agent spraying
After biocontrol agent spraying
After biocontrol agent spraying
After biocontrol agent spraying
After biocontrol agent spraying
After biocontrol agent spraying
After harvest
After harvest

4.2 Sample preparation and DNA extraction
The tubes containing the leaves were thawed at room temperature and 20 ml of a washing
solution was subsequently added (Singh et al. 2018) and placed on a rocket inverter,
applying one hour of gently shaking rotation. After this, the leaves were discarded using
sterile pincettes. The washing solution was centrifuged for 15 minutes at 6000 rpm to create
a pellet. Following removal of the washing solution, the pellet was resuspended in 978 ul of
phosphate buffer solution and DNA was extracted according to the manufacturer’s protocol
using FAST DNA Spin Kit for Soil (MP-Biochemical, CA). After the extraction, the DNA quality

and concentration were measured with Nanodrop (Thermo Fisher Scientific) and Qubit®2.0
fluorometer (Thermo Scientific™).
4.3 Library preparation for sequencing

Amplicon library preparation for 16S bacterial gene was performed as described by Gobbi
et al. (2018), with minor modifications hereby reported. To reduce the amount of plastidial
DNA from the grapevine leaves, specific mPNA and pPNA were used with the same sequences
as those recommended by Lundberg et al. (2013). Each reaction contained 12 µL of
AccuPrime™ SuperMix II (Thermo Scientific™), 0.5 µL of forward and reverse primer from a
10 µM stock, 0.625 ul of pPNA and mPNA to a final concentration of 0.25 mg/mL, 1.5 µL of
sterile water, and 5 µL of template. The reaction mixture was pre-incubated at 95 °C for 2
min, followed by 33 cycles of 95 °C for 15 sec, 75 °C for 10 sec, 55 °C for 15 sec and 68 °C for
40 sec. A further extension was performed at 68 °C for 10 min.

The fungal community was sequenced using the same double-step PCR approach for library
preparation,
but
the
primers
in
use
were
ITS1
(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-GAACCWGCGGARGGATCA)
and
ITS2
(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-GCTGCGTTCTTCATCGATGC)
with
adapters for Illumina MiSeq Sequencing. Each reaction for the first PCR on ITS contained 12
µL of AccuPrime™ SuperMix II (Thermo Scientific™), 0.5 µL of forward and reverse primer
from a 10 µM stock, 0.5 µL of bovine serum albumin (BSA) to a final concentration of 0.025
mg/mL, 1.5 µL of sterile water, and 5 µL of template. PCR cycles were the same as above, but
without the step at 75 °C for 10 sec. The number of cycles was set to 40. The second PCR of
fragment purification using beads and Qubit quantification were common for 16S and ITS
and followed the protocol reported in Gobbi et al. (2018). The final pooling was proportional
to the length of the fragment in order to sequence an equimolar amount of gene fragments
for all the samples. Thus by sequencing all the samples within the same sequencing run,
biases due to run variations were minimised. Sequencing was performed using an in-house
Illumina MiSeq instrument and 2x250 paired-end reads with V2 Chemistry.
4.4 Strain-specific primer for the biocontrol agent
In order to find a region that was unique for the biocontrol agent, part of the genome was
uploaded and scanned using PHASTER (PHAge Search Tool Enhanced Research) (Arndt et
al. 2016) to detect phage and prophage genomes within the bacterial genome. Following this,
the uniqueness was tested of an amplicon generated from one primer that targets the
genome and another targeting the phage sequence against the NCBI database and a private
genome database repository of the strain provider. Thus a fragment of 300 bp was obtained
that did not show any hit in NCBI and only one full hit in the private genome repository. To
amplify this fragment, the primers MWP3F (CATCCCAACCGCTAACAA) and MWP3R
(CGCAGAAAAGGTAGCAAA) were used. These primers were tested further against other
strains of L. plantarum from the authors’ collection, showing amplification only toward the

biocontrol agent. To create a standard curve, the DNA was extracted from a pure culture of
the biocontrol agent and serial dilutions were performed from 10-2 to 10-7. Knowing the
length of the fragment of 300 bp, the qPCR signal and the fact that the fragment appears only
once in a genome, the number of cells of the biocontrol agent L. plantarum MW-1 was
estimated for each reaction. This information was used to estimate the number of cells in leaf
extract samples.
4.5 qPCR

All PCR reactions were prepared using UV sterilised equipment and negative controls were
run alongside the samples. The qPCR with primers specific for the biocontrol agent and the
fungal community was carried out on a CFX Connect™ Real-Time PCR Detection System (BioRad).

