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The winemaking is a complex process that begins in the vineyard and ends at

consumptionmoment. Recent reports have shown the relevance of microbial populations

in the definition of the regional organoleptic and sensory characteristics of a wine.

Metagenomic approaches, allowing the exhaustive identification of microorganisms

present in complex samples, have recently played a fundamental role in the dissection

of the contribution of the vineyard environment to wine fermentation. Systematic

approaches have explored the impact of agronomical techniques, vineyard topologies,

and climatic changes on bacterial and fungal populations found in the vineyard and

in fermentations, also trying to predict or extrapolate the effects on the sensorial

characteristics of the resulting wine. This review is aimed at highlighting the major

technical and experimental challenges in dissecting the contribution of the vineyard and

native environments microbiota to the wine fermentation process, and howmetagenomic

approaches can help in understanding microbial fluxes and selections across the

environments and specimens related to wine fermentation.

Keywords: wine, metagenomics, bacteria, fungi, vineyard, environment

INTRODUCTION

Wines made from identical vine cultivars and under the same conditions can be recognized for
their distinctive features encompassing chemical composition (Son et al., 2009; Perestrelo et al.,
2014; Ziółkowska et al., 2016) and sensory characteristics (Van Leeuwen and Seguin, 2006; Van
Leeuwen, 2010; Robinson et al., 2012; Hopfer et al., 2015) due to the different regional origins. The
French word for “soil” (also “land”), terroir, was adopted to refer to the interaction between the
plants, the environment and human factors (Gladstones, 2011) and nowadays it is frequently used
to relate wine sensory attributes to its geographic origin (Van Leeuwen and Seguin, 2006). Recently,
several studies have shown that the differences between grapes or fermenting musts from different
regions are mirrored by geographic variation of the microbial community compositions (Bokulich
et al., 2014; Gilbert et al., 2014; Taylor et al., 2014;Morrison-Whittle andGoddard, 2015; Pinto et al.,
2015; Belda et al., 2017). In addition, the differences amongmicrobial populations have been shown
to be correlated with the organoleptic characteristics of fermenting musts (Knight et al., 2015)
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(Bokulich et al., 2016). The reasons why microbial communities
differ among geographic locations are still far to be fully
understood. However, recent studies shaded some light on
this topic, highlighting that microbial populations found in
musts may originate from the native environment surrounding
the vineyard (Morrison-Whittle and Goddard, 2018) and
that the geographical differences among populations were
more evident for fungi than for bacteria (Miura et al.,
2017). Because of the observation of a putative microbial
terroir, the role and persistence of environmental microbial
species in the wine fermentative process gained a renewed
interest.

The compositions of microbial populations present in the
vineyard, in the winery, and in fermenting musts have been
extensively investigated by means of traditional microbiological
methods (Morgan et al., 2017). Culture-based approaches
relied on the isolation of microbes on laboratory media, and
their identification and characterization through biochemical
assays, microscopy, andmolecular biology. Nevertheless, culture-
based methods often failed to identify microorganisms present
at low frequency in the sample and non-culturable cells.
In 1999, Ampe and collaborators showed that at least 25–
50% of the microbial community could not be cultured in
laboratory conditions, hence clearly highlighting the drawbacks
of culture-based approaches (Ampe et al., 1999). In addition,
the use of only biochemical and phenotypic characteristics
to identify microbes was shown to be inadequate, likely
because parallelism and reversals of phenotypes occurred in
species evolution (Kurtzman and Robnett, 1994; Guzmán et al.,
2013). As an example, the Candida genus, initially intended
to include all the “asexual yeasts that divide by multilateral
budding but have no distinctive cellular morphology” (Daniel
et al., 2014), is now recognized as a polyphyletic genus and
undergoing revision to make species grouping consistent with
phylogenetic affinities (Daniel et al., 2014). These limitations
highlighted the need to develop culture-independent techniques
enabling the rapid, accurate, and exhaustive description of
microbial populations. Next Generation Sequencing (NGS)
approaches fulfilled these needs, allowing the identification
of both bacteria and fungi present in complex samples
such as grapes, musts, and fermentations (Morgan et al.,
2017).

METAGENOMIC APPROACHES

Thanks to the advent of NGS, several metagenomic approaches

are nowadays available to dissect the composition of microbial

populations. The available sequencing techniques have already
been reviewed byMorgan et al. (2017), and this review is aimed at

highlighting the potentials of different metagenomic approaches
grouped as amplicon-based and whole-genome sequencing. The

first group is based on the sequencing of target sequences known

to be able to distinguish microbes, the latter group allows the
sequencing of the complete pool of DNA extracted from a given

sample.

Amplicon-Based Metagenomic
Approaches
Amplicon-based approaches, also called metabarcoding, rely on
the contemporary sequencing of the same DNA sequence shared
by all the microbes present in a given sample, but different
enough to allow the identification of different microorganisms
(Table 1).

Back in 1977, Woese and Fox proposed the use of ribosomal
RNA (rRNA) sequences to determine the phylogenetic relations
among organisms (Woese and Fox, 1977). rRNA sequences
fulfilled the requirements for a good molecular marker: they
are present in all the living organisms, their sequences present
conserved regions suitable as targets for primers used in
polymerase chain reactions (PCR) but differ enough between
species to discriminate them (Woese and Fox, 1977). The
pioneering proposal of Woese and Fox is still relevant,
as the rRNA sequences are currently used for amplicon-
based metagenomics analyses. The typical target for bacterial
metabarcoding is the 16S rRNA gene (Liu et al., 2007), while three
regions are usually targeted in fungi: the ITS1-5.8S rRNA-ITS2,
the 26S rRNA gene, and a region of the 18S rRNA gene (Xu,
2016).

Choosing the Target Region
By sequencing specific genes (or regions) one can identify the
microbes at the genus or even at the species level. However, there
are some limits in using the complete gene/region sequences for
metagenomic analyses. First of all, the average reads length of
NGS ranges from 150 to 300 bp, far shorter than the length
of the target genes/regions which are ∼1,500 bp for the 16S
rRNA gene (Liu et al., 2007), 400–900bp for the ITS1-5.8S
rRNA-ITS2 region (Esteve-Zarzoso et al., 1999), and >1,300
bp for the 26S rRNA gene (Pinto et al., 2014). The use of
the whole IT1-5.8S rRNA-ITS2 fungal region for metagenomic
purposes has an additional problem: the length of this region
is not conserved among fungi (i.e., 400 bp in Metschnikowia
pulcherrima, 880 bp in Saccharomyces cerevisiae) (Esteve-Zarzoso
et al., 1999), and a preferential amplification may occur for
shorter fragments. Hence, for metagenomics purposes, shorter
regions have been selected from the full length of the target
genes.

Nine hypervariable regions of the 16S rRNA gene sequence
(V1-V9) have been targeted for the assessment of bacterial
diversity (Liu et al., 2007). Unfortunately, the choice of partial
sequence regions can significantly affect the results because
the 16S rRNA gene regions have different divergence (Table 1;
Youssef et al., 2009). Recent in silico studies showed the V4-
V6 regions as the most reliable for the phylogenetic study of
new phyla (Yang et al., 2016) and the V4, V5-V6, and V6-V7
regions as the most suitable regions for metagenomic purposes
because providing estimates comparable to those obtained with
the complete 16S rRNA gene sequence (Youssef et al., 2009). The
sequencing of the V1-V2 region and the V6 region overestimated
the species richness, while the sequencing of the V3, V7, and
V7-V8 regions underestimated the species richness (Youssef
et al., 2009). However, experiments did not confirm the results
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TABLE 1 | Advantages and drawbacks of amplicon-based and whole-genomics sequencing approaches.

Advantages Drawbacks Organism Region Advantages Drawbacks

Amplicon-based sequencing Large and

comprehensive reference

databases are available

Several pipelines

available for

bioinformatics analysis

Detection of rare taxa

Taxonomy to the genus

level (species at best)

Biased relative quantification of

bacterial communities:

bacterial species bear various

number of copies of 16S rRNA

genes

Functional annotation can only

be inferred

Sequencing of matrix (e.g.,

grape ITS, chloroplast 16S)

Low confidence for taxonomic

assignment at the species level

Bacteria V1-V2 V6

(16S rRNA)

Overestimate

richness

V3, V7

V7-V8 (16S

rRNA)

Underestimate

richness

V4, V5-V6

V6-V7 (16S

rRNA)

Provide estimates

comparable to

those obtained

with the complete

16S rRNA gene

sequence

Fungi ITS1 Detects more

OTUs than D2

region

ITS2 Detects more

OTUs than D2

region

D1-D2

18S rRNA

gene

Whole-genome sequencing All microbes detected at

once

Taxonomic assignment at

the species or strain level

Functional annotations

can be carried out by

gene enrichment

May need available reference

genomes

Relative organism abundances

vary significantly depending on

the protocols adopted for DNA

extraction and sequencing

Generally, not deep enough to

detect taxa present at low

frequency in complex

communities

Amplification of sequencing of

the matrix (e.g., grape)

obtained with in silico analyses: the sequencing of the V3-V4 and
V5-V6 from the same samples showed poor overlap in the lists of
identified bacteria (Campanaro et al., 2014).

As for bacterial metabarcoding, even for fungal amplicon-
based metagenomics choosing the proper fragment to be
sequenced is pivotal. Again, comparative analyses have been
carried out to assess which region is the most suitable for fungal
metabarcoding (Table 1). For instance, Pinto and colleagues
showed that the taxonomies identified in the same samples by
sequencing the ITS2 region and the D2 domain of the 26S
rRNA gene were only partially shared and that the ITS2 region
identified a higher number of taxa than the D2 region (Pinto

et al., 2014). In addition, the ITS1 and ITS2 region performances
were compared by means of in silico and experimental analyses,
revealing that the two regions gave highly similar results, but the
ITS1 region allowed the identification of a greater number of taxa
(Blaalid et al., 2013; Bokulich and Mills, 2013).

It is worth to mention that another problem raises when using
metabarcoding for the dissection of the composition of microbial
populations present in grapes and musts. In fact, being Vitis
vinifera (and hence grapes) a eukaryote, it also bears the ITS1-
5.8S rRNA-ITS2 region and 26S rRNA gene. Similarly, V. vinifera
chloroplasts, being originated from cyanobacteria (Gray, 1989),
bear the 16S rRNA gene. This implies that reads belonging to
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the matrix (grape or must) will be amplified and sequenced in
metabarcoding, thus reducing the coverage for the associated
microbial population. Hence, a particular care should be adopted
in the extraction of microbial DNA, reducing at theminimum the
amount of DNA from the matrix.

Available Reference Databases
An additional factor influencing the choice of the target to
be used for microbial metabarcoding should be the availability
of an exhaustive and curated reference database of annotated
sequences. In fact, the taxonomic assignment is carried out
through the comparison (e.g., alignment) of the sequenced
regions with a database of annotated sequences. In principle,
public repositories of sequences (i.e., GenBank) could be
used as a source for reference sequences. Nevertheless, these
repositories also encompass sequences amalgamated into the
pseudo-divisions “environmental samples” and “unclassified,”
worthless for taxonomic assignment in metabarcoding (DeSantis
et al., 2006).

Several curated 16S rRNA databases are available, among
which the most frequently used are RDP, Greengenes, SILVA,
and LTP (Santamaria et al., 2012). Such resources, in addition
to offering a curated list of annotated 16S rRNA sequences,
also show additional functionalities. For instance, the RDP
reference database can be used with the standalone program RDP
Classifier for phylogenetic classification, and with LibCompare
for comparison of taxa abundances between samples (Wang
et al., 2007). Similarly, SILVA (Pruesse et al., 2007), LTP (Yarza
et al., 2008), and Greengenes (DeSantis et al., 2006) reference
databases can be used with the standalone program ARB for
phylogenetic classification (Ludwig et al., 2004). While RDP,
LTP, and Greengenes databases include complete 16S rRNA
bacterial gene sequence, the SILVA database encompasses aligned
sequences of the small (16S/18S, SSU) and large (23S/28S, LSU)
rRNA subunits for all three domains of life.

