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Shotgun sequencing was employed to explore the community structure (phylotyping of rRNA genes) and
functional potential of Cabernet Sauvignon grape must microbiome. A metagenomic library, representing
92.6 Mb of genetic information, was generated from DNA obtained from Cabernet Sauvignon grape
must.. Fungi were identified as the dominant domain (59.5%) followed by Streptophyta (39%). Among
the 84 fungal species, 22 were yeasts of various genera. Additionally, grapevine endophytes such as
Davidiella sp., Botryotinia fuckeliana, Alternaria sp., and Cladosporium sp. were identified. An unusually
high prevalence of Mucor spp. was evidenced. Functional annotation revealed sequences of genes
involved in metabolism (35.6%), followed by poorly characterized categories (28.3%), cellular processes
and signalling (18.4%), and finally information storage (17.8%). Among the former, glycosidases were
abundant followed by glycogen debranching enzyme, 6-phosphofructokinase and trehalose-6-phosphate
synthase. Furthermore, the taxonomic analysis of the functional sequence data exhibited the eukaryotic
gene pool that predominantly contains sequences derived from Streptophyta (mainly Vitis vinifera) 60% >
Ascomycota (32%) > Basidiomycota (5%) > Bacteria (2.5%). Finally, sequences of a variety of hydrolytic
enzymes of potential oenological relevance were retrieved, thereby confirming that grape juice is a rich

reservoir for valuable biocatalysts that should be explored further.

INTRODUCTION

The grape and wine ecosystem is a complex environment that
encompasses different species of filamentous fungi, yeasts and
bacteria The epiphytic filamentous fungi mainly comprise
species of the genera Aspergillus, Botrytis, Alternaria,
Penicillium and Cladosporium (Diguta et al., 2011) while the
endophytes consist of Alternaria spp., Epicoccum nigrum,
Leptosphaerulina  chartarum, Aureobasidium pullulans,
Botryosphaeria spp. amongst other species (Pancher et al.,
2012). Inthe vineyard, the occurrence frequency and intensity
of these populations depend on the developmental stages of
the grape. Indeed, it has been reported that the frequency
of filamentous fungi varies from 10* — 10° cfu/g berry
(Da et al., 2002;Diguta et al., 2011). The yeast population
comprises both basidiomycetous and ascomycetous species.
The basidiomycetous yeasts, such as Cryptococcus spp.,
Rhodotorula spp., Sporobolomyces spp. and the yeast-
like ascomycetous fungus A. pullulans, are predominantly
present on intact unripe grape berries. In contrast,
ascomycetous yeasts such as Candida spp., Hanseniaspora
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spp., Metschnikowia spp. and Pichia spp. mostly occur on
ripe berries. Both highly, Zygosaccharomyces rouxii, and
weakly fermentative yeast such as Zygoascus hellenicus, is
also occurred (Fleet, 2003;Loureiro and Malfeito-Ferreira,
2003;Barata et al., 2008;Barata et al., 2012b;Bokulich et al.,
2016). Surprisingly, the principal wine yeast, Saccharomyces
cerevisiae is rarely detected on undamaged grapes (Barata
et al., 2012b). The unripe berries typically harbour a yeast
population of 103 cfu/g berry while ripe berries may contain
10%-10° cfu/g berry (Parish and Caroll, 1985;Fleet and Heard,
1993;Barata et al., 2012a;b). This population may increase
up to 108 cfu/g berry on damaged grapes (Fleet, 2002;Barata
et al., 2012b).

The most predominant bacterial populations are lactic
acid bacteria (LAB) and acetic acid bacteria (AAB).
Many LAB such as Lentilactobacillus hilgardii (formerly
Lactobacillus  hilgardii, Lactiplantibacillus  plantarum
(formerly Lactobacillus plantarum), Lacticaseibacillus
casei (formerly Lactobacillus casei), Oenococcus oeni,
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Leuconostoc mesenteroides, Pediococcus damnosus and
Pediococcus parvulus have been isolated from grape
surfaces (Renouf et al., 2008;Barata et al., 2012b;Martins
et al., 2012;Salvetti et al., 2016). Few acetic acid bacteria,
e.g. Gluconobacter spp., Acetobacter spp. have also been
reported from intact as well as damaged grapes at 10>-
10° cfu/g and 10%- 10® cfu/g berries, respectively (Barata
et al., 2012a). Other bacterial species such as Enterobacter
spp., Bacillus spp., Burkholderia spp., Serratia spp. and
Staphylococcus spp. have also been occasionally reported to
be present on the surface of grape berries in lower levels
(Barata et al., 2012b).

