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Abstract: The saprophytic yeast-like fungus Aureobasidium pullulans has been well documented
for over 60 years in the microbiological literature. It is ubiquitous in distribution, being found
in a variety of environments (plant surfaces, soil, water, rock surfaces and manmade surfaces),
and with a worldwide distribution from cold to warm climates and wet/humid regions to arid ones.
Isolates and strains of A. pullulans produce a wide range of natural products well documented
in the international literature and which have been regarded as safe for biotechnological and
environmental applications. Showing antagonistic activity against plant pathogens (especially
post-harvest pathogens) is one of the major applications currently in agriculture of the fungus,
with nutrient and space competition, production of volatile organic compounds, and production of
hydrolytic enzymes and antimicrobial compounds (antibacterial and antifungal). The fungus also
shows a positive role on mycotoxin biocontrol through various modes, with the most striking being
that of binding and /or absorption. A. pullulans strains have been reported to produce very useful
industrial enzymes, such as (3-glucosidase, amylases, cellulases, lipases, proteases, xylanases and
mannanases. Pullulan (poly-a-1,6-maltotriose biopolymer) is an A. pullulans trademark product with
significant properties and biotechnological applications in the food, cosmetic and pharmaceutical
industries. Poly (3-L-malic acid), or PMA, which is a natural biopolyester, and liamocins, a group
of produced heavy oils and siderophores, are among other valuable compounds detected that
are of possible biotechnological use. The fungus also shows a potential single-cell protein source
capacity with high levels of nucleic acid components and essential amino acids, but this remains to
be further explored. Last but not least, the fungus has shown very good biocontrol against aerial
plant pathogens. All these properties are of major interest in the vitivinicultural sector and are
thoroughly reviewed under this prism, concluding on the importance that A. pullulans may have if
used at both vineyard and winery levels. This extensive array of properties provides excellent tools
for the viticulturist/farmer as well as for the oenologist to combat problems in the field and create
a high-quality wine.

Keywords: Aureobasidium pullulans; biotechnological applications; viticulture; enzymes; non-Saccharomyces
yeasts

1. Introduction

The genus Aureobasidium includes members of a ubiquitous nature that are able to survive
in a diverse range of habitats. Aureobasidium pullulans is one of the common organisms readily
found in most phyllospheric habitats including grapevines, with high morphological and genetic
diversity [1]. A. pullulans is a yeast-like fungus (Figure 1) frequently isolated from the phyllosphere
and carposphere of fruits and vegetables crops [2], and is associated with the endophyte population of
many plant species possessing high antagonistic activity [3]. A. pullulans is one of the predominant
yeast species isolated from grape berries at all stages of maturity [4] and other vine tissues from both
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diseased and healthy vines [2]. This observed abundance led many scientists to explore its biocontrol
potential for important grape diseases such as Botrytis grey mould [5], and for bunch rot caused
by species of Aspergillus [6]. Interestingly, Dimakopoulou and coworkers [7] found that isolate of A.
pullulans was as effective as commercial fungicides for bunch rots. A. pullulans may also degrade and
detoxify ochratoxin A, preventing wine contamination [8]. Nowadays, A. pullulans’ diverse habitats,
environmental conditions with a repertoire of biochemical characteristics, make it a first -lass source
for biotechnological uses even across boundaries. The biosafety of A. pullulans has been explored
as well, although most studies are related to immunocompromised individuals undergoing surgical
treatments, for severe injuries with open wounds or those suffering serious diseases (AIDS, pulmonary
infections and chronic diseases). Reports describe the infections as serious due to their severity and
difficulties in treatment, although the isolates were not exhibiting resistance. In addition, the fungus
shows strong affinity to synthetic materials and surgically implanted Silastic devices [9]. Although
outside the scope of this review, it is worth mentioning the potential role of pullulan in biomedical
applications reviewed by Singh and coworkers [10].

Figure 1. Aureobasidium pullulans (a) colony on Sabouraud Dextrose Agar (b) microscopic view of
yeast-like cells with characteristic pseudomycelium, (c) characteristic microscopic view of yeast-like
cells of various shapes and sizes.

2. Distribution and Diversity

As already mentioned, A. pullulans is characterized by its vast habitat presence. In the following,
we will only refer to the presence of the fungus on the vine and must, although it is well practiced
today that biotechnological applications could be across very isolated boundaries in order to make use
of unique useful traits.