The primers used for the bacterial biocontrol agent were MWP3F and MWP3R, while for the
total fungal community the same primers ITS1 and ITS2 were used as during library
preparation. To reduce biases the adapters for Illumina MiSeq Sequencing were also
maintained in qPCR. Single qPCR reactions contained 4 µL of 5x HOT FIREPol® EvaGreen®
qPCR Supermix (Solis BioDyne, Tartu, Estonia), 0.4 µL of forward and reverse primers (10
µM), 2 µL of bovine serum albumin (BSA) to a final concentration of 0.1 mg/mL, 12.2 µL of
PCR grade sterile water, and 1 µL of template DNA. Since DNA concentration in some of the
samples was very low (around 0.5 ng/ul), normalisation by diluting was avoided before
qPCR, but the qPCR signal have been normalized using the total input DNA, previously
measured by Qubit. The qPCR cycling conditions included initial denaturation at 95 °C for 12
min, followed by 40 cycles of denaturation at 95 °C for 15 sec, annealing at 56 °C for 30 sec,
and extension at 72 °C for 30 sec; a final extension was performed at 72 °C for 3 min.
Quantification parameters showed an efficiency of E=87.7 % and R2 of 0.999. The same qPCR
cycle conditions were applied for both bacterial and fungal qPCR. All qPCR reactions were
followed by a dissociation curve in which temperature was increased from 72 °C to 95 °C,
rising by 0.5 °C in each cycle, and fluorescence measured after each increment. Since the
initial concentration of DNA was not homogeneous and in a few samples was below 1 ng/ul,
it was decided to normalise the qPCR result using the initial concentration of total DNA, as
reported in Yun et al. (2006).

4.6. Bioinformatics

Sequencing data were analysed and visualised using QIIME 2 v. 2018.2 (Caporaso et al. 2010)
and the same pipeline described in Gobbi et al. (2018). Taxonomic assignments were
performed using qiime feature-classifier classify-sklearn with a pre-trained Naïve-Bayes
classifier with Greengenes v_13.8 for 16S and UNITE v7.2 for ITS. The raw data of this study
will be available on ENA (Study Accession Number)
4.7 Statistics

Statistical evaluation of these results was performed separately for qPCR and the sequencing
dataset. All statistical evaluations and visualisations regarding the qPCR dataset were

performed on Microsoft Office Excel 2010, while the NGS dataset was analysed through
QIIME2 v. 2018.2. The qPCR signals obtained allowed the calculation of the number of cells
of the biocontrol agent detected on the sprayed leaves throughout the period, while for the
fungal community it was possible to perform a relative quantification between the two
different treatments of Cu and the biocontrol. For both datasets the signal obtained was
normalised using the total DNA as input (Yun et al., 2006).