Upon crushing of the grape bunches, all the
microorganisms described above end in the grape must
to various degrees, depending on their ability to survive
the environmental conditions occurring in grape must.
Ultimately, these microorganisms contribute to the final
composition of wine through their biochemical activities
that include their extracellular hydrolytic enzyme activities.
Although filamentous fungi and the yeast-like fungus
A. pullulans do not participate in the wine fermentation,
they have been reported to possess enzymes of oenological
interest such as pectinases and glucanases (van Rensburg
and Pretorius, 2000;Bozoudi and Tsaltas, 2018). Among the
yeasts, the non-Saccharomyces species produce an array of
extracellular hydrolytic enzymes as previously reviewed
(Jolly et al., 2014;Garcia et al., 2016;Mateo and Maicas,
2016;Padilla et al., 2016). For instance, Hanseniaspora
spp., Debaryomyces spp., Candida spp., Pichia spp. and
Torulaspora spp., Hansenula sp., have been reported to
produce extracellular hydrolytic enzymes like glucosidases,
pectinases and proteases (Charoenchai et al., 1997;Strauss
et al., 2001;Bueso et al., 2012;Maturano et al., 2012;Garcia
etal.,2016;Mateoand Maicas,2016;Padillactal.,2016). These
extracellular enzymes catalyse different types of reactions in
must and during fermentation. For instance, glycosidases
hydrolyse the non-volatile precursors from grapes releasing
certain volatile compounds (e.g. monoterpenes), thereby
improving the wine flavour and aroma (Charoenchai
et al., 1997). Pectinases (polygalacturonases, pectin lyase,
pectinesterase, acetylesterase) facilitate the juice extraction
from grapes by lowering the viscosity of the grape juice,
improving wine clarification and facilitating filtration (van
Rensburg and Pretorius, 2000;Claus and Mojsov, 2018b).
Some of the non-Saccharomyces yeast species are reported
to exhibit proteolytic activities. The enzymes catalyzing
these activities are mainly involved in hydrolysis of proteins
and they have been proposed as additives to prevent protein
haze formation, although their application is not yet effective
(Lagace and Bisson, 1990;Pocock et al., 2003;Jolly et al.,
2000).

Most studies of these enzymes have been conducted
on the individual microbial isolates (Charoenchai et al.,
1997;Strauss et al., 2001). However, these approaches only
allow access to enzymes from a few selected organisms
derived from the culturable microbiota (Lorenz et al., 2002)
thus making metagenomic approaches more desirable to
increase the chances of retrieving enzymes derived from
other microorganisms that might be excluded through
culture-dependent methods. Metagenomic techniques have
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been implemented and indeed proved successful in retrieving
biotechnologically relevant microbial enzymes including
chitinases, dehydrogenases, proteases, oxygenases, lipases,
nitralases, esterases, amylases, xylanase and polyketide
synthases both from extreme and non-extreme environments
(Yeh et al., 2013;Schroder et al., 2014). However, these
approaches have never been employed to mine the wine
microbiome.

The focus of the present exploratory study was to explore
of the grape juice microbiome and its functional potential
with a specific focus on hydrolytic enzymes of oenological
interest. Direct DNA shotgun sequencing and sequence-
based screening for enzymes of oenological relevance were
performed.