While several reference databases are available for 16S
rRNA bacterial sequences, just a few databases are available
for fungal metabarcoding: UNITE (User-friendly Nordic ITS
Ectomycorrhiza Database) (Abarenkov et al., 2010), ITS2
Database (Ankenbrand et al., 2015), and ITSoneDB (Santamaria
et al., 2017). The lack of a wider range of available databases
and tools specific for fungal metabarcoding can be ascribed
to the relatively recent interest in fungal metagenomics and
to the lack of a consensus in the selection of the target used
for metabarcoding. While UNITE encompasses entire ITS1-
5.8S rRNA-ITS2 sequences (Abarenkov et al., 2010), the ITS2
database includes sequences of the ITS2 region (Ankenbrand
et al., 2015), and the ITSoneDB includes sequences of the ITS1
region (Santamaria et al., 2017).

Analytic Tools and Pipelines
The great success of amplicon-based metagenomic approaches
encouraged researchers with various backgrounds to approach
a technique that strongly relies on bioinformatics. Despite
the collaboration of an expert bioinformatician being highly
recommended to choose the best procedures, overcome with
eventual unexpected outcomes of the analysis, and interpret

the data, nowadays the availability of pipelines allows non-
specialized researchers to handle and analyze metagenomic data.
Such pipelines have been built by combining pre-existing tools
and allowing the user to rapidly proceed through the steps of data
processing without i.e., incurring the data conversion to meet the
requirements of the used tool.

Once sequenced, amplicons need to be handled in a
consequential series of steps: i- trim bases that have been flagged
as low-quality by the sequencing platform; ii- (in case of paired-
end sequencing) match and stitch paired reads; iii- remove
artifacts such as chimeras (merged sequences wrongly paired);
iv- filter out contaminant sequences (i.e., non 16S sequences); v-
identify the Operational Taxonomic Units (OTUs) in the samples
(e.g., clustering the entire set of sequences and then selecting a
representative sequence for each cluster); vi- assign taxonomic
identities to the OTUs by comparing the sequences to these
present in reference databases. Such a set of processes has been
variously implemented in themost frequently used pipelines such
as mothur (Schloss et al., 2009), MICCA (Albanese et al., 2015),
QIIME and QIIME2 (Caporaso et al., 2010), BioMaS (Fosso et al.,
2015), the RDP’s Pyrosequencing Pipeline (Cole et al., 2009),
CloVR (Angiuoli et al., 2011), and CloVR-ITS (White et al., 2013)
(the latter designed for fungal populations analyses).

Thanks to metagenomic analyses it is possible to describe
and compare the compositions of microbial populations in
almost every kind of sample. A step forward consists of the
understanding of how changes in the composition of microbial
communities impact the population’s biological functions. Under
the assumption that a given microbial taxon is uniformly able to
perform specific biological functions [i.e., Bacteroides spp. might
be inferred to contain genes encoding glycoside hydrolase activity
(Xu et al., 2007)], it is possible to predict the functional profile of a
given population from the taxon composition obtained by means
of metabarcoding. Some tools have been generated with this
aim, i.e., Tax4Fun (Aßhauer et al., 2015), PICRUSt (phylogenetic
investigation of communities by reconstruction of unobserved
states; Langille et al., 2013), and PanFP (pangenome-based
functional profiles; Jun et al., 2015). All these tools are designed
to infer functional profiles for bacterial populations. PICRUSt is
based on the use of the Greengenes reference database (DeSantis
et al., 2006) and the functional composition of reference genomes
described in IMG (Markowitz et al., 2012). Briefly, OTUs
are identified according to their clustering with taxa of the
Greengenes database, and the biological function profile of the
sample is inferred by the combination of functions described for
the reference genomes corresponding to the taxa identified in the
sample. Thus, PICRUSt predictions depend on the topology of
the tree and on the distance to the next sequenced organism,
limiting the analysis to well-characterized phyla (Aßhauer et al.,
2015). Even Tax4Fun relies on the taxa identification by means
of clustering against a reference database (SILVA Pruesse et al.,
2007), but the SILVA-based 16S rRNA profiles are converted
into taxonomic profiles based on the prokaryotic organisms
in the KEGG database (Kanehisa and Goto, 2000) and finally
the functions are inferred. PanFP works similarly to Tax4Fun,
but in addition to KEGG, allows the inclusion of other gene
annotation databases, e.g., Gene Ontology (Ashburner et al.,
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2000), Pfam (Punta et al., 2012), and TIGRFAMs (Haft et al.,
2003).

However, it must be considered that those softwares cannot
cope with lateral gene transfer or gene gain and loss, which may
affect the ability to predict biological functions from taxonomy
based on a single gene (Table 1). A further drawback of using
DNA-based metagenomic data to infer the biological functions
potentially exploited bymicrobial populations is that the detected
DNA may belong to dead organisms. A few studies on the
dynamics of microbial populations in fermentations reported
the disappearance of DNAs belonging to microbes reasonably
dying during the process (Marzano et al., 2016; Stefanini et al.,
2016), hence suggesting a rapid degradation of DNA in this
chemically hostile environment. However, an approach based
on RNA sequencing would give a direct report of the functions
achievable by the viable microbial populations.

Whole-Genome Sequencing
Another NGS approach used to study the composition of
microbial communities is whole genome sequencing. Instead of
sequencing target DNA regions allowingmicrobial identification,
whole-genome sequencing consists in the sequencing of all the
DNA extracted from a given sample. The obtained sequences
can be handled in various ways to identify the organisms
present in the samples or to obtain other information. Hence,
the composition of both fungal and bacterial populations can
be dissected with a single round of whole-genome sequencing
(Table 1).

Despite being unaffected by the problems highlighted for
amplicon-based approaches, whole-genome sequencing has
disadvantages. Indeed, it has been shown that, differently from
amplicon-based sequencing, the relative organism abundances
inferred from whole-genome sequencing may significantly
vary according to the protocols used for DNA extraction
and sequencing (Table 1; Gomez-Alvarez et al., 2009). In
addition, whole-genome sequencing usually does not allow
the identification of organisms present at low frequency in
the sample (Table 1; Shah et al., 2011). However, a few
direct comparisons of amplicon-based and whole-genome
sequencing techniques revealed that the two approaches identify
highly similar microbial populations, with the whole-genome
sequencing approach capturing a higher level of diversity (more
phyla and genera; Poretsky et al., 2014).

The reads obtained by means of whole-genome sequencing
can be used not only to identify the microorganisms present
in the sample but also to compare the relative abundances of
bacteria and fungi (Cao et al., 2017). The main advantage of
whole-genome sequencing over amplicon-based sequencing is
its potential to characterize microbes at the species or even
strain level (Cao et al., 2017). This topic is detailed in section
Future Challenges forMetagenomic Approaches: the Sub-Species
Level. Furthermore, the whole-genome sequencing approach
also allows the direct identification of genes having relevant
functional roles, whose presence could be only inferred with the
amplicon-basedmetagenomic approach (see the previous section
for further details), and thus, it is not affected by lateral gene
transfer or deletion. In addition, this approach potentially allows

the identification of functions previously unknown in certain
organisms, even if the organisms do not have their genomes
sequenced.

Several tools have been generated to obtain the microbial
taxonomy profile from whole-genome sequencing data, among
which the most used are Kraken (Wood and Salzberg, 2014),
MetaPhlAn2 (Truong et al., 2015), riboFrame (Ramazzotti et al.,
2015), and CLARK (Ounit et al., 2015). Other tools are available
(e.g., TETRA, CompostBin, MEGAN, GRAMMY) and have
been previously reviewed in Alaimo et al. (2018). Kraken and
CLARK identify the percentages of reads aligning against a set
of references genomes. riboFrame identifies reads overlapping
the 16S rDNA genes through Hidden Markov Models and
carries out the taxonomic assignment thanks to a naïve Bayesian
classification. Hence, all reads identified as ribosomal are
coherently positioned in the 16S rDNA gene, allowing the use
of the topology of the gene to guide the abundance analysis.
MetaPhlAn2 allows the species-level and strain-level profiling of
bacteria, eukaryotes, and viruses, by means of sequence matching
against a set of unique clade-specificmarker genes identified from
reference genomes (Table 1).

CHARACTERIZING AND COMPARING
POPULATIONS

In metagenomic analyses, populations are generally compared
among samples having defined and known differences (i.e., the
stage of grape maturation or the stage of must fermentation).
Aiming to this, several measures are available to describe
and compare the structure and composition of populations
measuring the alpha biodiversity (within sample diversity) and
the beta biodiversity (between samples diversity).

In metagenomics, three estimators are generally used to
estimate the alpha biodiversity: richness, Simpson index, and
Shannon index. The taxa richness is the number of different taxa
present in the population, not considering their abundances. For
example, the richness of the populations shown in Figure 1A

is the number of different taxa (letters in the figure) present
in the three populations (Figure 1B). The Simpson index is a
measure of the population evenness, indicating the probability
that two randomly sampled individuals belong to two different
taxa (i.e., species) (Lugtenberg and Kamilova, 2009). Hence, it
considers both the richness and the abundances of the identified
taxa: the more equal the proportions for each of the taxa, the
more homogeneous, or even, they are (Simpson, 1949). As the
Simpson index, the Shannon index combines both evenness and
richness, but it quantifies the uncertainty in the taxon identity of
a randomly chosen individual (Tuomisto, 2012). In plain terms,
if the population is composed by many taxa present at the same
frequency, all the randomly chosen individuals will have the same
(low) probability of being assigned to the correct taxon, hence,
the uncertainty (Shannon index) will be high. On the contrary,
if a large part of the population belongs to a given taxon, the
probability of correctly assigning the randomly chosen individual
will be high, thus reducing the Shannon index (Shannon, 1948).
The major difference between the Shannon and the Simpson
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indexes is that the first gives a higher weight to rare taxa. Hence,
the population with a low richness (s1 in Figure 1A) will have
a lower Shannon index compared to a population with a higher
richness (s2 in Figure 1A) if the first population encompasses
more rare taxa than the second (Figure 1B). On the contrary,
the Simpson index of the first population will be comparable
or higher than the Simpson index of the second population
(Figure 1B).

Two beta diversities are usually used inmetagenomic analyses:
the Bray-Curtis dissimilarity and the UniFrac distance. The
Bray-Curtis dissimilarity is a measure of the differences in
composition between two samples based on taxa abundances in
each sample (Tuomisto, 2012). The UniFrac distance, devised
by the Knight group at the University of Colorado, incorporates
the phylogenetic distances between taxa, and can include the
information on the abundance of taxa (weighted UniFrac)
or simply consider the presence/absence of taxa (unweighted
UniFrac; Borcard et al., 2011).

When delving into the details of the components of the
microbial population, it is worth to make a consideration of
abundances. Usually, the abundances of taxa are reported as
relative abundances (the percentage of counts of the given
taxon on the total of counts in the sample) (Figure 1C). This
measure is fairly used to indicate how the proportion of taxa
changes in different samples. However, when comparing bacterial
populations, it must be considered that the 16S copy number
varies greatly among different bacteria (Lozupone et al., 2007;
Kembel et al., 2012) and this obviously affects the quantification
of bacterial abundances in different samples (Větrovský and
Baldrian, 2013). To cope with this problem and properly compare
the abundances of bacteria, tools such as CopyRighter (Angly
et al., 2014) and rrnDB (Klappenbach et al., 2001) have been
created to scale the abundances according to the known number
of 16S copies in different bacteria.