To relate the differences in qPCR signal on the fungal community to the presence/absence of
the biocontrol treatment, the qPCR signal had to be correlated with the initial DNA amount
before checking the differences and their statistical relevance. To do this two different index
ratios (IR) were created: IR1 dividing the raw qPCR signal from Cu samples from that from
biocontrol samples, and IR2 dividing the initial amount of DNA of Cu-treated with that of
biocontrol-treated leaves. Two series of IRs were then obtained to test for equal variance
with a F-test. This was intended to establish whether the two IRs, deriving from two different
datasets, had a comparable variance within their samples. The F-test for variances, with a pvalue= 0.16, proved that the two variances were equal and then a t-test was run on two series
assuming equal variances between the IRs on the two treatments, Cu and biocontrol. A
correlation analysis was also performed between the initial DNA amount and the resulting
qPCR signal. Finally correlation analyses and a t-test were repeated on the samples treated
with the bacterial agent as well to compare the variation between the total fungal community
on biocontrol-treated leaves and the number of cells detected of the biocontrol bacteria.
Sequencing data after QIIME 2 pipeline processing were statistically evaluated using the
Kruskal-Wallis test for alpha and beta diversity. The resulting p-value of the alpha diversity
comparison was based on two parameters (phylogenetic diversity and evenness) calculated
between the different series analysed. Beta-diversity analyses were evaluated using
PERMANOVA with 999 permutations. Finally a statistical evaluation of differentially
abundant features was performed based on analysis of composition of microbiomes
(ANCOM) (Mandal et al. 2015). This test is based on the assumption that few features change
in a statistical way between the samples and hence is very conservative. To individuate
microbial niches, Gneiss (Morton et al. 2017) was also applied on the bacterial dataset, using
treatment as the determining variable.
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Appendix A
I hereby report all the abstracts of the upcoming publications, which I have not included in
this manuscript since the complete paper still is in draft.

Vintage variations on bacterial and fungal diversity of grapevine rhizosphere soils as
an effect of geography.
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* the two authors contributed equally to this work

Next Generation Sequencing (NGS) technologies has allowed access to previously
inaccessible microbial communities in soil. The exuberating amount of information obtained
from the application of such technologies has breached traditional agriculture. Aiming
toward the development of more sustainable crop management practices.
With the future perspective of incorporating these sustainable viticulture tendencies
in the Argentinian wine industry, this research managed to create a representative profile of
bacteria and fungi in grapevine rhizosphere soil of a few San Juan vineyards. The study’s
main objective was to evaluate the abiotic effects on the microbial taxonomic composition
found near grapevine roots, prior to the consecutive harvest periods of 2015, 2016 and 2017.
Taking into consideration the climatic conditions, soil composition, location, grape variety
and vintage.

The samples originated from four sites located in two different estates of the central
Ullum Valley region in San Juan. Each containing a Malbec and a Cabernet Sauvignon cultivar,
with mainly loamy soils and no grafted vines. The results dictated the taxonomic bacterial
groups were Proteobacterias, Bacteroidetes and Firmicutes. While for fungi these were the
Ascomycetes, Basidiomycetes, Mortierellomycetes and a small percentage of the arbuscular
mycorrhiza (AM), the Glomeromycetes. Between vintages, the main taxonomic composition
seemed to vary primarily in 2015. Observations in bacteria indicated this was mainly due to
the increase of the archeal group Thaumarchaeota, in 2016 and 2017. While in fungi, this
seemed due to the higher presence of Ascomycetes in the last two years of research.

The overall diversity indicated there were significant differences between vintages,
estate locations and soil composition. Yet no significant differences due to grape variety.
Further analysis showed the sites grouped together mainly because of the organic matter,
carbon and nitrogen, and phosphorus content. Most importantly, results showed that fungal
and bacterial diversity of a given sight might indeed vary from year to year. Making a better
understanding of the complexity and depth faced when studying microbial terroir in
vineyards.

Vineyard fungal and bacterial community variations as an effect of geography
M. OYUELA AGUILAR1*, A. GOBBI2*, P.D. BROWNE, L. HESTBJERG HANSEN2 and M.
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2Department

of Environmental Science, Aarhus University, Roskilde, Denmark.

* the two authors contributed equally to this work

The increasing quality demands in the wine industry has created a shift toward
microbial terroir understanding for improving sustainable viticulture practices. Thus, much
scientific effort has focused on implementing Next Generation Sequencing (NGS)
technologies. To best explain the microbial complexity in vineyards through the formation
of phylogenetic libraries.

Therefore, the main objective of this study was to focus on the varying geographic
effects on the microbial composition of different grapevine organs. Taken from Malbec and
Cabernet Sauvignon cultivars located in fourteen different vineyards of Argentina and five in
Europe. In total, 174 samples from grapes, leaves and rhizosphere soil were collected in
2016, just days before the harvest period. Out of which 137 samples were successfully
sequenced for both 16s rRNA and ITS1 analyses.