MATERIALS AND METHODS

Metagenomic Sample collection and DNA extraction
Cabernet Sauvignon grapes (5 kg) were collected from a
biodynamic vineyard (33°57°39.33” S 18° 45°13.46” E elev
183 m) located in the Stellenbosch wine producing region
of South Africa. The grapes were hand destemmed and
crushed in a pre-sterilized beaker. A 50 mL sample of the
fresh must was collected and centrifuged at 5000 rpm for
10 min. The pellet was washed three times with EDTA-PVP
solution containing 0.15 M NaCl, 0.1 M EDTA and 2% (w/v)
Polyvinylpyrolidone (Jara et al., 2008) followed by three
washes with TE buffer (pH 7.6). DNA extraction was carried
out according to (Wilson, 1997) with minor modifications as
follows. The pellet was re-suspended in 2.3 mL TE buffer,
followed by the addition of proteinase K, SDS and 500 pL of
fine glass beads. The mixture was vortexed for 3 min. Twenty
microlitres of a 10 mg/mL lysozyme solution, were added
and the mixture incubated at 37°C for 50 min. Thereafter,
400 pL of 5 M NaCl and 240 uL CTAB (2%) (5M) /NaCl
solutions were added, and the mixture was incubated for 10
min at 65°C, followed by phenol/chloroform/isoamyl alcohol
extraction and precipitation with isopropanol as described in
Wilson (2001).

Pyrosequencing and sequence data quality control
Approximately 500 ng of genomic DNA with a 260/280 ratio
> 1.8 was used as a template for shotgun pyrosequencing
on a Genome Sequencer (GS) FLX system (Roche Applied
Science, Manheim, Germany) using Titanium chemistry,
which was performed by Inqaba Biotec (Pretoria, South
Africa). Two independent libraries were prepared. The
DNA libraries were constructed according to the GS FLX
Rapid Library Preparation kit (Roche Applied Science)
and the optimal DNA copy per bead ratio was determined
by emulsion PCR titration using the GS FLX Titanium
SV emPCR kit (Lib-L; Roche Applied Science). The final
emulsion PCR for sequencing production was performed
suing the GS FLX Titanium LV emPCR kit (Lib-L, Roche
Applied Science).

Data analysis

Raw 454 sff files were uploaded on the MetaGenome
Rapid Annotation Subsystems Technology (MG-RAST)
server (Meyer et al., 2008). The shotgun sequencing reads
are available to the public on MG-RAST under the project
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Bio IWBT1 with the following IDs mgm4512887.3 and
mgm4519241.3 (https://www.mg-rast.org/linkin.cgi?project
=mgp3298). The data underwent quality control (QC)
analyses including quality filtered, length filtered, and
dereplication. Taxonomic analysis was done by comparison
of the metagenome data with the MS5RNA database available
on MG-RAST using a minimum identity cut-off of 97% and
a minimum alignment length of 150 bp. To characterize the
gene content of the grape must, all reads were functionally
annotated by means of the Clusters of Orthologous Groups
of proteins database (COG) (Tatusov et al., 2001;Tatusova
et al., 2014). Organism and functional identifications were
performed using a BLAT [Basic Local Alignment Search Tool
(BLAST)-like alignment tool] search of the integrative MG-
RAST MS5NR database, which is a non-redundant protein
database that combines sequences from multiple common
sources. Identifications were made using a maximum e-value
of le-8, a minimum identity cut-off of 60% and a minimum
alignment length of 50 amino acids. The relative abundance

TABLE 1

of each gene or species was determined by dividing the
number of hits of that particular gene or species by the total
number of hits.

RESULTS

A metagenomic library was generated from total DNA
extracted from a Cabernet Sauvignon grape must. Two
sequencing runs (datasets A and B) generated a total of
175,616 reads accounting for 92,570,157 bps of sequence
information (Table 1). A total of 148,845 reads were
designated as high-quality sequences post QC.

Analysis of grape must-associated microbiota

Only 2.59% of the total sequence data represented rRNA
genes, mostly distributed within the SILVA (Latin silva, forest,
http://www.arb-silva.de)-LSU (Large subunit ribosomal)
and SSU (Small subunit ribosomal) databases. The MG-
RAST classification tool revealed that eukaryotes were the
dominant domain (Fig. 1) with Streptophyta accounting for

Statistical analysis of the sequence reads of two GS FLX Titanium pyrosequencing runs of the metagenomic DNA from

Cabernet Sauvignon grape must.