In addition, a further care should be used especially when
analyzing dynamic processes such as must fermentations. The
amount of microbes present in grapes before harvesting, is
known to exponentially increase during the late phases of grape
maturation (from 102-104 cells per grape before maturation
to 107-109 per grape in damaged, ripen grapes; Mortimer and
Polsinelli, 1999; Kembel et al., 2012) and even more during
the early phases of fermentation, when free sugars are available
and microbes find a more suitable environment (Mortimer and
Polsinelli, 1999; Barata et al., 2012). On the other hand, the
increasing amount of ethanol produced by fermenting yeasts
progressively selects the most sensitive species, reducing the
biodiversity of the sample and potentially modifying the total
amount of present microbes (see further details in section
Metagenomic From Vineyard to Wine; Goddard, 2008). Because
of these fluctuations of the size of microbial populations, the use
of proportions to compare the abundances of taxa in different
samples might not be suitable. For instance, the same amount
of a taxon in populations of different sizes (i.e., taxon E in
samples s1 and s2, Figure 1D) will result in different relative
abundances (20 and 10% in sample s1 and s2, respectively).
Hence, it is not possible to obtain information on the individual
fitness (or persistence) of taxa during the process from relative

abundances. To help in this comparison, we recently applied an
approach allowing us to scale the relative abundances, obtained
through amplicon-based metagenomics, according to the total
amount of microbes identified in the sample (Stefanini et al.,
2016). This approach, based on the quantification of the total
amount of fungal or bacterial DNA in a given sample through
quantitative real-time PCR (qRT-PCR) allowed us to gain
insightful information on the evolution of microbial populations
before and during the fermentation process (Stefanini et al.,
2016).

METAGENOMIC FROM VINEYARD TO
WINE

Despite wine fermentation is usually associated to the process
of sugar conversion into ethanol, the production of wine is
nowadays known to be influenced also by the characteristics of
the vineyard (Gladstones, 2011; Bokulich et al., 2014). These
observations opened a new branch of investigations aimed at
the identification of environmental factors impacting on the
composition of microbial communities and eventually on the
organoleptic characteristics of the wine. Microbes can have both
positive and detrimental effects on the wine fermentation process
and on the organoleptic characteristics of the final product.
Loureiro, Malfeito-Ferreira, and Barata proposed to group the
microbes found in musts in classes highlighting their effects
on fermentation: i- “spoilage sensu stricto” species, responsible
of wine spoilage even when good practices are adopted; ii-
“innocent species”, unable to spoil wine because controllable
through the application of good manufacturing practices; iii-
fermenting species, able to convert sugars and lactic acids, and
whose presence needs to be preserved in order to achieve the
fermentation (Barata et al., 2012).

The following sections will review the information obtained
thanks to metagenomic approaches used to disclose the
composition of microbial populations in the vineyard, in
its surroundings, and in the winery, the influence of such
communities on the fermentation process, and the effects of
environmental factors and human intervention on microbial
communities’ composition.

The Vineyard
It is well known that microorganisms on and inside plant
organs have an impact on the plant health, as they are involved
in functions such as plant nutrition and resistance to stresses
(Mendes et al., 2013). Microorganisms can promote plant growth
by supplying the plants with nutrients, i.e., nitrogen, or by
solubilizing substances, i.e. soluble phosphate (Lugtenberg and
Kamilova, 2009). On the other hand, microbes can also have
detrimental effects on plants, e.g., Botrytis cinerea infecting
vine grapes, or saprophytic molds responsible for grape tors
or mycotoxin production (e.g., Aspergillus spp., Cladosporium
spp., and Penicillium spp.) (Barata et al., 2012). Hence, it is well
known that the plant microbiota is composed of a large variety
of microorganisms. However, only some of these microbes can
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FIGURE 1 | Characterizing and comparing populations. (A) Examples of three populations, letters refer to different taxa, the letter size indicating the abundance of the

taxon in the sample. (B) alpha diversities (richness, Shannon index, and Simpson index) calculated for the populations shown in (A). (C) taxa relative abundances of

the taxa composing the populations shown in (A). (D) taxa absolute abundances of the taxa composing the populations shown in panel (A).

grow in musts, and only a portion of these has a direct effect on
wine production (Barata et al., 2012).

The microorganisms found in musts originate from various
components of the vineyard, encompassing soil (Burns et al.,
2015), air, other plants (Morrison-Whittle and Goddard, 2018),
and insects (Stefanini et al., 2012; Stefanini, 2018; Table 2). The
vineyard soil is one of the natural source of fungi associated
with wine-related environments, with the most abundant genera
being known to have an environmental origin (e.g.,Amniculicola,
Doratomyces, Endocarpon, and Tricellulortus (for the complete
list refer to Table 2) (Morrison-Whittle and Goddard, 2018).
Notably, the most abundant fungi in vineyard soil do not
bear features relevant for wine production e.g., spoilage or
fermentation (Barata et al., 2012). Contrarily, bacteria having
various impacts on the fermentative process have been found in
the vineyard soil. Among these, themost abundant are Firmicutes
(encompassing fermenting, innocent and spoilage sensu-stricto
species), spoiling Acidobacteria and Proteobacteria, and other
bacteria having unknown effects on the fermentation such as
Actinobacteria, Bacteroidetes, Chloroflexi, Gemmatimonadetes,
Plactomycetes, and Verrucomicrobia (Table 2; Burns et al.,
2015).

Another environmental source of microbes relevant for wine
fermentation is the vine, in particular the bark, leaves, and
obviously the grapes. An assessment carried on Portuguese
vineyards (Bairrada appellation, Cantanhede) over a year
revealed that leaves fungal communities were dominated by fungi
belonging to the Rhizopus, Mucor, Zoophthora, and Pandora
genera (Table 2; Pinto et al., 2014). While the first two genera
are associated with post-harvest diseases of table grapes (Hocking
et al., 2007), the two latter genera are insect-pathogenic fungi
(Xu et al., 2009), and their effects on wine fermentation
are unknown or absent. The presence of Ascomycota and

Basidiomycota on vine leaves widely changed over time, with
the most abundant being Aureobasidium, and Guignardia (a
phytopathogen) (Pinto et al., 2014). The fermenting species
Saccharomyces, Hanseniaspora, and Metschnikowia have also
been identified on vine leaves, though at low frequencies (Pinto
et al., 2014). The most abundant bacterial families on vine leaves
are Streptococcaceae, Enterobacteriaceae, Pseudomonadaceae,
and Moraxellaceae (Pinto et al., 2014). Only a few Lactic Acid
Bacteria (LAB), responsible for malolactic fermentation, have
been identified at low frequencies on vine leaves (Lactobacillaceae
family; Table 2; Pinto et al., 2014). Furthermore, Acetic
Acid Bacteria (AAB), known to spoil wine fermentations
(Drysdale and Fleet, 1988), such as the genera Acidisoma,
Gluconoacetobacter, and Roseomonas, are predominantly present
on leaves (Pinto et al., 2014). Noticeably, the fungal biodiversity
on vine leaves show a tendency to decrease over time (Pinto
et al., 2014). This reduction of biodiversity can be ascribed
to various factors: repeated chemical treatments, routinely
used in conventional viticulture (see section Anthropogenic
Factors Influencing Microbial Populations; Pinto et al., 2014);
seasonal/climatic changes (see section Environmental Factors
Influencing Microbial Populations); the emergence of fruit, a
potentially more suitable habitat than leaves for molds and fungi
because rich in sugars (Bokulich et al., 2014; Grangeteau et al.,
2017).

In spring vine fertilized flowers start to develop a seed and a
grape berry to protect it. Grape growth and maturation occur
in the following months, with a duration changing according to
the climate (Perrot et al., 2015). While growing and ripening,
grapes are exposed to microbes originating from the surrounding
environment, and the microbial communities on grape skins
are subjected to dynamic changes due to environmental factors
and anthropogenic interventions. Being the only ingredient
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TABLE 2 | Most abundant microorganisms found in vineyard and winery environments.

Source Fungi Bacteria

Vineyard-soil Absent/unknown effect: AmniculicolaM,

AscobolusM, AscodesmisM, ByssonectriaM,

BoudieraM, ChalaraM, ChytridiumM, CordycepsM,

DoratomycesM, EmericellopsisM, EndocarponM,

FlagelloscyphaM, GaertneriomycesM, GlomusM,

LamprosporaM, LasiobolidiumM, LipomycesM,

MassarinaM, MelastizaM, MicrobotryumM,

OlpidiumM, ScolecobasidiellaM, SorocybeM,

SpizellomycesM, TricellulortusM, ValsonectriaM

Fermenting: Firmicutes4,§,

Innocent: Firmicutes4,§,

Spoilage sensu-stricto: Acidobacteria4, Firmicutes4,§,

Proteobacteria4,

Absent/unknown effect: Actinobacteria4,

Bacteroidetes4, Chloroflexi4, Gemmatimonadetes4,

Planctomycetes4, Verrucomicrobia4

Vineyard-

Leaves

Absent/unknown effect: Aureobasidium8,

Guignardia8, Mucor8, Rhizopus8, Pandora8,

Zoophthora8, Dothideomycetes7

Fermenting: Firmicutes7,§,

Innocent: Actinobacteria7, Firmicutes7,§,

Proteobacteria7,***

Spoilage sensu-stricto: Acidisoma8,

Enterobacteriaceae8, Firmicutes7,§,

Gluconoacetobacter8, Proteobacteria7****,

Pseudomonadaceae8, Roseomonas8;

Absent/unknown effect: Streptococcaceae8,

Moraxellaceae8,

Vineyard-

grapes

Fermenting: Hanseniaspora1,5,** ,

Saccharomyces1,5;

Innocent: Candida1,5,*, Debaryomyces1,

Hanseniaspora1,5,**, Metschnikowia1,5,9, Pichia1,***;

Spoilage sensu-stricto: Botryotinia5 ,

Cladosporium5, Pichia1,***, Torulaspora1,

Zygosaccharomyces1, Saccharomycodaceae6;

Absent/unknown effect: Alternaria5,

Aureobasidium1,5,9, Brettanomyces1,

Cryptococcus5, Erysiphe5, Issatchenkia1,

Itersonilia5, Monilinia5, Mucor5, Phoma5,

Sporidiobolus5, Starmerella9, Dothioraceae6,

Pleosporaceae6, Dothideomycetes7

Fermenting: Firmicutes7,§, Lactobacillales6,

Innocent: Bacillales6, Bacillus6, Enterobacteriales6,

Firmicutes7,§, Proteobacteria7****, Pseudomonadales6;

Spoilage sensu-stricto: Firmicutes7,§ ,

Proteobacteria7****, Rhodospirillales6,

Absent/unknown effect: Lysinibacillus6,

Sporosarcina6, Pasteurellales6, Bacteroidales6,

Actinobacteria7,

Musts Fermenting: Hanseniaspora2,**, Saccharomyces2;

Innocent: Candida2,10, Hanseniaspora2,**,

LachanceaM, MetschnikowiaM, PichiaM,***;

Spoilage sensu-stricto: AspergillusM, Botryotinia2,

Cladosporium2, SaccharomycodesM ,

Penicillium2,10, PichiaM ,***;

Absent/unknown effect: Aureobasidium2,10,

Davidiella2, ErysipheM , SaccharomycopsisM,

SaturnisporaM, Sphingomonas10, Starmerella10

YarrowiaM

Fermenting: Lactobacillales2, Oenococcus oeniP1;

Spoilage sensu stricto: Rhodospirillales2,

Innocent: Bacillales2, Enterobacteriales2,

Pseudomonadales2;

Absent/unknown effect: Propionibacter10,

Corynebacterium10

Winery

surfaces

(prior to

harvest)

Fermenting: Saccharomyces cerevisiae3;

spoilage sensu-stricto: Aspergillus spp.3;

Absent/unknown effect: Cryptococcus spp.3,

Aureobasidium pullulans3

Innocent: Bacillus3, Enterobacteriaceae3,

Pseudomonas3;

Absent/unknown effect:

Comamonadaceae3, Flavobacterium3,

Brevundimonas3,

Microbes were classified as “fermenting,” “spoilage sensu stricto,” and “innocent” according to the (Barata et al., 2012) definition. 1(Barata et al., 2012); 2(Bokulich et al., 2014); 3 (Bokulich

et al., 2013); 4(Burns et al., 2015); 5 (Grangeteau et al., 2017); 6(Mezzasalma et al., 2017); 7(Miura et al., 2017); M (Morrison-Whittle and Goddard, 2018); 8 (Pinto et al., 2014); P1(Portillo

Mdel and Mas, 2016); 9 (Setati et al., 2015); 10 (Stefanini et al., 2016); *considering the multi-phyletic nature of the Candida phylum further characterization at the species level is required.