It has been recorded that soil, grape variety and grape growing practices influence the microbial
ecosystem [11-13]. Microbial species present on the surface of grape berries at harvest play
an important role in winemaking, and thus, counting and identifying them is of great importance.
Studying several regions in the Bordeaux area, Renouf et al. [13] found that A. pullulans, the most
widespread yeast species at the berry set, was never detected at harvest. Its number fell significantly at
veraison, as it was superseded by fermentative yeasts, and was finally undetectable at harvest.

On the contrary, A. pullulans was found at significant high levels at studies conducted in Italy [14],
Spain [15], Canada [16], Australia [4] and South Africa [17], while it often was isolated from Brazil,
France, New Zealand, Greece and Slovenia, [18-22] as reviewed by Bozoudi and Tsaltas [12].

A. pullulans was also isolated from the grapes of the indigenous Cypriot varieties Xinisteri and
Maratheftiko at low rates (6.29%; Bozoudi et al., unpublished data). Work from Zalar et al. [23],
on A. pullulans diversity, describes that the fungus occurs particularly in the phyllosphere. Although
A. pullulans is one of the most abundant microorganisms on grape berries and other vine tissues,
the diversity of Aureobasidium spp. on vine tissues has not been explored.

Rathnayake et al. [24] reported that the diversity of Aureobasidium isolates from different tissue
types was greater than on a regional scale. The authors reported that the vineyards treated with no
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fungicides were having differences in colonization, having higher genetic variation in the Aureobasidium
isolates observed. Additionally, they show that the Aureobasidium population may have been
established for a long period of time, and being adapted to the climatic conditions. Alternatively,
the introduction of rootstocks could have co-introduced new isolates. Therefore, it is possible that the
genetic variation expressed by the Aureobasidium isolates from different vineyards in close proximity
may be the result of evolution of these isolates over time in order to cope with different environmental
selection pressures [24].

A. pullulans is characterized by high genetic variability [25]. Morphological and cultural
characteristics alone are not sufficient to assess interspecific variability and to differentiate
closely related strains. Thus, RAPD-PCR and other PCR techniques were used to successfully
differentiate A. pullulans populations and to obtain information about the genetic complexity of
this microorganism [26]. Small groups of strains of A. pullulans were described as varieties in the
literature [23]. In 2014, [1] with the publication of four species’ genome sequences, we cleared
up significantly the knowledge of the genus and the discrimination of the species A. pullulans,
A. melanogenum, A. subglaciale and A. namibiae. By comparison of their genomic data, Gostincar
and coworkers showed that the differences between these “varieties” were large enough to justify
their redefinition as four separate Aureobasidium species. These new data help address and explain the
differences between strains and “varieties”, which are of course attributed to different genetic material,
coding for potentially different traits from the proteins that they encode. This work redefined clearly
that the opportunistic human pathogens belong only to A. melanogenum, and we can now have a more
clear understanding of the molecular background of Aureobasidium spp.

3. Products

A. pullulans has been known since 1891, as reported in the work of Cooke [27]. This allowed
the scientific community to have gathered a substantial amount of information on the lifestyle
and physiology of this fungus. A wide array of products have been isolated, characterized and
tested for various biological and nonbiological functions. Antimicrobials, enzymes, polysaccharides,
siderophores, polyesters and heavy oils are among the most prominent and will be reported
analytically below.

3.1. Antimicrobials

Bacteria and yeasts are most likely to show a mutualistic behavior to each other in order to
efficiently colonize the berries’ surfaces. During these interactions on the berry surfaces, they may
have increased nutrient-capture capabilities, resisting environmental stresses and interacting also with
other categories of microorganisms such as moulds as well as viruses. Among yeast and bacteria,
some species are known to have an antagonistic effect on mould development. A. pullulans is known
to possess antagonistic properties towards other yeasts and fungi, and it can be speculated that it may
influence the overall grape ecology [4].