Statistical parameter Dataset A Dataset B
Number of reads 54,473 121,143
Total number of bases (bp) 30,199,920 62,370,237
Mean read length (bp) 554+ 89 514 £ 81
Number of reads post QC 41,917 106,928
Total number of bases post QC (bp) 5,929,171 24,505,706
Mean read length post QC (bp) 141 +73 229+ 116
%G+C 42 + 7% 39+ 7%
Unassigned

Unclassified
(derived from
Fungi)
46%

Unclassified
(derived from
Eukaryota)
0%

2%

Basidiomycota

0,
0.4% Chytridiomycot

a
0.1%

Streptophyta
39%

FIGURE 1
Phylum distribution of the grape must eukaryotic genes
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39% of the sequences and fungi for 59.5%. Further analysis
of the fungal composition revealed a high diversity with 84
fungal species comprising 22 yeast species including known
wine yeasts such as members of the genera Hanseniaspora,
Candida, Lachancea, Metschnikowia, Pichia, Torulaspora,
Saccharomyces, Zygosaccharomyces, Saccharomycopsis
and Kluyveromyces (Fig. 2). In addition, typical grapevine
endophytes including Davidiella sp., Botryotinia fuckeliana,
Alternaria sp., as well as Cladosporium sp. were also
detected. Notably, it has been observed that there is an
incidence of Mucor spp.

Functional analysis

To gain insight into the biological processes represented in the
wine metagenome, sequences were annotated according to

TABLE 2

Clusters of Orthologous Groups (COG) of proteins categories
thus assigning predicted functions to coding sequences. As
depicted in Fig. 3 genes related to metabolism accounted for
the majority of the sequences (35.6%), followed by poorly
characterized categories (28.3%), cellular processes and
signalling (18.4%), and information storage (17.8%). Within
the metabolism category, genes encoding proteins required
for energy production and conversion were most abundant.
Specifically, genes encoding glycosidases were the most
abundant within the carbohydrate transport and metabolism
gene pool, followed by glycogen debranching enzyme,
6-phosphofructokinase and trehalose-6-phosphate synthase
encoding genes (Table 2). In addition, genes involved in
the Calvin-Benson cycle, nitrogen and sulphur metabolism
were also abundant. Degradation of benzoate, toluene and

Carbohydrate related proteins detected through alignment with Clusters of Orthologous Genes (COG)

avg avg % avg align
ID function # Hits eValue identity length
COGO0366 Glycosidases 26 -13 75,76% 46
COG4284 UDP-glucose pyrophosphorylase 7 -28  72,66% 79
COGO0057 Glyceraldehyde-3-phosphate dehydrogenase/erythrose-4-phosphate 2 -30  83,66% 79
dehydrogenase
COG0649 NADH:ubiquinone oxidoreductase 49 kD subunit 7 8 24 97,23% 54
COG1626 Neutral trehalase 6 -17  73,87% 57
COG0443 Molecular chaperone 2 -17  88,92% 48
COG1472 Beta-glucosidase-related glycosidases 12 =24 75,54% 70
COGO0205 6-phosphofructokinase 14 -20 76,99% 62
COGO0647 Predicted sugar phosphatases of the HAD superfamily 3 -33 77,16% 88
COG3408 Glycogen debranching enzyme 15 -7 74,38% 36
COG2730 Endoglucanase 27 0 72,58% 78
COGO0363 6-phosphogluconolactonase/Glucosamine-6-phosphate isomerase/ 4 -19  82,17% 55
deaminase

COGO0362 6-phosphogluconate dehydrogenase 6 -34  84,12% 83
COGO0061 Predicted sugar kinase 3 -11 73,49% 41
COGO0297 Glycogen synthase 2 -13 90,35% 42
COGO0380 Trehalose-6-phosphate synthase 13 -18  78,40% 56
COG1877 Trehalose-6-phosphatase 11 -14  79,49% 48
COGO0166 Glucose-6-phosphate isomerase 3 -30  80,02% 78
COGO0120 Ribose 5-phosphate isomerase 2 -14  71,98% 52
COGO0129 Dihydroxyacid dehydratase/phosphogluconate dehydratase 7 -19  88,33% 51
COGO0021 Transketolase 2 -29  74,83% 80
COGO0383 Alpha-mannosidase 6 -14  67,68% 51
COGO0126 3-phosphoglycerate kinase 3 24 88,79% 64
COGO0296 1,4-alpha-glucan branching enzyme 2 -58  84,72% 120
COGO0191 Fructose/tagatose bisphosphate aldolase 3 221 79,25% 62
COG0469 Pyruvate kinase 4 =27 75,95% 78
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TABLE 2 (CONTINUED)
avg avg % avg align