**encompassing innocent and fermenting species. ***encompassing spoilage and innocent species. ****encompassing spoilage and fermenting species. §encompassing fermenting,

innocent, and spoilage species. Taxa are listed at the level indicated in the referenced study.

for wine production, harvested grapes are the major source of
microbes contributing and affecting the fermentation.Mucor and
Aureobasidium have been identified among the most abundant
fungal genera in grapes (Table 2; Grangeteau et al., 2017).

In addition, grape fungal populations also show high levels
of fungal genera known to variously affect the fermentation
process: fermenting genera (Saccharomyces), “innocent”
genera (e.g., Debaryomyces), spoilage sensu stricto genera
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(Brettanomyces, Cladosporium, Saccharomycodaceae), genera
encompassing spoilage and fermenting yeasts (Torulaspora,
and Zygosaccharomyces), and also genera whose impact on
fermentation is unknown (e.g., Alternaria)(full list of genera in
Table 2; Barata et al., 2012; Grangeteau et al., 2017; Mezzasalma
et al., 2017). Acetic acid bacteria have been found at low
frequencies in grape samples (Portillo Mdel et al., 2016), but still
potentially affecting the outcome of fermentation.

The composition of fungal populations in grapes has
been found to be associated with the geographical location
of the vineyard, thus further supporting the concept of
microbial terroir (Pinto et al., 2014; Bokulich et al., 2016;
Miura et al., 2017; Morrison-Whittle and Goddard, 2018).
The geographical diversification of fungi has been observed
when comparing the complete population structure, and none
of the identified fungal species had a geographic specificity,
being either more abundant or present in only one of the
compared locations (Bokulich et al., 2016; Miura et al.,
2017). The geographical diversification observed for grape
fungal populations has been observed also for grape bacterial
populations (Portillo Mdel et al., 2016; Mezzasalma et al.,
2017). However, some bacteria have been constantly found
at high frequencies in grapes: Lactobacillales (fermenting),
Bacillales, Enterobacteriales, and Pseudomonadales (innocent),
Actinomycetales and Rhodospirillales (Portillo Mdel et al., 2016;
Mezzasalma et al., 2017). Bacillales have been identified at
high frequencies in all the grape samples analyzed in both the
Mezzasalma et al. (2017) and Portillo Mdel et al. (2016) studies,
encompassing various vine varietals, geographical locations, and
vineyard orientations (Portillo Mdel et al., 2016; Mezzasalma
et al., 2017). Contrarily, the presence and abundance of other
bacterial genera and families have been found to be associated
with either the vineyard orientation (South, East, or flat) or the
vine varietal (further details in section Environmental Factors
Influencing Microbial Populations; Portillo Mdel et al., 2016).

The Winery and the Fermentation Process
The conversion of must into wine is a dynamic process
involving numerous transformations carried out by a complex
succession of yeast and bacterial species. The process is achieved
in two steps: alcoholic fermentation, generally carried out
by yeasts, followed by malolactic fermentation, conducted by
bacteria (Cappello et al., 2017). It is well known that alcoholic
fermentation is carried out by a few yeast species, which
eventually overcome the microbial population present in must
because of the sensitivity to high ethanol concentrations and
temperature of most microorganisms (Goddard, 2008). In
general, the increase of temperature and ethanol concentration
during fermentation induces a decrease in population complexity
(e.g., richness), while the size of the population continues
to increase, due to the overcome of the resistant species
(Stefanini et al., 2016). In a recent study, Morrison-Whittle
and Goddard highlighted the high similarity of vineyard and
must fungal populations, with approximately the 40% of the
fungal communities present in musts and during fermentation
being also present in vineyard samples (soil, vine bark,
and ripe fruit) (Morrison-Whittle and Goddard, 2018). The

clear majority of fungi found in musts are also found in
grapes, such as the genera Aureobasidium, Botryotinia, Candida,
Cladosporium, Columnosphaeria, Davidiella, Hanseniaspora, and
Saccharomyces (Bokulich et al., 2014; Morrison-Whittle and
Goddard, 2018; Table 2). In addition, approximately the 30%
of species present during fermentation were also present in
samples (soil and fruit) collected from native conservation
reserves located nearby the studied vineyards (Figure 2), thus
highlighting the relevance of preserving uncultivated areas
nearby the vineyards to safeguard the maintenance of fungal
biodiversity in fermentations (Morrison-Whittle and Goddard,
2018).

Other fungal genera can be found in must samples, but
rarely persist during the fermentation, both because of the
environmental changes and thanks to the adoption of techniques
aimed at the control of spoiling species. Among the species
found in musts and rarely persisting, the most abundant are
usually Pichia (encompassing both “innocent” and “spoilage
sensu stricto” species), Aspergillus (considered a spoiling fungus
as producing ochratoxins), Saturnispora, Saccharomycopsis,
Saccharomycodes (spoilage genus), Yarrowia, Erysiphe, and
Metschnikowia (the latter is an “innocent” and “fermenting”
genus; Morrison-Whittle and Goddard, 2018; Table 2). As
fungal populations, bacterial populations in the vineyard and
must have been shown to be highly similar (Bokulich et al.,
2014; Portillo Mdel and Mas, 2016). Bacterial populations
in the musts are dominated by Bacillales, Enterobacteriales,
Lactobacillales, Pseudomonadales, and Rhodospirillales, with a
higher proportion of LAB than what observed on vine leaves
(Bokulich et al., 2014; Portillo Mdel and Mas, 2016; Table 2).

Noticeably, the clear geographical diversification of microbial
populations observed in musts weakens during fermentation
(Morrison-Whittle and Goddard, 2018), probably because of a
collapse of microbial diversity as Saccharomyces yeasts displace
other species (Goddard, 2008). Nevertheless, as the fermentation
process proceeds, must populations have been shown to
increasingly resemble those found on vine barks, possibly due to
the high frequency of Saccharomyces spp. yeasts found in both
fermentation and bark samples (Morrison-Whittle and Goddard,
2018). Saccharomyces cerevisiae is almost always the species
dominating the fermentation, but other yeast species (Candida
spp. and Hanseniaspora spp.) have been shown to be present at
high frequencies, especially during the early phases of the process
(Portillo Mdel and Mas, 2016; Stefanini et al., 2016). In some
occasions Candida spp and Hanseniaspora spp have also been
shown to be able to dominate the fermentation (David et al., 2014;
Stefanini et al., 2016).

A great step forward in our understanding of bacterial
populations composition during alcoholic fermentation was
achieved thanks to the application of metagenomic approaches.
In fact, studies carried out before the advent of metagenomics
suggested some bacterial species could not persist during
alcoholic fermentation due to their sensitivity to alcohol:
according to culture-based studies, the abundance of AAB was
considered to decrease from 106-107 colony forming units
(CFU)/ml in must to 102-103 CFU/ml at the end of alcoholic
fermentation (Du Toit and Pretorius, 2002). Contrarily, the use of
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FIGURE 2 | Schematic representation of the factors known to influence the composition of microbial populations involved in wine fermentations. 1(Bokulich et al.,

2014); 2(Burns et al., 2015); 3(Grangeteau et al., 2017); 4(Pinto et al., 2014); 5(Miura et al., 2017); 6(Morrison-Whittle and Goddard, 2018); 7(Piao et al., 2015);
8(Stefanini et al., 2016).

culture-independent methods reported that the high abundances
of AAB, in particular of Gluconobacter (Acteobacteraceae),
remained elevated throughout fermentation (Andorrà et al.,
2010; Bokulich et al., 2012; Portillo Mdel and Mas, 2016).
Nevertheless, the abundances of AAB detected by means
of metagenomic approaches were shown to decrease with
fermentation, possibly also because of the increase of LAB
abundances (Portillo Mdel and Mas, 2016). In general, the
inoculation of the yeast S. cerevisiae strains, a practice currently
used to support and control the fermentation, has been shown
to largely impact on the composition of bacterial populations,
and to reduce the biodiversity, inducing a reduction of acetic acid
bacteria (Bokulich et al., 2012).

As previously described for the vineyard, also the winery
environment is a source of microorganisms involved in must
fermentation (Bokulich et al., 2013; Belda et al., 2017).
Under normal cleaning conditions, large populations of fungi
and bacteria are found on winery surfaces prior to harvest
(Table 2) (Bokulich et al., 2013). Such persistent microorganisms
encompass fermenting, spoiling and innocent fungi and
bacteria: Pseudomonas, Enterobacteriaceae, Bacillus, S. cerevisiae,
Cryptococcus spp., Aureobasidium pullulans, and Aspergillus spp.
(Bokulich et al., 2013; Table 2). Hence, these microorganisms
will potentially contribute to the fermentation process of the
following vintage.

Environmental Factors Influencing
Microbial Populations
Among the known environmental factors known to influence the
microbial populations found in various vineyard specimens, the

vintage is probably the most relevant (Figure 2). The number
and type of taxa identified in grape samples are associated with
vintage characteristics, including factors such as temperature
and rainfall (Bokulich et al., 2014; Grangeteau et al., 2017).
Grangeteau and collaborators showed that the total number
of fungal species and the proportion of molds were greater
in warmer and drier vintages compared to cold vintages with
heavy precipitations (Grangeteau et al., 2017). In addition, the
Botryotinia, Cladosporium, and Phoma genera were found only
in warm and dry vintages, while the Monilinia genus was found
in vintages with lower temperatures and greater precipitations
(Grangeteau et al., 2017). Similarly, Bokulich and collaborators
showed the vintage effect on microbial populations present in
must samples (Bokulich et al., 2014; Figure 2), with maximum
temperature and relative humidity being among the strongest
features explaining microbial community dissimilarities across
grape microbial community patterns (Bokulich et al., 2014).

Other factors shaping the composition of wine fermentation-
related microbial populations are the physical characteristics
of the vineyard. Burns and collaborators showed that high
abundances of Alphaproteobacteria and Actinobacteria families
were found in vineyard soils having high contents of carbon or
nitrogen (Burns et al., 2015). Contrarily, Sphingomonadaceae,
Comamonadaceae, Pseudomonadaceae, Xanthomonadaceae,
Micrococcaceae, Nocardiaceae, Flavobacteriaceae, Bacillaceae,
and Paenibacillaceae were more abundant in soils showing low
amounts of carbon or nitrogen sources (Burns et al., 2015).
Unfortunately, the analyzed vineyards, located in the Napa
Valley (California), showed several characteristics correlated
with each other (i.e., elevation was positively correlated with
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latitude, slope, and average annual precipitation), hence probably
preventing the identification of further associations (Burns et al.,
2015). However, the topological characteristics of the vineyard
have been shown to greatly influence the composition of
wine-related microbial populations (Portillo Mdel et al., 2016).
In fact, Pseudomonas (an innocent genus), Haemophilus,
Oxalobacteraceae, Sphingomonas, have been shown to be
constantly present in grape samples from vineyards exposed
to East, while Staphylococcus (innocent genus), Streptococcus,
Micrococcaceae, Enhydrobacter, and Aeromonadaceae have
been shown to be typical of flat vineyards (Portillo Mdel et al.,
2016).

Notably, it has been shown that the vine cultivar influences the
composition of fungal and bacterial populations (Bokulich et al.,
2014). Bokulich and collaborators showed that Capnodiales,
Protobacteria, and Penicillium were more abundant in
Chardonnay grapes, Cabernet Sauvignon grapes were enriched
in β-Proteobacteria, Bacteroidetes, Clostridia, Dothideomycetes,
Agaricomycetes, Tremellomycetes, Microbotryomycetes,
and Saccharomycetaceae; and Firmicutes, Gluconobacter,
Eurotiomycetes (Aspergillus), Leotiomycetes, and Saccharomycetes
were more abundant in Zinfandel (Bokulich et al., 2014).