It has been reported that A. pullulans exhibits reduction of Botrytis cinerea growth on the surface
of table grape berries [13]. The proposed mechanisms explaining this antifungal activity were
exclusion by bacteria and yeasts of fungal adhesion sites [28], competition for nutrients [29] and
production of antagonistic metabolites or lytic enzymes. It is described that A. pullulans secretes
chitinase and glucanase enzymes able to hydrolyse moulds [30]. In addition, an A. pullulans strain
was found to produce antimicrobial compounds that were inhibitory towards the Gram-negative
Pseudomonas fluorescens and Gram-positive Staphylococcus aureus bacteria [31]. The antibacterial activity
of A. pullulans strains was attributed to 2-propylacrylic acid, 8,9-dihydroxy-2-methyl-4H,5H-pyrano
[3,2-c]-chromon-4-one, 2-methylenesuccinic acid and hexane-1,2,3,5,6-hexol [32]. More work on
antifungal properties was performed and a group of antifungals was named as aureobasidins.
Aureobasidins are derivatives of cyclic deosipeptides (molar mass ranging 1070-1148 Da). Depending
on their structures, aureobasidins are designated with the letters A to R [33]. Aureobasidin A seems to
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be reported in most cases, while work on factors affecting their production and activity has shown
that glucose increases antifungal activity, and that the culture medium’s amino acid composition has
a variable role in some cases [34].

3.2. Enzymes

As reported above, enzymes may play a role as antimicrobials, but enzyme production and
enzymatic activity have important roles in various biotechnological applications. A. pullulans is
reported to produce amylases [35], cellulases [36], lipases [37], xylanases [38,39], proteases [40-42],
laccase [43] and mannanases [44]. Currently in the wine industry, pectinases, glucanases, xylanases
and proteases are used to improve the clarification and processing of wine. In addition, glycosidase is
used for the release of varietal aromas from precursor compounds, urease for the reduction of ethyl
carbamate formation, and glucose oxidase for the reduction of alcohol levels [45].

-glucosidase has been also detected in A. pullulans [36,46,47] as well as glucose oxidase [48].
Urease activity has not been reported to the best of our knowledge. The work of Baffi et al. [49] is
characteristic of the potential of non-Saccharomyces yeasts and their role in wine aroma, since they
observed a notably increased amount of monoterpenes. Secreting cold-active pectinolytic activity has
been also documented [50,51] and has good potential in winemaking as well.

Lastly, of interest is the indirect role of enzymes in the possible microbial relations on the grape
berries, because intact grape berry surfaces are likely to be poor in carbon. A. pullulans may well be
a slowly rotting machine orchestrating the degradation of epidermal cells via pectolytic or cellulolytic
activities, necessary to degrade pectin and cellulose, the most important plant cell constituents.
A. pullulans produces extracellular pectolytic enzymes while growing on medium containing pectin as
sole carbon source [52]. Also, pectinases are inducible in carbon starvation conditions according
to Biely et al., [53] and pectinolytic activity of A. pullulans is maximum when pectin is the sole
carbon source.

3.3. Pullulan and Other Polysaccharides

A. pullulans produces an extracellular and unbranched homopolysaccharide: the pullulan,
which consists of «-(1—6) linkages of x-(1—4)-linked maltotriose units [54]. This flexible and sticky
polymer can form an oxygen-impermeable film, a property which is especially interesting to the
understanding of the presence of several anaerobic bacteria on the berry. Moreover, the pullulan
envelope may facilitate the adhesion of the bacterial cells to the berry surface. In order to preserve cell
populations, the microorganisms need nutritive sources. The biofilm may act as a nutrient trap [55].

Pullulan production during initial fermentation stages by the fungus may help with must
stabilization and improving mouth feel of wine due to the molecule’s rheological properties in both
aqueous and/or ethanolic media. Polysaccharides may also improve aroma and flavor delivery and
perception also due to their physicochemical reactions with the aromatic compounds. In addition,
polysaccharides (and pullulan) can retain better the colour and the antioxidant capacity of red wine.

Recently, other properties of pullulan have been explored, such as applications in medical sciences,
particularly drug delivery, as well as the interaction of the molecule with various types of cells (liver,
cancer cells) [56,57]. Such properties could be very interesting in the enhancement of the antioxidant
role of red wine, as well as in the investigation of the beneficial role of wine in human health in general.

Other interesting extracellularly produced polysaccharides by A. pullulans include soluble
B-glucan, consisting of a (3-(1,3)-linked glucose main chain, and (3-(1,6)-linked glucose branches.
-glucan exhibits immune stimulatory activity, and is consumed as a supplement in many countries.
Also, A. pullulans culture supernatant is believed to exhibit beneficial effects in delaying the onset
of a number of diseases, and has been reported to exhibit antitumor, antiallergy and anti-infectious
disease activities in mouse models [58—68]. An interesting review by Li et al. [69] on Aureobasidium spp.
and biosynthesis and regulation of their extracellular polymers should be read by anyone interested in
the field.
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Lastly, there is interest in wine waste as a substrate for A. pullulans growth and pullulan
production [70-72]. Grape skin pulp is considered as one of the best substrates for pullulan production,
especially hot water extracts of the pulp. The product is of higher molecular weight and rather pure.