ID function # Hits eValue identity length
COGI1501 Alpha-glucosidases, family 31 of glycosyl hydrolases 5 -19  68,58% 63
COGO0760 Parvulin-like peptidyl-prolyl isomerase 1 -45  81,48% 108
COG0097 Ribosomal protein L6P/L9E 1 -35 71,13% 97
COG4806 L-rhamnose isomerase 1 =25 89,83% 59
COGI1621 Beta-fructosidases (levanase/invertase) 1 -43  73,08% 104
COG3250 Beta-galactosidase/beta-glucuronidase 4 -10  60,11% 51
COG1129 ABC-type sugar transport system, ATPase component 1 -26  83,78% 74
COGO0058 Glucan phosphorylase 6 -19  69,94% 67
COGO0148 Enolase 3 28 73,30% 83
COGO0176 Transaldolase 1 -40  77,48% 111
COG0638 20S proteasome, alpha and beta subunits 2 -22 90,02% 55
COG3345 Alpha-galactosidase 1 -34 66,02% 103
COG3387 Glucoamylase and related glycosyl hydrolases 3 -17  71,46% 60
COGO0171 NAD synthase 2 =22 73,57% 68
COGO0388 Predicted amidohydrolase 2 =22 73,57% 68
COGO0580 Glycerol uptake facilitator and related permeases (Major Intrinsic Protein 1 -26  81,69% 71

Family)
COG4677 Pectin methylesterase 6 -16  73,41% 54
COGO0364 Glucose-6-phosphate 1-dehydrogenase 2 21 69,67% 67
COG4630 Xanthine dehydrogenase, iron-sulfur cluster and FAD-binding subunit A 1 -15  78,43% 51
COG4631 Xanthine dehydrogenase, molybdopterin-binding subunit B 1 -15 78,43% 51
COG3588 Fructose-1,6-bisphosphate aldolase 1 =56 92,98% 114
COG0406 Fructose-2,6-bisphosphatase 3 -13 68,54% 50
COG2723 Beta-glucosidase/6-phospho-beta-glucosidase/beta-galactosidase 3 21 78,18% 59
COG2301 Citrate lyase beta subunit 2 21 60,76% 79
COG5309 Exo-beta-1,3-glucanase 1 =22 67,65% 68
COG0852 NADH:ubiquinone oxidoreductase 27 kD subunit 2 =55 95.27% 107

polycyclic aromatic hydrocarbon were the most represented
processes in the secondary metabolic processes (Table 2).

Taxonomic analysis of the functional gene sequences
showed that 60% of the eukaryotic gene pool was derived
from Streptophyta (mainly Vitis vinifera), 32% from the
Ascomycota, 5% from the Basidiomycota (Fig. 4A). The
bacterial genes accounted for 2.5% of the sequence data
with Proteobacteria being the most predominant phylum
in the bacterial domain, accounting for 62% of the total
sequences, followed by the Firmicutes, Bacteroidetes and
Actinobacteria, which accounted for 12%, 11% and 10%,
respectively (Fig. 4B).

Furthermore, the potential fungal hydrolases were
identified from the carbohydrate transport and metabolism
gene pool with fragment’s length ranging from 400 — 600 bp
(Table 3). Notably, most of the fragments were observed to

DOI: https://doi.org/10.21548/42-2-4724

be derived from the close filamentous fungal homologues
(Table 3).