In addition, must chemical-physical factors have been shown
to play a relevant role in selecting microbial populations.
For example, acidic musts (low pH) show high amounts
of the environmental species Pichia membranifaciens,
whereas Wickerhamomyces anomalus, Pichia bialowiezense,
Guehomyces spp., Cladosporium spp., Torulaspora delbrueckii,
and Nakazawaea holstii showed a preference for an environment
characterized by a low ethanol concentration, high glucose
concentration, and mildly acidic pH, as is usually the case for
must in the early stages of fermentation (Stefanini et al., 2016).
However, the composition of microbial populations is highly
dynamic during the conversion of must into wine, and several
studies have been done to dissect the dynamics of microbial
populations. In general, the richness of both bacterial and fungal
populations decreases during the process (Pinto et al., 2015).
The fungal population, which is dominated by environmental
species in musts, shows an initial growth of non-Saccharomyces
(i.e., Hanseniaspora, Metschnikowia, Pichia, and Torulaspora).
Later, the number of species is reduced, and a few yeast species
are abundant in spontaneous fermentations: S. cerevisiae,
Candida zemplinina, Hanseniaspora spp., Metschnikowia spp.,
and Lachancea spp. (Pinto et al., 2015; Stefanini et al., 2016).

Anthropogenic Factors Influencing
Microbial Populations
Aiming to the optimization of the product, winemakers
intervene in several stages of the process, from the vineyard
up to the winery. The most common human interventions
encompass the decision of using protective treatments in the
vineyard, inoculating musts with either selected microorganisms
or enriched environmental populations (pied de cuve), or adding
chemicals to the must to eradicate spoiling microorganisms.
Several different farming approaches are nowadays adopted
in the vineyard, among which the most extreme are the

conventional, based on the application of chemical fungicides
and biofertilizers, and the biodynamic and organic approaches,
avoiding the use of pesticides and herbicides. Some efforts
have been made to evaluate the effects of these approaches on
microbial communities associated with wine production. The
fungal richness in grapes was found to be higher in conventional
and ecophyto (same compounds used in conventional protection,
at a lower dosage) than in organic (treated with only pyrethrin,
copper, and sulfur) vineyards (Grangeteau et al., 2017).
Basidiomycota (especially Cryptococcus) were mainly found
in organic vineyards, as well as Fusarium and Mucor, whereas
the fermenting genera Saccharomyces, Metschnikowia, and
Hanseniaspora are mainly associated with the conventional
method (Grangeteau et al., 2017). The effects of the farming
approaches were also observed in microbial populations found
in the must. In fact, the fungal biodiversity was found to be
higher in musts from biodynamic vineyards (treated with sulfur,
copper oxide, organic fungicides) than in conventional (chemical
fungicides and biofertilizers are applied) and integrated
(application of biofertilizers, mycorrhizae, combination of
systemic and surface protectants for pest control) vineyards
(Bagheri et al., 2015).

Conventional farming approaches make use of repetitive
and various chemical treatments in the vineyard, which have
been shown to influence both fungal and bacterial communities
present on vine leaves (Pinto et al., 2014) and grapes (Setati et al.,
2015). Chemical treatments affect the microbial biodiversity,
especially reducing the relative abundances of Aureobasidium
spp., Cryptovalsa, Bulleromyces, Diaporthe, and increasing the
relative abundances of Alternaria, Claviceps, Guignardia, Lewia,
Puccinia, Sporormiella, Stemphylium, and Ustilago on leaves
(Pinto et al., 2014). When different combinations of chemicals
were sequentially applied in the vineyard, each treatment was
shown to affect the whole fungal community (Pinto et al., 2014).
After treatments with chemicals encompassing the active element
sulfur, a noticeable reduction was observed for the abundances
on vine leaves of the genera Aureobasidium, Rhodotorula, and
Candida (Pinto et al., 2014). In addition, the abundance of
Aureobasidium was also affected by treatments supplemented
with folpet, an agricultural fungicide used for the control of
downy and powdery mildew and gray mold infections (Pinto
et al., 2014). Concerning bacteria, chemical treatments have been
shown to decrease the relative abundances of Enterobacteriaceae,
Pseudomonadaceae, Comamonadaceae and Xanthomonadaceae
families (Pinto et al., 2014; Figure 2).

Aiming to the control of spoilage microorganisms,
winemakers have adopted in the winery a series of protocols
including the control of temperature, the inoculation of
S. cerevisiae strains, and the supplementation of musts with
chemicals (i.e., SO2). The inoculation of S. cerevisiae, a technique
adopted since the mid-late nineteenth century (Muller-Thurgau,
1896), is aimed at exploiting the vigorous fermentative capacity
of this species to obtain a very efficient ethanol production and
impose the inoculated strain over the rest of the microbiota,
potentially able to spoil the wine (Piskur et al., 2006). The
inoculation of S. cerevisiae reduces the biodiversity of microbial
populations, and in particular of acetic acid bacteria, possibly
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by increasing the fermentation rate and the must temperature
consequently (Bokulich et al., 2012). Currently, winemakers are
interested in using non-Saccharomyces yeasts during alcoholic
fermentation to increase wine complexity and differentiation
(Lleixà et al., 2016). To meet this requirement, companies have
started to study and commercialize Torulaspora delbrueckii
and M. pulcherrima (Jolly et al., 2014). In addition, researchers
have started to investigate the possibility to exploit one of
the non-Saccharomyces genera most abundant in grape must,
Hanseniaspora, and H. vinae has so far shown the most
promising potential as fermentation starter (Lleixà et al., 2016).
Interestingly, the inoculated H. vinae strains were shown to
persist at high frequencies in musts only during the initial
days of fermentation, and, despite being overturned by natural
S. cerevisiae strains, were able to modify the organoleptic
properties of wine (further details in section Effects of Microbial
Populations on the Quality of Wine Fermentation; Lleixà et al.,
2016).

Grangeteau and collaborators showed that the human
intervention during the fermentation process (on musts) can
modify the composition of microbial populations with a reduced
impact than the human activities in the vineyard (Grangeteau
et al., 2017). Indeed, the type of protection applied in the
vineyard (conventional, ecophyto or organic) was shown to
have the major effect on the dynamics of fungal populations
during the fermentation (Grangeteau et al., 2017). However,
also the supplementation of musts with SO2 had an effect,
favoring the early implantation and domination of the genus
Saccharomyces (Grangeteau et al., 2017). Similarly, bacterial
communities were shown to be affected by the supplementation
of SO2 (Bokulich et al., 2015; Piao et al., 2015). Bokulich
and collaborators showed a dose-dependent effect of SO2, with
25 mg/l SO2 being the minimal concentration required to
stabilize the bacterial population, also resulting in the control
of Gluconobacter and LAB (Bokulich et al., 2015). However, the
same study also revealed that the inoculation of S. cerevisiae
had the same effect of SO2 on bacterial populations and that
the effect was not additive with the supplementation of SO2

(Bokulich et al., 2015). A similar result was reported by Piao
and collaborators, revealing higher abundances of the spoiling
Gluconobacter oxydans and, in a minor extent, Acetobacter, in
organic fermentations (not supplemented with SO2), compared
to conventional fermentations (supplemented with 55.8 mg/L
SO2; Piao et al., 2015).

Effects of Microbial Populations on the
Quality of Wine Fermentation
As described in previous sections, a wealth of studies based
on metagenomic approaches have investigated microbial
populations associated with wine production, not only to
describe them, but also to identify factors affecting their
compositions. Contrarily, only a few studies have explored
the associations between microbial communities and wine
organoleptic characteristics (Bokulich et al., 2016; Lleixà et al.,
2016; Stefanini et al., 2017b). It is worth mentioning that
most of current studies on the associations between microbial

communities and organoleptically relevant compounds were
aimed at identifying correlations, without claiming causation. In
other words, the identification of positive or negative correlations
does not mean that the microbe produces (positive correlation)
or is killed/controlled by (negative correlation) the compound.
Rather, correlations could be potential markers to predict wine
metabolite composition (Bokulich et al., 2016). Further studies
should be done to assess the potential role of microorganisms in
flavor production (Bokulich et al., 2016).

The geographical differentiation observed for microbial
populations was also observed for wine metabolites (Knight
et al., 2015; Bokulich et al., 2016). This observation encouraged
Bokulich and collaborators to search for correlations between
microbial (fungal and bacterial) genera abundances and
metabolite amounts (Bokulich et al., 2016). Noticeably,
associations were identified between Leuconostocaceae (with
O. oeni as the best sequence hit) and a metabolite tentatively
assigned as methyl benzoate, phenylacetate, or p-anisaldehyde,
between Hanseniaspora uvarum and a metabolite tentatively
identified as acetophenone, phenylacetaldehyde, or 3-methyl
benzaldehyde, and between Pichia guilliermondii and a two
metabolites identified as octanoic acid and C6H10O2 (either
acid, ester, or lactone) (Bokulich et al., 2016). Noticeably, several
of the compounds identified as being associated to microbial
species are known to have scents lending wine either pleasant
or unpleasant characteristic, e.g., methyl benzoate has pungent,
heavy, floral odor with fruity undertones; p-anisaldehyde has an
intensely sweet floral odor; phenylacetaldehyde has a rose-like
scent; octanoic acid has an unpleasant odor [information
obtained from PubChem (Kim et al., 2016) and “the good
scent company” website, http://www.thegoodscentscompany.
com/]. Other correlations have been identified among fungal
genera and volatile compounds in withering V. vinifera L. cv.
Corvina grapes and musts of Amarone, a dry wine produced
exclusively in the Italian region of Valpolicella (Verona)
(Stefanini et al., 2017b). The fungal genus Phoma, found at
high frequencies in withering Corvina grapes, showed a positive
correlation with (3E)-3-hexenoic acid. The Diplodia genus,
highly abundant in musts, was found to be positively correlated
with 1-pentanol (amyl alcohol, having a balsamic, fusel, oil,
sweet, vanilla flavor) and 2,6-dimethoxy phenol (syringol, having
a bacon, balsamic, phenol, powdery, smoke, woody flavor).
Contrarily, other genera highly abundant in musts showed
negative correlations with volatile compounds known to have
a relevant impact on wine aroma. The genus Candida showed
a negative correlation with p-formilphenol, having an almond,
balsam, sweet, woody flavor, and dichloromethane, having a
sweet smell. The Cytospora genus showed a negative correlation
with paraldehyde (aromatic and sweet smell), and tetradecane
(alkane, mild, waxy smell). The genus Metschnikowia was found
to have negative correlations with (3E)-3-hexenoic acid (acid,
cheesy, fruity, grass, sweaty flavor), isoamyl acetate (banana
and pear), dibutyl phthalate (faint smell), paraldehyde (sweet
and aromatic smell), p-formaldehyde (almond, balsam, sweet,
woody smell), triethylene glycol (odorless, but potentially acting
as disinfectant), and dichloromethane (sweet smell). Both
Cytospora and Metschnikowia showed negative correlations
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with caprylic acid (cheesy, rancid smell) and octadecane (alkane
smell).

As previously stated (section Anthropogenic Factors
Influencing Microbial Populations), not-Saccharomyces strains
are being studied as potential starters (aka strains inoculated
in musts to promote alcoholic fermentation) to increase wine
complexity and differentiation. The inoculation ofHanseniaspora
vinae was shown to modify the organoleptic characteristics of
wine, despite the inoculated strain was rapidly replaced by
natural S. cerevisiae strains present in the must (Lleixà et al.,
2016). In particular, the amounts of N-acetyl tyamine and
1H-indole-3-ethanol acetate ester, usually not found in wine
fermentations, were found only in musts inoculated with
H. vinae, and phenethyl acetate, conferring floral, fruity and
honey-like aromas to wine, was 50 times more abundant in wines
fermented with H. vinae (Lleixà et al., 2016). Noticeably, Lleixà
and collaborators also reported that wine-tasters selected and
easily distinguished wines fermented with H. vinae, indicating
that the early presence of this species can greatly modify the
characteristics of the wine (Lleixà et al., 2016).

FUTURE CHALLENGES FOR
METAGENOMIC APPROACHES: THE
SUB-SPECIES LEVEL

Amplicon-based approaches allow us to obtain a general picture
of themicrobiota but have a taxonomic resolution that, in the best
situations, assigns individuals at the species level (Stefanini et al.,
2016). Although this might be sufficient to describe and compare
populations at the large scale, in some situations a higher
resolution is necessary. For instance, S. cerevisiae isolated from
different geographical locations have shown different genetic
and phenotypic characteristics, thus suggesting the existence of
geographically-specific lineages of this yeast (Yarza et al., 2014).
Hence, the disclosure of microbial populations at the strain level
is of great interest to better understand the distribution and
diffusion of microorganisms from the vineyard to the winery and
among vineyards.