3.4. PMA

Poly (3-L-malic acid), or PMA, is a natural biopolyester produced by many microorganisms
including A. pullulans. The interest in this molecule derives from its properties being biodegradable,
water soluble and biocompatible, and its uses in the pharmaceutical industry [73-76]. No applications
in the wine industry have been reported, but possible relationships can be explored via wine waste as
substrate for PMA production and PMA as a coating for grape postharvest protection.

3.5. Liamocins

Back in 1994, Kurosawa et al. [77] discovered the production of heavy oils in the culture medium
of Aureobasidium sp. In 2013, Price et al. [78] named them liamocins, and further clarified their
molecular structure consisting of a single mannitol headgroup that is partially O-acetylated with
3,5-dihydroxy-decanoic ester groups. Liamocins showed immediately their interesting biological
activities as antimicrobials [79,80] and anticancer agents [81,82].

Liamocins’ role in plant disease control (grapes) and their role in wine in a technological aspect,
as well as towards human health, remain to be explored.

3.6. Siderophores

Siderophores are low-molecular-weight high-affinity iron-chelating molecules that are produced
by many microbes (fungi and bacteria) living under iron-depleted environments. The molecules
help to sequester and solubilize the iron (Fe3* and Fe?" ions). Siderophores are very interesting
molecules for medical, agricultural and environmental applications, and have been of interest in
biotechnology. Although only one strain of A. pullulans (HN6.2) has been reported in the literature
to produce siderophores, studies of A. pullulans isolates report the effect and role of siderophores in
biocontrol processes of plant and human pathogens [1,44,65,83-88].

4. Single-Cell Protein

With the world population reaching 9 billion by 2050, there is strong evidence that agriculture
will not be able to meet the demand for food, and particularly protein, and as a result, food security is
under serious threat. Common agriculture has serious drawbacks such as high water footprint, high
land use, biodiversity loss, soil erosion, and contribution to climate change of a third of all greenhouse
gases. For these reasons, food out of microbes is considered a sustainable way to proceed.

The biomass and protein extracted from cultures of fungi, bacteria and algae may be used as
an ingredient or a substitute for protein-rich foods. Single-cell proteins (SCPs) refer to edible unicellular
or multicellular microorganisms. The products are of high value, suitable for animal and human
consumption, and efforts to grow SCP on agricultural and food waste as well as autotrophically are
quite successful.

A. pullulans has not been explored for its use as a source of SCP, but fungi proteins have more
advantages than those obtained from bacteria and algae [89]. Work from Chi et al. [90] showed that
A. pullulans isolates had high levels of nucleic acid components and essential amino acids. Such
properties could be helpful in wine fermentation if these components can be used for feeding the
alcohol- and aroma-producing yeasts. Alternatively, dried, lysed A. pullulans cells can be a source of
feed for wine fermenting yeasts [91,92].



Fermentation 2018, 4, 85 6 of 15

5. Biocontrol Agent

A. pollulans’ biocontrol capabilities have been explored for many years for diseases in both the
field and post-harvest. In addition, diseases of the phylloplane and the carposphere, as well as diseases
of the internal tissues, have been combated less or more successfully. The antagonistic feature of
fungi may be attributed to competition for nutrients and space, parasitism on the fungal pathogens,
secretion of antifungal compounds, attachment and biofilm formation, production of volatile organic
compounds, as well as the induction of host plant resistance [93].

As a fast-growing yeast-like fungus, A. pullulans competes for nutrients as well as space.
Extracellular polysaccharides, enzymes as well as other secreted molecules (liamocins, aureobasidins
etc.) require significant amounts of carbon and nitrogen sources, as well as other micronutrients
that are soon depleted from the environment and their competitors. In addition, pullulan and/or
other high-MW molecules take space while at the same time creating a less favorable or even hostile
environment for plant pathogens.

5.1. Competition for Nutrients

In 2006, Bencheqroum et al. [94] presented their first data that application of high amounts of
exogenous amino acids, vitamins or sugars on apple wounds significantly reduced the protective
level of A. pullulans, and in 2007, [95] the authors confirmed with in-vitro and in-situ evidence that
competition for apple nutrients, most particularly amino acids, may be a main mechanism of the
biocontrol activity of A. pullulans.