DISCUSSION

The winemaking process is primarily governed by an array
of enzymatic activities that drive the fermentation kinetics
involved in the bioconversion of grape juice to wine. These
enzymes are derived from grapes and the microbiota present
on/in the grape/must/wine (van Rensburg and Pretorius,
2000). The current study evaluated the functional potential
of the grape must metagenome. Unsurprisingly, the data
show that Vitis vinifera is the dominant organism detected
within the grape must ecosystem followed by fungi of
the phylum Ascomycota. Further investigations of the
fungal community confirmed the presence of a variety of
filamentous fungi, the yeast-like fungus Aureobasidium
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tassiana

Others

Backusella
nidia
Mucor sp. EIM-10

Davidiella __Scheffersomyces

Metschnikowia
pulcherrima

Pichia dorogensis __Kazachstania

Mucor unispora
~~__circinelloides

Mucor hiemalis

FIGURE 2

Distribution of fungal species in grape must based on rRNA marker gene sequences.

TABLE 3

Putative fungal hydrolases identified from the carbohydrate transport and metabolism gene pool. The specific gene fragment

lengths for each of the closest relatives are also being denoted.

Length of the
specific gene

Fragment % in the closest
Sequence ID length (bp) Predicted enzyme Closest relative identity relative (bp)
H551VLF01A094D 510 Chitinase Debaryomyces hansenii 44 1,182
H551VLF01BBMN2 449 Chitinase Metschnikowia pulcherrima 79 1,080
H551VLFO01A6SRB 543 Glucosidase 11 Scheffersomyces stipitis 47 2,736
H551VLF01A4E06 395 B-glucosidase Scheffersomyces stipitis 78 2,214
H551VLFO1AMBHY 536 B-glucosidase Aspergillus clavatus 42 1,326
HS51VLFO1A4E7Y 491 B-glucosidase Rhizomucor miehei 57 4,063
H551VLFO01AI9Q2 475 B-glucosidase Cryptococcus neoformans 54 2,573
H551VLFO1BWCP7 521 B-1,3-exoglucanase Ampelomyces quisqualis 69 2,349
H551VLFO1ADDS1 447 B-1,3-glucosidase Pyrenophora tritici-repentis 88 1,992
H551VLFO1BIDGN 527 B-1,3-glucosidase Aspergillus niger 87 2,583
H551VLF01A59K3 505 oligo-1,6-glucosidase Talaromyces marneffei 73 1,827
HQ7JFPRO1BIPL7 499 B-1,3-glucosidase precursor  Talaromyces stipitatus 48 2,023
HQ7JFPRO1AIP93 547 B-glucosidase Talaromyces marneffei 44 2,535
HQ7JFPRO1A3AMV 494 B-glucosidase Aspergillus terreus 69 2,586
HQ7JFPROIAFNUE 706 B-glucosidase Aspergillus clavatus 69 1,326
HQ7JFPRO1AUOVN 418 B-glucosidase Scheffersomyces stipitis 58 2,214
HQ7JFPRO1A7K2B 551 B-glucosidase Paecilomyces spp. 60 2,968
H551VLFO1AK6ZL 524 B-glucosidase Aspergillus niger 50 1,988
H551VLF01BIW20 467 B-glucosidase Aspergillus flavus 68 1,794
HQ7JFPRO1BFNGS 542 Chitinase Wickerhamomyces ciferrii 42 1,269

S. Afr. J. Enol. Vitic., Vol. 42, No. 2, 2021
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TABLE 3 (CONTINUED)

Fragment
Sequence ID length (bp) Predicted enzyme

Length of the
specific gene
% in the closest

Closest relative identity relative (bp)

HQ7JFPROIBHOWG 533
HQ7JFPROIASQKL 497
HQ7JFPROIBHN4Z 583

Aspartic protease

Exo-glucanase

HS51VLFO1ASJYC 405 Endoglucanase
HS51VLFO01A1Y8U 484 Hydrolase
H551VLFO1BFKIN 544 Endopeptidase

Endo-1,3(4)-p-glucanase

Metschnikowia pulcherrima 52 1,137
Talaromyces marneffei 58 2,511
Saccharomyces cerevisiae 55 1,344
Trichoderma spp. 61 1,257
Baudoinia compniacensis 79 2,996
Mucor circinelloides f. 66 1,316
circinelloides

&) General function prediction only
Secondary metabolites biosynthesis, transport..

o Lipid transport and metabolism

E Energy production and conversion

Carbohydrate transport and metabolism

Translation, ribosomal structure and biogenesis

2] Replication, recombination and repair
Chromatin structure and dynamics
Posttranslational modification, protein turnover,..
‘n’_) Defense mechanisms
(@]

Cell wall/membrane/envelope biogenesis

Cell cycle control, cell division, chromosome..