Aiming to identifying different strains of a given species,
a few culture-independent procedures have been developed.
Among these procedures, MetaMLST (Zolfo et al., 2017)
and SID (Stefanini et al., 2017a) are based on approaches
used to identify isolates by means of genetic markers, MLST
(multilocus sequences typing) and microsatellites sequencing,
respectively. MetaMLST allows the identification of strains
by comparing whole-genome metagenomic sequences with
databases of species-specific loci (Zhang et al., 2016). Contrarily,
SID is based on the use of microsatellites, non-coding DNA
sequences composed by small repeated units (2–6 bp) which
are repeated a variable number of times in different individuals
(Legras et al., 2005). Hence, SID identifies the combination
of microsatellite profiles of strains from a reference dataset
most likely composing the microsatellite profile obtained on
a complex sample (e.g., microbial DNA extracted from must,
grapes; Stefanini et al., 2017a). MetaMLST and SID enable the
identification of different strains according to the similarity

of the sample profile to the profiles present in reference
databases. The use of MetaMLST to wine fermentation is
currently limited due to the availability of MLST databases
enriched in bacterial and fungal species of clinical interest (Zolfo
et al., 2017), thus making this approach not suitable for wine-
related samples. On the contrary, microsatellite sequencing has
been widely used to type microorganisms in fermentation, but
most of such studies were limited to the S. cerevisiae species
(Legras et al., 2005, 2007; Ezov et al., 2006; Richards et al.,
2009).

Recently, another tool has been proposed by the Segata
group, StrainPhlAn (Truong et al., 2017). StrainPhlAn is based
on reconstructing consensus sequence variants within species-
specific marker genes identified for MetaPhlAn2 and building
a phylogenetic tree on the consensus sequences to identify
different strains (Truong et al., 2015). The species-specific
markers (∼1 million markers from >7,500 species) (Truong
et al., 2017) used in MetaPhlAn analyses have been identified
by comparing the genomes available from the Integrated
Microbial Genomes system, encompassing publicly available
bacterial, archaeal, eukaryotic, and phage genomes, as well
as engineered, environmental and host-associated microbiome
samples (Truong et al., 2015). Hence, since it is not biased toward
clinically-relevant microbes, this approach holds a great potential
in supporting the identification of microbial strains present in
wine-related metagenomes.

CONCLUSIONS

Metagenomic approaches are largely contributing to the
dissection of the so-called “microbial terroir,” microbial
communities typical of the geographical area of wine production.
Thanks to these approaches, the rapid and exhaustive
characterization of microbial populations present in various
specimens associated with vineyards, wineries, and fermentation
is nowadays possible. In addition to evaluating the existence
of a microbial terroir, new studies allowed the identification of
several environmental and human-related factors influencing
the composition of microbial populations, and hence potentially
affecting their fermentative performances. And yet, despite the
great contributionmade by these studies, themicrobial spreading
and persistence from the vineyard to the winery are still far from
being completely dissected. Further studies, exploring a wider
variance of vine varietals, comparing different procedures
(adopted in the vineyard and in the winery) and different
environments, will increase our knowledge of this complicated
process. Probably one of the most complex achievement is the
separation of topological variables characterizing the vineyard
and environmental variables characterizing a “vintage.” A
proper comparison of microbial populations in environments
varying by only one or few variables will help in this goal. In
addition, the observation of clear geographic diversification
of fungal populations, and weaker diversification of bacterial
communities may indicate the need for understanding the role of
vectors in moving microbes across areas. Indeed, while bacterial
and fungal spores can blow in the wind and be transported
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among distant geographic locations, not-airborne yeasts require
animals to be vectored among distant (by birds) or close (by
insects) locations (Francesca et al., 2012; Stefanini et al., 2012).
A complete survey of the microbiota of these vectors will help
in completely understanding the fluxes of microorganisms
relevant for wine fermentation. The complete understanding
of all the factors influencing the composition of microbial
populations and their passage from the vineyard to fermenting
musts will help winemakers by disclosing the association
between variables and outcomes, thus allowing the adoption of
the most appropriate techniques according to environmental
changes.

AUTHOR CONTRIBUTIONS

IS wrote the first draft of the review. DC proofed the drafts. IS
and DC finalized the review.

FUNDING

This work was supported by EU Framework Programme 7
Collaborative Project [242220]-JPI ENPADASI. While writing
this review, IS was supported by a fellowship from the Wellcome
Warwick Quantitative Biomedicine Programme (Institutional
Strategic Support Fund: 105627/Z/14/Z).

REFERENCES

Abarenkov, K., Henrik Nilsson, R., Larsson, K. H., Alexander, I. J., Eberhardt,

U., Erland, S., et al. (2010). The UNITE database for molecular identification

of fungi - recent updates and future perspectives. New Phytol. 186, 281–285.

doi: 10.1111/j.1469-8137.2009.03160.x

Alaimo, S., Marceca, G. P., Giugno, R., Ferro, A., and Pulvirenti, A. (2018). Current

knowledge and computational techniques for grapevine meta-omics analysis.

Front. Plant Sci. 8:2241. doi: 10.3389/fpls.2017.02241

Albanese, D., Fontana, P., De Filippo, C., Cavalieri, D., and Donati, C.

(2015). MICCA: a complete and accurate software for taxonomic

profiling of metagenomic data. Sci. Rep. 5:9743. doi: 10.1038/srep

09743

Ampe, F., ben Omar, N., Moizan, C., Wacher, C., and Guyot, J. P. (1999).

Polyphasic study of the spatial distribution of microorganisms in Mexican

pozol, a fermented maize dough, demonstrates the need for cultivation-

independent methods to investigate traditional fermentations. Appl. Environ.

Microbiol. 65, 5464–5473.

Andorrà, I., Landi, S., Masa, A., Esteve-Zarzosoa, B., and Guillamónac, J. M.

(2010). Effect of fermentation temperature on microbial population evolution

using culture-independent and dependent techniques. Food Res. Int. 43,

773–779. doi: 10.1016/j.foodres.2009.11.014

Angiuoli, S. V., Matalka, M., Gussman, A., Galens, K., Vangala, M., and Riley,

D. R. (2011). CloVR: a virtual machine for automated and portable sequence

analysis from the desktop using cloud computing. BMC Bioinformatics 12:356.

doi: 10.1186/1471-2105-12-356

Angly, F. E., Dennis, P. G., Skarshewski, A., Vanwonterghem, I., Hugenholtz,

P., Tyson, G. W., et al. (2014). CopyRighter: a rapid tool for improving

the accuracy of microbial community profiles through lineage-specific

gene copy number correction. Microbiome 2:11. doi: 10.1186/2049-26

18-2-11

Ankenbrand, M. J., Keller, A., Wolf, M., Schultz, J., and Förster. (2015).

ITS2 Database V: twice as much. Mol. Biol. Evol. 32, 3030–3032.

doi: 10.1093/molbev/msv174

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al.

(2000). Gene ontology: tool for the unification of biology.Nat. Genet. 25, 25–29.

doi: 10.1038/75556

Aßhauer, K. P., Wemheuer, B., Daniel, R., and Meinicke, P. (2015).

Tax4Fun: predicting functional profiles from metagenomic 16S rRNA

data. Bioinformatics 31, 2882–2884. doi: 10.1093/bioinformatics/

btv287

Bagheri, B., Bauer, F. F., and Setati, M. E. (2015). The diversity and dynamics

of indigenous yeast communities in grape must from vineyards employing

different agronomic practices and their influence on wine fermentation. South

Afr. J. Enol. Vitic. 36, 243–251. doi: 10.21548/36-2-957

Barata, A., Malfeito-Ferreira, M., and Loureiro, V. (2012). The microbial

ecology of wine grape berries. Int. J. Food Microbiol. 153, 243–259.

doi: 10.1016/j.ijfoodmicro.2011.11.025

Belda, I., Zarraonaindia, I., Perisin, M., Palacios, A., and Acedo, A. (2017).

From vineyard soil to wine fermentation: microbiome approximations to

explain the “terroir” concept. Front. Microbiol. 8:821. doi: 10.3389/fmicb.2017.

00821

Blaalid, R., Kumar, S., Nilsson, R. H., Abarenkov, K., Kirk, P.M., Kauserud, H., et al.

(2013). ITS1 versus ITS2 as DNAmetabarcodes for fungi.Mol. Ecol. Resour. 13,

218–224. doi: 10.1111/1755-0998.12065

Bokulich, N. A., and Mills, D. A. (2013). Improved selection of internal

transcribed spacer-specific primers enables quantitative, ultra-high-throughput

profiling of fungal communities. Appl. Environ. Microbiol. 79, 2519–2526.

doi: 10.1128/AEM.03870-12

Bokulich, N. A., Collins, T. S., Masarweh, C., Allene, G., Heymann, H., Ebeler,

S. E., et al. (2016). Associations among wine grape microbiome, metabolome,

and fermentation behavior suggest microbial contribution to regional wine

characteristics.MBio 7:e00631-16. doi: 10.1128/mBio.00631-16

Bokulich, N. A., Thorngate, J. H., Richardson, P. M., and Mills, D. A.

(2014). Microbial biogeography of wine grapes is conditioned by cultivar,

vintage, and climate. Proc. Natl. Acad. Sci. U.S.A. 111, E139–E148.

doi: 10.1073/pnas.1317377110

Bokulich, N. A., Swadener, M., Sakamoto, K., Mills, D. A., and Bisson L. F. (2015).

Sulfur dioxide treatment alters wine microbial diversity and fermentation

progression in a dose-dependent fashion. Am. J. Enol. Vitic. 66, 73–79.

doi: 10.5344/ajev.2014.14096

Bokulich, N. A., Joseph, C. M., Allen, G., Benson, A. K., and Mills, D.

A. (2012). Next-generation sequencing reveals significant bacterial diversity

of botrytized wine. PLoS ONE 7:e36357. doi: 10.1371/journal.pone.00

36357

Bokulich, N. A., Ohta, M., Richardson, P. M., and Mills, D. A. (2013).

Monitoring seasonal changes in winery-resident microbiota. PLoS ONE

8:e66437. doi: 10.1371/journal.pone.0066437

Borcard, D., Gillet, F., and Legendre, P. (2011). Numerical Ecology with R. New

York, NY: Springer. doi: 10.1007/978-1-4419-7976-6

Burns, K. N., Kluepfel, D. A., Strauss, S. L., Bokulich, N. A., Cantu, D., and

Steenwerth, K. L. (2015). Vineyard soil bacterial diversity and composition

revealed by 16S rRNA genes: differentiation by geographic features. Soil Biol.

Biochem. 91, 232–247. doi: 10.1016/j.soilbio.2015.09.002

Campanaro, S., Treu, L., Vendramin, V., Bovo, B., Giacomini, A., and Corich, V.