Results showed that the highest diversity found was in rhizosphere soil as oppose to
grapes and leaves. With the exception of one Cabernet Sauvignon site in the Alentejo region
of Portugal. Furthermore, the similarities between grape and rhizosphere samples grouped
according to regions, country and continent. While in leaves, Portuguese sites seemed to
differ between regions more distinctly. Additionally, observations showed significant
differences between training systems, grapevine grafting and -with the exception of
rhizosphere soil- grape variety. The taxonomic groups in fungal communities were mostly
unidentified in all of the samples. However, the recovered data showed fungal communities
in rhizosphere as being the most diverse, seconded by grapes and then leaves. The two most
common and predominant fungi classes in grapes, leaves and rhizosphere were
Dothideomycetes and Tremellomycetes.
As to bacteria, the diversity in both leaves and rhizosphere was much higher than in
fungi. With the predominant class of Alphaprotobacteria at rhizosphere level and
Actinobacteria at foliar level. The observations showed each class was very low in the
abundant presence of the other, with some chloroplast contamination in leaf samples.

Fungicides and the grapevine wood mycobiome. A case study on tracheomycotic
ascomycete Phaeomoniella chlamydospora reveals potential for two novel control
strategies.
GIOVANNI DEL FRARI1, ALEX GOBBI2, MARIE RØNNE AGGERBECK2, LARS
HESTBJERG HANSEN2, RICARDO BOAVIDA FERREIRA1
LEAF – Linking Landscape Environment Agriculture and Food, Instituto Superior de Agronomia, University of Lisbon, 1349017 Tapada da ajuda, Lisbon, Portugal

1

Department of Environmental Science - Section for Environmental Microbiology and Biotechnology - Environmental
Microbial Genomics Group (EMG), Aarhus University, 4000 Frederiksborgvej, Roskilde, Denmark

2

Esca is a disease complex belonging to the grapevine trunk diseases cluster. It comprises five
syndromes, three main fungal pathogenic agents and several symptoms both internal (i.e.
affecting the stem) and external (i.e. affecting leaves and bunches). The etiology and
epidemiology of this disease complex remain in part unclear. Some of the points still under
discussion concern; the sudden rise in the disease’s incidence, the simultaneous presence of
multiple wood pathogens in affected grapevines, the causal agents and discontinuity of foliar
symptoms manifestation. The standard approaches to study esca has been mostly through
culture-dependent studies, yet, leaving many questions unanswered.
In this study, we used Illumina® next-generation sequencing to investigate the mycobiome
of the wood of grapevines in a vineyard with a history of esca. The three main objectives
were to: (i) characterize the mycobiome composition; (ii) understand the spatial dynamics
of the fungal communities in different areas of the stem and in the canes; (iii) assess the
hypothetical link between mycobiome and foliar symptoms.
An unprecedented diversity of fungi is presented (289 taxa), including five genera reported
for the first time in association with grapevine’s wood (Debaryomyces, Trematosphaeria,
Biatriospora, Lopadostoma and Malassezia) and numerous species. Esca-associated fungi
Phaeomoniella chlamydospora and Fomitiporia sp. dominate the fungal community, and
numerous other fungi associated with wood syndromes are also encountered (e.g. Eutypa
spp., Inonotus hispidus). The spatial analysis revealed different abundances of taxa, the
exclusive presence of certain fungi in specific areas of the plants, and tissue specificity. Lastly,
the mycobiome composition of the woody tissue in proximity to the canopy that manifested
foliar symptoms of esca, as well as in foliar symptomatic canes, was highly similar to that of
plants not exhibiting any foliar symptomatology. This observation supports the current
understanding that foliar symptoms are not directly linked with the fungal community in the
adjacent wood.
This work contributes to the understanding of the microbial ecology of the grapevines wood,
offering insights and a critical view on the current knowledge of the etiology of esca.