15.7

2

0.0 20 40 6.0 80 10.0 12.0 14.0 16.0

Gene %

FIGURE 3
COG-based annotation analysis of the cabernet sauvignon grape must biome showing the distribution of genes related to cellular
processes (CPS), Information storage (IS), Metabolism (MTB) and Poorly Characterized genes (PC). The values immediately
next to rectangular horizontal bars represent the relative abundance of each of the genes present in the gene pool.

pullulans and several non-Saccharomyces yeast genera such
as Clavispora, Metschnikowia, Kazachstania, Torulaspora,
Lachancea, Candida, Pichia and Kluyveromyces. Members
of these genera are also often frequently retrieved from
grape must either through culture-based methods, DGGE as
well as amplicon sequencing (Bokulich et al., 2014;David
et al., 2014;Taylor et al., 2014;Pinto et al., 2015;Setati et al.,
2015;Wang et al., 2015;Kecskeméti et al., 2016;De Filippis
et al., 2017). Analysis of the functional genes revealed that
Streptophyta (60%) followed by Ascomycota (32%) and
Basidiomycota (5%) contributed the most to the metagenome.
Furthermore, the COG based analysis of the coding sequences
showed homology to an array of genes encoding hydrolytic
enzymes (carbohydrate metabolism). Such observations
were reported previously with genes related to amino acid

DOI: https://doi.org/10.21548/42-2-4724

metabolism, transport, transcription and carbohydrate
metabolism (Campanaro et al., 2014;Salvetti et al., 2016). As
depicted Table 2 and Table 3, in the carbohydrate transport
and metabolism gene pool, glycosidases (26 hits) were the
dominant enzymes followed by chitinases, endoglucanases,
glycogen debranching enzyme and 6-phosphofructokinase
encoding genes. The fungal partial sequences of the genes
encoding putative hydrolases were found to originate from
filamentous fungi and non-Saccharomyces yeasts (Table 3),
with multiple sequences matching oenologically relevant
enzymes from different genera (e.g. glucanases) or from the
same genera (e.g. different glucosidases from 7alaromyces) or
from the same species (e.g. an aspartic protease and chitinase
from Metschnikowia pulcherrima). PB-1,3-Exoglucanases
such as that of Ampelomyces quisqualis and Trichoderma
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mFusobacteria
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wVerrucomicrobia

“Unclassified

FIGURE 4
Allocation of raw sequence reads to microbial genome sequences A. Fungi and B. Bacteria

spp., to which sequence ID: H551VLFOIBWCP7 and ID:
H551VLFO01ASJYC exhibited homology, respectively, have
been implicated in mycoparasitic interactions (Rotem et al.,
1999) and are exploited in biocontrol against grapevine
powdery mildew disease (Falk et al., 1995) and other diseases
(Cabaroglu et al., 2003;Punja and Utkhede, 2003;Sanz et al.,
2005). Our metagenomic sequences also revealed a few
sequences that showed close homology to B-glucosidase genes
from Aspergillus spp. and Talaromyces spp. Aspergillus spp.
has been previously reported as potential biocontrol agent
(Tiwari et al., 2011;Rosada et al., 2013) and also shown to
secrete PB-glucosidase (Watanabe et al., 1992;Vaithanomsat
et al., 2011) that are beneficial for the wine production
(Maicas, 2016). Talaromyces sp. is not a frequent fungus
isolated from grape. It has however been reported that this
fungus exhibits glucosidase activity (Nakkharat and Haltrich,
2006). Only a few sequences of genes encoding enzymes
involved in protein degradation were retrieved. Interestingly,
one sequence ID: HQ7JFPROIBHOWG exhibited 52%
identity to the aspartic protease from M. pulcherrima (Reid
et al., 2012). Addition of enzymes derived from grape-
associated fungi during grape juice and wine processing, has
become common practice since these enzymes offer benefits
such as increased juice yield, improved colour extraction,
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clarification and accelerated settling (Manzanares et al.,
1999;Fernandez et al., 2000;Belda et al., 2016;Claus and
Mojsov, 2018a). In particular, aspartic proteases have been
proposed as potential alternative to other wine stabilisation
methods such as bentonite fining (Theron and Divol, 2014).