(2014). Metagenomic analysis of the microbial community in fermented grape

marc reveals that Lactobacillus fabifermentans is one of the dominant species:

insights into its genome structure. Appl. Microbiol. Biotechnol. 98, 6015–6037.

doi: 10.1007/s00253-014-5795-3

Cao, Y., Fanning, S., Proos, S., Jordan, K., and Srikumar, S. (2017). A

review on the applications of next generation sequencing technologies

as applied to food-related microbiome studies. Front. Microbiol. 8:1829.

doi: 10.3389/fmicb.2017.01829

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman,

F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-

throughput community sequencing data. Nat. Methods 7, 335–336.

doi: 10.1038/nmeth.f.303

Cappello, M. S., Zapparoli, G., Logrieco, A., and Bartowsky, E. J. (2017). Linking

wine lactic acid bacteria diversity with wine aroma and flavour. Int. J. Food

Microbiol. 243, 16–27. doi: 10.1016/j.ijfoodmicro.2016.11.025

Frontiers in Microbiology | www.frontiersin.org 14 May 2018 | Volume 9 | Article 991

https://doi.org/10.1111/j.1469-8137.2009.03160.x
https://doi.org/10.3389/fpls.2017.02241
https://doi.org/10.1038/srep09743
https://doi.org/10.1016/j.foodres.2009.11.014
https://doi.org/10.1186/1471-2105-12-356
https://doi.org/10.1186/2049-2618-2-11
https://doi.org/10.1093/molbev/msv174
https://doi.org/10.1038/75556
https://doi.org/10.1093/bioinformatics/btv287
https://doi.org/10.21548/36-2-957
https://doi.org/10.1016/j.ijfoodmicro.2011.11.025
https://doi.org/10.3389/fmicb.2017.00821
https://doi.org/10.1111/1755-0998.12065
https://doi.org/10.1128/AEM.03870-12
https://doi.org/10.1128/mBio.00631-16
https://doi.org/10.1073/pnas.1317377110
https://doi.org/10.5344/ajev.2014.14096
https://doi.org/10.1371/journal.pone.0036357
https://doi.org/10.1371/journal.pone.0066437
https://doi.org/10.1007/978-1-4419-7976-6
https://doi.org/10.1016/j.soilbio.2015.09.002
https://doi.org/10.1007/s00253-014-5795-3
https://doi.org/10.3389/fmicb.2017.01829
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1016/j.ijfoodmicro.2016.11.025
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Stefanini and Cavalieri Metagenomics: From the Vineyard to the Fermentation

Cole, J. R., et al. (2009). The ribosomal database project: improved alignments

and new tools for rRNA analysis. Nucleic Acids Res. 37, D141–D145.

doi: 10.1093/nar/gkn879

Daniel, H.M., Lachance, M. A., and Kurtzman, C. P. (2014). On the reclassification

of species assigned to Candida and other anamorphic ascomycetous yeast

genera based on phylogenetic circumscription. Antonie van Leeuwenhoek 106,

67–84. doi: 10.1007/s10482-014-0170-z

David, V., Terrat, S., Herzine, K., Claisse, O., Rousseaux, S., Tourdot-Maréchal,

R., et al. (2014). High-throughput sequencing of amplicons for monitoring

yeast biodiversity in must and during alcoholic fermentation. J. Ind. Microbiol.

Biotechnol. 41, 811–821. doi: 10.1007/s10295-014-1427-2

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K.,

et al. (2006). Greengenes, a chimera-checked 16S rRNA gene database and

workbench compatible with ARB. Appl. Environ. Microbiol. 72, 5069–5072.

doi: 10.1128/AEM.03006-05

Drysdale, G. S., and Fleet, G. H. (1988). Acetic acid bacteria in winemaking: a

review. Am. J. Enol. Vitic. 39, 143–154.

Du Toit, W. J., and Pretorius, I. S. (2002). The occurrence, control and esoteric

effect of acetic acid bacteria in winemaking. Ann. Microbiol. 52, 155–179.

Esteve-Zarzoso, B., Belloch, C., Uruburu, F., and Querol, A. (1999). Identification

of yeasts by RFLP analysis of the 5.8S rRNA gene and the two

ribosomal internal transcribed spacers. Int. J. Syst. Bacteriol. 49, 329–337.

doi: 10.1099/00207713-49-1-329

Ezov, T. K., Boger-Nadjar, E., Frenkel, Z., Katsperovski, I., Kemeny, S., Nevo,

E., et al. (2006). Molecular-genetic biodiversity in a natural population of

the yeast Saccharomyces cerevisiae from “Evolution Canyon”: microsatellite

polymorphism, ploidy and controversial sexual status.Genetics 174, 1455–1468.

doi: 10.1534/genetics.106.062745

Fosso, B., Santamaria, M., Marzano, M., Alonso-Alemany, D., Valiente, G.,

Donvito, G., et al. (2015). BioMaS: a modular pipeline for Bioinformatic

analysis of metagenomic ampliconS. BMC Bioinformatics 16:203.

doi: 10.1186/s12859-015-0595-z

Francesca, N., Canale, D. E., Settanni, L., and Moschetti, G. (2012). Dissemination

of wine-related yeasts by migratory birds. Environ. Microbiol. Rep. 4, 105–112.

doi: 10.1111/j.1758-2229.2011.00310.x

Gilbert, J. A., van der Lelie, D., and Zarraonaindia, I. (2014). Microbial

terroir for wine grapes. Proc. Natl. Acad. Sci. U.S.A. 111, 5–6.

doi: 10.1073/pnas.1320471110

Gladstones, J. S. (2011). “Introduction and definition of terroir,” in Wine, Terroir

and Climate Change, ed J. S. Gladstones (Adelaide: Hyde Park Press), 1–4.

Goddard, M. R. (2008). Quantifying the complexities of Saccharomyces

cerevisiae’s ecosystem engineering via fermentation. Ecology 89, 2077–2082.

doi: 10.1890/07-2060.1

Gomez-Alvarez, V., Teal, T. K., and Schmidt, T. M. (2009). Systematic artifacts

in metagenomes from complex microbial communities. ISME J. 3, 1314–1317.

doi: 10.1038/ismej.2009.72

Grangeteau, C., Roullier-Gall, C., Rousseaux, S., Gougeon, R. D., Schmitt-

Kopplin, P., Alexandre, H., et al. (2017). Wine microbiology is driven by

vineyard and winery anthropogenic factors. Microb. Biotechnol. 10, 354–370.

doi: 10.1111/1751-7915.12428

Gray, M. W. (1989). The evolutionary origins of organelles. Trends Genet. 5,

294–299. doi: 10.1016/0168-9525(89)90111-X

Guzmán, B., Lachance, M. A, and Herrera, C. M. (2013). Phylogenetic

analysis of the angiosperm-floricolous insect–yeast association: have yeast

and angiosperm lineages co-diversified? Mol. Phylogenet. Evol. 68, 161–175.

doi: 10.1016/j.ympev.2013.04.003

Haft, D. H., Selengut, J. D., and White, O. (2003). The TIGRFAMs database

of protein families. Nucleic Acids Res. 31, 371–373. doi: 10.1093/nar/

gkg128

Hocking, A. D., Leong, S. L., Kazi, B. A., Emmett, R. W., and Scott, E. S. (2007).

Fungi and mycotoxins in vineyards and grape products. Int. J. Food Microbiol.

119, 84–88. doi: 10.1016/j.ijfoodmicro.2007.07.031

Hopfer, H., Nelson, J., Ebeler, S. E., and Heymann, H. (2015). Correlating

wine quality indicators to chemical and sensory measurements. Molecules 20,

8453–8483. doi: 10.3390/molecules20058453

Jolly, N. P., Varela, C., and Pretorius, I. S. (2014). Not your ordinary yeast: non-

Saccharomyces yeasts in wine production uncovered. FEMS Yeast Res. 14,

215–237. doi: 10.1111/1567-1364.12111

Jun, S. R., Robeson, M. S., Hauser, L. J., Schadt, C. W., and Gorin, A. A. (2015).

PanFP: pangenome-based functional profiles for microbial communities. BMC

Res. Notes 8:479. doi: 10.1186/s13104-015-1462-8

Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and

genomes. Nucleic Acids Res. 28, 27–30. doi: 10.1093/nar/28.1.27

Kembel, S. W., Wu, M., Eisen, J. A., and Green, J. L. (2012). Incorporating

16S gene copy number information improves estimates of microbial diversity

and abundance. PLoS Comput. Biol. 8:e1002743. doi: 10.1371/journal.pcbi.10

02743

Kim, S., Thiessen, P. A., Bolton, E. E., Chen, J., Fu, G., Gindulyte, A., et al.

(2016). PubChem substance and compound databases. Nucleic Acids Res. 44,

D1202–D1213. doi: 10.1093/nar/gkv951

Klappenbach, J. A., Saxman, P. R., Cole, J. R., and Schmidt, T. M. (2001). rrndb: the

Ribosomal RNA operon copy number database.Nucleic Acids Res. 29, 181–184.

doi: 10.1093/nar/29.1.181

Knight, S., Klaere, S., Fedrizzi, B., and Goddard, M. R. (2015). Regional microbial

signatures positively correlate with differential wine phenotypes: evidence for a

microbial aspect to terroir. Sci. Rep. 5:14233. doi: 10.1038/srep14233

Kurtzman, C. P., and Robnett, C. J. (1994). Synonymy of the yeast

genera Wingea and Debaryomyces. Antonie Van Leeuwenhoek 66, 337–342.

doi: 10.1007/BF00882770

Langille, M. G., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes,

J. A., et al. (2013). Predictive functional profiling of microbial communities

using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814–821.

doi: 10.1038/nbt.2676

Legras, J. L., Merdinoglu, D., Cornuet, J. M., and Karst, F. (2007). Bread, beer and

wine: Saccharomyces cerevisiae diversity reflects human history. Mol. Ecol. 16,

2091–2102. doi: 10.1111/j.1365-294X.2007.03266.x

Legras, J. L., Ruh, O., Merdinoglu, D., and Karst, F. (2005). Selection

of hypervariable microsatellite loci for the characterization of

Saccharomyces cerevisiae strains. Int. J. Food Microbiol. 102, 73–83.

doi: 10.1016/j.ijfoodmicro.2004.12.007

Liu, Z., Lozupone, C., Hamady, M., Bushman, F. D., and Knight R., (2007).

Short pyrosequencing reads suffice for accurate microbial community analysis.

Nucleic Acids Res. 35:e120. doi: 10.1093/nar/gkm541

Lleixà, J., Martín, V., Portillo Mdel, C., Carrau, F., Beltran, G., and Mas, A.

(2016). Comparison of fermentation and wines produced by inoculation of

Hanseniaspora vineae and Saccharomyces cerevisiae. Front. Microbiol. 7:338.

doi: 10.3389/fmicb.2016.00338

Lozupone, C. A., Hamady, M., Kelley, S. T., and Knight, R. (2007). Quantitative

and qualitative beta diversity measures lead to different insights into factors

that structure microbial communities. Appl. Environ. Microbiol. 73, 1576–1585.

doi: 10.1128/AEM.01996-06

Ludwig, W., Strunk, O., Westram, R., Richter, L., Meier, H., Yadhukumar et al.

(2004). ARB: a software environment for sequence data. Nucleic Acids Res. 32,

1363–1371. doi: 10.1093/nar/gkh293

Lugtenberg, B., and Kamilova, F. (2009). Plant-growth-

promoting rhizobacteria. Annu. Rev. Microbiol. 63, 541–556.

doi: 10.1146/annurev.micro.62.081307.162918

Markowitz, V. M., Chen, I. M., Palaniappan, K., Chu, K., Szeto, E., Grechkin, Y.,

et al. (2012). IMG: the integrated microbial genomes database and comparative

analysis system. Nucleic Acids Res. 40, D115–D122. doi: 10.1093/nar/gkr1044

Marzano, M., Fosso, B., Manzari. C., Grieco. F., Intranuovo. M., Cozzi.

G., et al. (2016). Complexity and dynamics of the winemaking

bacterial communities in berries, musts, and wines from apulian

grape cultivars through time and space. PLoS ONE 11:e01

57383. doi: 10.1371/journal.pone.0157383

Mendes, R., Garbeva, P., and Raaijmakers, J. M. (2013). The rhizosphere

microbiome: significance of plant beneficial, plant pathogenic, and

human pathogenic microorganisms. FEMS Microbiol. Rev. 37, 634–663.

doi: 10.1111/1574-6976.12028

Mezzasalma, V., Sandionigi, A., Bruni, I., Bruno, A., Lovicu, G., and Casiraghi,

M. (2017). Grape microbiome as a reliable and persistent signature of field

origin and environmental conditions in Cannonau wine production. PLoS ONE

12:e0184615. doi: 10.1371/journal.pone.0184615

Miura, T., Sánchez, R., Castañeda, L. E., Godoy, K., and Barbosa, O. (2017). Is

microbial terroir related to geographic distance between vineyards? Environ.