Appendix B
I hereby reports some of the results I obtained during the first part of this PhD while I was
working on the MICROWINE Sequencing Protocol which have been adopted by all the studies
included in this thesis except for Manuscript 5. These results are summarized in Table 1 in
paragraph 2.2.
1- Sampling Grid

In this test, we performed an extensive sampling within a vineyard following the scheme
reported in Fig. B1a. From each spot we collected and then extracted DNA from three
independent biological replicates. After analyzing the data using DADA2 approach in R we
obtained a PCoA plot (Fig. B1b) which show the distribution of our samples. The samples are
grouped by color and each color define the spot where they belong. Applying PERMANOVA
on this it resulted in a p-value = 0,601 with 9999 permutations. In terms of alpha-diversity
also we could not see any effect in terms of richness (p-value=0,875) and evenness (pvalue=0,672). These results highlight that the diversity within the same spot is sometimes
higher than the diversity between samples coming from different spots within the field. This
place the focus on the amount of replicates necessary to represent a field more than the
number of sampling spots within a vineyard. Based on literature, other important
parameters to consider are: storage conditions (Choo et al. 2015), position within the rows
of plants, which might be affected by agricultural practices such as tillage (Burns et al. 2016)
but also the time of the sampling. The sampling moment in fact, is possibly affected by
meteorological conditions (such as rainfalls) and field-treatments (pesticides and
fertilizations).
2- DNA Extraction

One of the challenges of this sequencing protocol was to choose a single method for DNA
extraction that could work with all the different kinds of samples collected within the
MICROWINE Network. After testing a few protocol we ended up choosing a commercial kit
marketed from MP-Biochemicals and called FAST DNA Spin Kit for Soil since it allow us to
retrieve the highest amount of DNA in all conditions and with low-inhibition which could be
solved most of the times applying a moderate dilution step or a purification kit. Furthermore,
this kit is based on bead-beating and from the literature it is indicated as the best way to
retrieve the highest biodiversity (Vishnivetskaya et al. 2014). Then, we set the different
preparation steps to adapt all the samples to this kit. The samples we analyzed are: soil,
rhizosphere, leaves, must, wine and trunks. After DNA-extraction we tested the DNA for PCR
amplification and visualize the results on agarose gel as summarized in Fig. B2

Figure B1: outcomes of the sampling test conducted; a) the sampling grid we applied in our
studies within each vineyards. b) PCoA plots using bray-curtis dissimilarity and jaccard to
show the distribution of the samples colored by spot in the field; The letters in this legend
correspond to the numbers in panel a. PCoA plot analyses was made in collaboration with
Prashant Singh at INRA, Montpellier (France)

Figure B2: 16S rRNA gene amplification with primers 341F and 806R. In order from left to
right: marker, washed leaves, crushed leaves, must, wine, trunks, rhizosphere, soil, negative
control, marker.
3- Dilution

In this case, we performed a test to verify if the dilution with water, intended as a very
common practice to normalize DNA amount or to remove PCR inhibitors, can affect the
results of microbiome analyses. We selected two kind of samples to test; leaves and soil.
Leaves were chosen because they displayed the lowest yield of DNA after an indirect
extraction performed on the washing-solution. We performed an indirect DNA extraction to
separate the bacteria from the leaf, thus avoiding lysing plant-cells and so getting high
amount of host-DNA. After the extraction the DNA was diluted 1:10 with water and amplified
with PCR and 16S rRNA gene primers 341F and 806R. Soil was chosen because it is the type
of samples in which we recovered the highest amount of DNA. Furthermore, it is characterize
by a high-degree of complexity due to its biodiversity. After the extraction the DNA was
diluted 1:10, 1:100, 1:1000, and 1:2000 with water and qPCR amplification was performed
followed by High Resolution Dissociation Curve analyses, in which the temperature rose
from 65° C to 95° C with 0.5° C increase for each cycle. The results are summarized in Figure
3. In Fig. 3a it is possible to see three clusters of two samples each. Each cluster represent a
samples coming from an independent DNA extraction from washed grapevine leaves (green)
and its dilution 1:10. Therefore, diluting 1:10 does not affect the microbial community
allowing us to maintain even small difference in the microbial community. We could have
influenced this result adding for instance another sample type (such as soil) to the analyses
or using leaves coming from different fields but we kept the amount of confounding variables
at the minimum. In this way, we maximized the effect of dilution and this does not appear to
be significant with any of the different distance matrixes in Fig. B3a (Bray-Curtis, Jaccard or
Unifrac) since all p-values measured with PERMANOVA are much higher than 0,05. In Fig.
B3b, over-dilutions change the microbial community (p-value < 0.05), nonetheless the effect
of geography is always significant (p-value < 0.05) with any of the tested diluting factor. In
our study, however, we never applied a dilution higher than 1:10 in order to normalize the
amount of DNA we used in our library preparation.