The functional sequence profile of the prokaryotic
population in our study was mainly dominated by
Proteobacteria, followed by Firmicutes, Bacteroidetes and
Actinobacteria (Fig. 4B). Earlier, high throughput analysis
of the grape berry surface, phyllosphere and flowers has also
reported such findings (Perazzolli et al., 2014;Pinto et al.,
2014;Pinto et al., 2015;Portillo et al., 2016;Portillo and Mas,
2016). Furthermore, a study by Salvetti el al., 2016 which
was conducted on both traditional (TW) and accelerated
(AW) withering conditions berries using high throughput
shot gun sequencing has also reported the presence of the
Proteobacteria as the predominant phylum with 97.7% and
86.1% from both TW and AW berries respectively followed
by Firmicutes and Bacteroidetes (Salvetti et al., 2016).
However, a former study reported that, as the fermentation
progresses, the Proteobacteria population declines and that
of the Firmicutes increases (Bokulich et al., 2012). When
the genetic information were further analysed for genes
encoding bacterial proteins/enzymes, the Enterobacter
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and Bacteroidetes were found to be the predominant ones;
however, their exact role in wine has not been elucidated
even though they are frequently encountered in grape
must (Bokulich et al., 2012;Pinto et al.,2015; Portillo
et al., 202016;Salvetti et al., 2016). Previous studies have
shown that the enzymes, such as glucosidases (Davis et al.,
1985) and glycosidases (Grimaldi et al., 2000) secreted
from Oenococcus oeni contributed largely to the floral and
fruity characteristics of wine by releasing monoterpenes,
norisoprenoids and aliphatic compounds. Other bacteria such
as Leuconostoc, Lactobacillus and Pediococcus have also
been reported to contribute to wine final aroma (Williams
et al., 1982;Ugliano et al., 2003;D’Incecco et al., 2004).

The whole metagenomic sequencing is a valuable technique
to reveal biocatalysts that have not yet been retrieved
from cultured microorganisms. However, the sequence
data obtained from shotgun sequences only provided a
snapshot of the functional potential of the wine microbiota
since only partial gene sequences were obtained and the
sequence coverage/depth was not enough to provide a full
representation of the entire metagenome. Indeed, only
92.5 Mb of sequence data were retrieved, representing
approximately 7 yeast genome sizes which could be improved
if better high throughput sequencing techniques and/or
platforms are employed. Nevertheless, the data showed that
glucosidases are the most predominant glycosyl hydrolases
in the grape must ecosystem. Indeed, most phenotypical
screening attempts have similar trends even though the focus
tends to be on non-Saccharomyces yeasts (Charoenchai
et al, 1997;van Rensburg and Pretorius, 2000;Strauss
et al., 2001;Maturano et al., 2012). Moreover, the glycosyl
hydrolase-encoding genes showed a percentage similarity
ranging from 42 to 88% to known fungal species (Table 3).
This finding was not surprising because the lack of fully
annotated non-Saccharomyces genomes poses a challenge in
gene prediction and annotation of the metagenomes. Many of
the genomes of wine related non-Saccharomyces yeasts are
still not sequenced and those which are not fully annotated .
In conclusion, our study intended to explore if DNA shotgun
sequencing could provide a wide, unbiased view of the wine
microbial diversity, encompassing both the taxonomical and
functional potential, in a single snapshot with high resolution.
To the best of our knowledge, this first metagenomic study
has accounted for the functional aspects of the grape must
microbiome. The study confirms that grape juice is a rich
reservoir of valuable biocatalysts. Indeed, hydrolytic enzymes
from oenological relevance were successfully retrieved from
direct sequencing data sets. Further investigations should
include retrieving full gene sequences and thereafter test
their expression during the wine fermentation. The activity
of the corresponding enzymes under winemaking conditions
should also be assessed in order to evaluate their impact of
their activities on the sensory properties of wine.
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