Microbiol. Rep. 9, 742–749. doi: 10.1111/1758-2229.12589

Frontiers in Microbiology | www.frontiersin.org 15 May 2018 | Volume 9 | Article 991

https://doi.org/10.1093/nar/gkn879
https://doi.org/10.1007/s10482-014-0170-z
https://doi.org/10.1007/s10295-014-1427-2
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1099/00207713-49-1-329
https://doi.org/10.1534/genetics.106.062745
https://doi.org/10.1186/s12859-015-0595-z
https://doi.org/10.1111/j.1758-2229.2011.00310.x
https://doi.org/10.1073/pnas.1320471110
https://doi.org/10.1890/07-2060.1
https://doi.org/10.1038/ismej.2009.72
https://doi.org/10.1111/1751-7915.12428
https://doi.org/10.1016/0168-9525(89)90111-X
https://doi.org/10.1016/j.ympev.2013.04.003
https://doi.org/10.1093/nar/gkg128
https://doi.org/10.1016/j.ijfoodmicro.2007.07.031
https://doi.org/10.3390/molecules20058453
https://doi.org/10.1111/1567-1364.12111
https://doi.org/10.1186/s13104-015-1462-8
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1371/journal.pcbi.1002743
https://doi.org/10.1093/nar/gkv951
https://doi.org/10.1093/nar/29.1.181
https://doi.org/10.1038/srep14233
https://doi.org/10.1007/BF00882770
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1111/j.1365-294X.2007.03266.x
https://doi.org/10.1016/j.ijfoodmicro.2004.12.007
https://doi.org/10.1093/nar/gkm541
https://doi.org/10.3389/fmicb.2016.00338
https://doi.org/10.1128/AEM.01996-06
https://doi.org/10.1093/nar/gkh293
https://doi.org/10.1146/annurev.micro.62.081307.162918
https://doi.org/10.1093/nar/gkr1044
https://doi.org/10.1371/journal.pone.0157383
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1371/journal.pone.0184615
https://doi.org/10.1111/1758-2229.12589
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Stefanini and Cavalieri Metagenomics: From the Vineyard to the Fermentation

Morgan, H. H., du Toit, M., and San detati, M. E. (2017). The grapevine and

wine microbiome: insights from high-throughput amplicon sequencing. Front.

Microbiol. 8:820. doi: 10.3389/fmicb.2017.00820

Morrison-Whittle, P., and Goddard, M. R. (2015). Quantifying the relative roles of

selective and neutral processes in defining eukaryotic microbial communities.

ISME J. 9, 2003–2011. doi: 10.1038/ismej.2015.18

Morrison-Whittle, P., and Goddard, M. R. (2018). From vineyard to winery:

a source map of microbial diversity driving wine fermentation. Environ.

Microbiol. 20, 75–84. doi: 10.1111/1462-2920.13960

Mortimer, R., and Polsinelli, M. (1999). On the origins of wine yeast.Res.Microbiol.

150, 199–204. doi: 10.1016/S0923-2508(99)80036-9

Muller-Thurgau, L. (1896). Uber den Ursprung der Weinhefe und Hieran sich

knuepfende praktische Folgerungen.Weinbau Weinhandel 7, 40–41.

Ounit, R., Wanamaker, S., Close, T. J., and Lonardi, S. (2015). CLARK: fast

and accurate classification of metagenomic and genomic sequences using

discriminative k-mers. BMC Genomics 16:236. doi: 10.1186/s12864-015-1419-2

Perestrelo, R., Silva, C., and Câmara, J. S. (2014). A useful approach for the

differentiation of wines according to geographical origin based on global

volatile patterns. J. Sep. Sci. 37, 1974–1981. doi: 10.1002/jssc.201400374

Perrot, N., Baudrit, C., Brousset, J. M., Abbal, P., Guillemin, H., Perret, B.,

et al. (2015). A decision support system coupling fuzzy logic and probabilistic

graphical approaches for the agri-food industry: prediction of grape berry

maturity. PLoS ONE 10:e0134373. doi: 10.1371/journal.pone.0134373

Piao, H., Hawley, E., Kopf, S., DeScenzo, R., Sealock, S., Henick-Kling, T.,

et al. (2015). Insights into the bacterial community and its temporal

succession during the fermentation of wine grapes. Front. Microbiol. 6:809.

doi: 10.3389/fmicb.2015.00809

Pinto, C., Pinho, D., Sousa, S., Pinheiro, M., Egas, C., and Gomes, A. C. (2014).

Unravelling the diversity of grapevine microbiome. PLoS ONE 9:e85622.

doi: 10.1371/journal.pone.0085622

Pinto, C., Pinho, D., Cardoso, R., Custódio, V., Fernandes, J., Sousa, S., et al. (2015).

Wine fermentation microbiome: a landscape from different Portuguese wine

appellations. Front. Microbiol. 6:905. doi: 10.3389/fmicb.2015.00905

Piskur, J., Rozpedowska, E., Polakova, S., Merico, A., and Compagno, C. (2006).

How did Saccharomyces evolve to become a good brewer? Trends Genet. 22,

183–186. doi: 10.1016/j.tig.2006.02.002

Poretsky, R., Rodriguez-R, L. M., Luo, C., Tsementzi, D., and Konstantinidis, K.

T. (2014). Strengths and limitations of 16S rRNA gene amplicon sequencing

in revealing temporal microbial community dynamics. PLoS ONE 9:e93827.

doi: 10.1371/journal.pone.0093827

Portillo Mdel, C., and Mas, A. (2016). Analysis of microbial diversity and

dynamics during wine fermentation of Grenache grape variety by high-

throughput barcoding sequencing. LWT Food Sci. Technol. 72, 317–321.

doi: 10.1016/j.lwt.2016.05.009

Portillo Mdel, C., Franquès, J., Araque, I., Reguant, C., and Bordons, A. (2016).

Bacterial diversity of Grenache and Carignan grape surface from different

vineyards at Priorat wine region (Catalonia, Spain). Int. J. Food Microbiol. 219,

56–63. doi: 10.1016/j.ijfoodmicro.2015.12.002

Pruesse, E., Quast, C., Knittel, K., Fuchs, B. M., Ludwig, W., Peplies, J., et al.

(2007). SILVA: a comprehensive online resource for quality checked and aligned

ribosomal RNA sequence data compatible with ARB. Nucleic Acids Res. 35,

7188–7196. doi: 10.1093/nar/gkm864

Punta, M., Coggill, P. C., Eberhardt, R. Y., Mistry, J., Tate, J., Boursnell, C., et al.

(2012). The Pfam protein families database. Nucleic Acids Res. 40, D290–D301.

doi: 10.1093/nar/gkr1065

Ramazzotti, M., Berná, L., Donati, C., and Cavalieri, D. (2015). riboFrame:

an improved method for microbial taxonomy profiling from non-targeted

metagenomics. Front. Genet. 6:329. doi: 10.3389/fgene.2015.00329

Richards, K. D., Goddard, M. R., and Gardner, R. C. (2009). A database

of microsatellite genotypes for Saccharomyces cerevisiae. Antonie Van

Leeuwenhoek 96, 355–359. doi: 10.1007/s10482-009-9346-3

Robinson, A. L., Adams, D. O., Boss, P. K., Heymann, H., Solomon,

P. S., and Trengove, R. D. (2012). Influence of geographic origin on

the sensory characteristics and wine composition of Vitis vinifera cv.

Cabernet Sauvignon wines from Australia. Am. J. Enol. Vitic. 63, 467–476.

doi: 10.5344/ajev.2012.12023

Santamaria, M., Fosso, B., Licciulli, F., Balech, B., Larini, I., Grillo, G., et al. (2017).

ITSoneDB: a comprehensive collection of eukaryotic ribosomal RNA Internal

Transcribed Spacer 1 (ITS1) sequences. Nucleic Acids Res. 46, D127–D132.

doi: 10.1093/nar/gkx855

Santamaria, M., Fosso, B., Consiglio, A., De Caro, G., Grillo, G., Licciulli, F., et al.

(2012). Reference databases for taxonomic assignment in metagenomics. Brief.

Bioinform. 13, 682–695. doi: 10.1093/bib/bbs036

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M.,

Hollister, E. B., et al. (2009). Introducing mothur: open-source, platform-

independent, community-supported software for describing and comparing

microbial communities. Appl. Environ. Microbiol. 75, 7537–7541.

doi: 10.1128/AEM.01541-09

Setati, M. E., Jacobson, D., and Bauer, F. F. (2015). Sequence-based analysis of the

Vitis vinifera L. cv cabernet sauvignon grape must mycobiome in three South

African vineyards employing distinct agronomic systems. Front. Microbiol.

6:1358. doi: 10.3389/fmicb.2015.01358

Shah, N., Tang, H., Doak, T. G., and Ye, Y. (2011). Comparing

bacterial communities inferred from 16S rRNA gene sequencing

and shotgun metagenomics. Pac. Symp. Biocomput. 165–176.

doi: 10.1142/9789814335058_0018

Shannon, C. E. (1948). A mathematical theory of communication. Bell Syst. Tech.

J. 27, 379–423. doi: 10.1002/j.1538-7305.1948.tb01338.x

Simpson, E. H. (1949). Measurement of diversity. Nature 163, 688–688.

doi: 10.1038/163688a0

Son, H. S., Hwang, G. S., Kim, K. M., Ahn, H. J., Park, W. M., Van Den Berg, F.,

et al. (2009). Metabolomic studies on geographical grapes and their wines using

1H NMR analysis coupled with multivariate statistics. J. Agric. Food Chem. 57,

1481–1490. doi: 10.1021/jf803388w

Stefanini, I. (2018). Yeast-insect associations: it takes guts. 35, 315–330.

doi: 10.1002/yea.3309

Stefanini, I., Albanese, D., Sordo,M., Legras, J. L., De Filippo, C., Cavalieri, D., et al.

(2017a). SaccharomycesIDentifier, SID: strain-level analysis of Saccharomyces

cerevisiae populations by using microsatellite meta-patterns. Sci. Rep. 7, 15343.

doi: 10.1038/s41598-017-15729-3

Stefanini, I., Carlin, S., Tocci, N., Albanese, D., Donati, C., Franceschi, P.,

et al. (2017b). Core microbiota and metabolome of Vitis vinifera L. cv.

corvina grapes and musts. Front. Microbiol. 8:457. doi: 10.3389/fmicb.2017.

00457

Stefanini, I., Dapporto, L., Legras, J. L., Calabretta, A., Di Paola, M., De

Filippo, C., et al. (2012). Role of social wasps in Saccharomyces cerevisiae

ecology and evolution. Proc. Natl. Acad. Sci. U.S.A. 109, 13398–13403.

doi: 10.1073/pnas.1208362109

Stefanini, I., Albanese, D., Cavazza, A., Franciosi, E., De Filippo, C., Donati,

C., et al. (2016). Dynamic changes in microbiota and mycobiota during

spontaneous “Vino Santo Trentino” fermentation. Microb. Biotechnol. 9,

195–208. doi: 10.1111/1751-7915.12337

Taylor, M. W., Tsai, P., Anfang, N., Ross, H. A., and Goddard, M.

R. (2014). Pyrosequencing reveals regional differences in fruit-

associated fungal communities. Environ. Microbiol. 16, 2848–2858.

doi: 10.1111/1462-2920.12456

Truong, D. T., Franzosa, E. A., Tickle, T. L., Scholz, M., Weingart, G., Pasolli, E.,

et al. (2015). MetaPhlAn2 for enhancedmetagenomic taxonomic profiling.Nat.

Methods 12, 902–903. doi: 10.1038/nmeth.3589

Truong, D. T., Tett, A., Pasolli, E., Huttenhower, C., and Segata, N.

(2017). Microbial strain-level population structure and genetic diversity

from metagenomes. Genome Res. 27, 626–638. doi: 10.1101/gr.2162

42.116

Tuomisto, H. (2012). An updated consumer’s guide to evenness and related indices.

Oikos 121, 1203–1218. doi: 10.1111/j.1600-0706.2011.19897.x

Van Leeuwen, C. (2010). “Terroir: the effect of the physical environment on vine

growth, grape ripening and wine sensory attributes,” inManagingWine Quality,

ed A. Reynolds (Oxford; Cambridge; New Delhi: Woodhead publishing

limited), 273–315.

Van Leeuwen, C., and Seguin, G. (2006). The concept of terroir in viticulture. J.

Wine Res. 17, 1–10. doi: 10.1080/09571260600633135
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