Figure B3; here the two panels report different PCoA plots obtained on the two different
experiment we performed to test the effect of DNA dilution on microbial community. In a)
we display three PCoA plots obtained with Bray-Curtis dissimilarity, Jaccard and UNIFRAC
distance on 3 samples of leaves that were amplified after DNA extraction (green) and after a
1:10 dilution with water (pink). The panel a was made in collaboration with Prashant Singh
at INRA, Montpellier (France). In b) we reported a PCoA plot calculated using Euclidean
distance on soil samples coming from France (green), Australia (Red) and Germany (blue)
amplified using different dilutions rate 1:10 (circles), 1:100 (triangles), 1:1000 (squares)
and 1:2000 (crosses). Panel b was made in collaboration with Toke Bang-Andreasen at
Aarhus University (Denmark).

5- Blocking Primers
In 2013 Lundberg et al. describe the use of Peptide-Nucleic-Acid based (PNA) blocking
primers as a way to prevent the amplification of unwanted DNA from specific hostassociated samples. In this publication, he suggested two PNA blocking primer that should
prevent the amplification of plastidial DNA from chloroplast (pPNA), and plantmitochondria (mPNA). We therefore purchase these reagents and tested them on soil, trunks
and leaves samples. In our test we amplified DNA samples with and without PNA (in both
cases using PCR-protocol suggested for PNA, which include a pre-annealing step for the PNAs
at 75° C before the usual primer annealing, to avoid further biases). After analyzing the
results through our bioinformatics pipeline with QIIME 2 (reported in Manuscript 2) we
noticed a huge differences in relative abundance relative to the sequences assigned to
Chloroplast comparing the different groups of samples. In particular, when PNA blocking
primers were used we obtained a reduction from around 95% of the total abundance to
around 1%. All these results are summarized in Figure B4

In soil PNA blocking primers for chloroplast and mitochondria were not necessary but we
apply them to test if they could affect the overall microbial community composition and this
was not the case. Slight change in relative abundance could be due to small differences
between soil samples.
On trunks and leaves samples the reduction of the amplification of chloroplast is remarkable;

Finally, to test if the use of PNA introduce a bias compared to the generally performed
exclusion of the reads assigned to chloroplast (via bioinformatics algorithm), we compared
the taxonomical composition obtained using PNA with the one obtained removing plastidial
reads after sequencing.

From the last two columns, on the right side of Fig. B4 it is possible to see that the dominant
taxa does not change between the two leaves samples obtained this way. However, a
reduction in the rare taxa can be observed when the undesired reads are removed in postsequencing analyses compared to the samples obtained using PNA. To check if there are
differences, attributable to the use of PNA, within the rare taxa we would need to retrieve a
sample of leaves with a higher amount of reads not assigned to chloroplast. Unfortunately,
this was not possible in our test since the remaining reads often are less than a 1000. This
does not allow a good representation of the bacterial community on leaves because we does
not reach the saturation of the rarefaction curve when we measure the richness in alphadiversity analyses (not shown).

Figure B4; taxa bar plots obtained from PNA-test on soil, trunks and leaves samples; from
left to right the first group includes soil samples obtained with and without PNA; the second
group shows samples of trunk obtained with and without PNA; the third group include leaves
samples sequenced with and without PNA; finally last group display leaves obtained with
PNA versus leaves sequenced without PNA but after bioinformatics removal of reads
assigned to chloroplast.