5.2. Competition for Space

Competition for space is amongst the most common but efficient ways in which biocontrol agents
operate. Speedy growth helps a microorganism to dominate the space over slow growers. In addition,
certain microbes occupy extra space with copious amounts of secreted polysaccharides that have
both direct (occupying space) and indirect (attachment inhibitors, growth inhibitors etc.) roles on the
growth of competitors. Schena and collaborators [26,96] have tested various isolates from different
sources (epiphytic and endophytic) of A. pullulans, and showed good results in biocontrol of various
postharvest diseases of fruits and vegetables.

5.3. Production of Volatile Organic Compounds

Volatile organic compounds (VOCs) could play an essential role in the antagonistic activity of
A. pullulans against postharvest pathogens. Mari et al. [97] suggested first that A. pullulans L1 and L8
strains could be considered as good candidates for the development of biofungicides. Compounds
such as 2-phenyl, 1-butanol-3-methyl, 1-butanol-2-methyl and 1-propanol-2-methyl belonging to the
group of alcohols are mainly produced from A. pullulans within 3—4 days of growth. 2-Phenethyl
alcohol was determined as the most active, with ECsg values lower than 0.8 uL m1~1, responsible for
reduction of vegetative growth and sporulation, and also reducing ochratoxin A (OTA) production
and OTAbiosynthetic gene expression [98]. Similar results have been recently confirmed for other
yeasts as well, [99] so it is worthwhile to revisit the A. pullulan isolates” VOCs capacity.

5.4. Production of Hydrolytic Enzymes

Hydrolytic enzymes were always considered first in biological control modes of action against
pathogens. Chitinase and glucanase are amongst the most prominent enzymes having a role in
biological agents” biocontrol activity. In addition, killer toxins have been attributed to have a role in
fungal-fungal interactions [100,101].
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5.5. OTA Biodegradation, Detoxification and Absorption

Mycotoxins could be decomposed, transformed or absorbed by microorganisms [102]. Their
microbial degradation or transformation with specific attention to the actual detoxification is
an important feature of various microorganisms [103]. De Felice and coworkers [104] showed that
A. pullulans can transform OTA to OTA« on berries.

Yarrowia lipolytica Y-2 has the capacity to biodegrade OTA to OTA«x through the hydrolytic
activity of carboxypeptidases [105]. The same authors also support that, in addition, many proteins
of Y. lipolytica Y-2 involved in stress response and reactive O, species elimination also play a role in
OTA degradation. In the case of A. pullulans, carboxylpeptidases should be specifically explored for a
similar role, though there are some toxicity issues regarding the use of enzymes to degrade OTA in
wine because of their undesirable effects on must fermenting microbes [106]. More information can be
found in an excellent review by Zang et al. [107]

6. Aromatic Properties

Microorganisms of enological interest have been grouped into three main classes: (a) easily
controllable species without the ability to spoil wine when good manufacturing practices are applied,
(b) fermenting species responsible for sugar and malic acid conversion, and (c) spoilage species [2].
As previously mentioned, A. pullulans holds a dominant position in most grapevine terroirs studied,
and is classified in the first group. In grape microbiome reported work, A. pullulans emits typical,
well-known flavour components of red wine (i.e., 2-methylbutanoic acid, 3-methyl-1-butanol and
ethyl octanoate) [108]. It is not yet reported whether endophytic microorganisms have a role on grape
aromatic compounds, but grapevine endophyte studies have progressed, and are very likely to identify
such interplay in the near future [109,110]. Also, as referred to earlier (Section 3.2), 3-glucosidase and
pectinases have been involved in aroma production [49-51,111,112].

7. Conclusions and Future Perspectives

Aureobasidium pullulans” cosmopolitan presence has been well documented in the past 100 years.
The list of properties (Table 1) of this yeast-like fungus is still growing. Here, we have presented what
has been documented in relation to the microorganism and fruits, other microorganisms, as well as
wine fermentation. A. pullulans has a vast potential in biotechnological uses, and in particular, in the
vitivinicultural sector. In addition, new exotic isolates from extreme environments are likely to enhance
significantly the repertoire of properties. Enzymes and metabolites of these isolates are very likely to
help us resolve many technological problems requiring extreme solutions. In our conclusion, two major
research directions are currently suggested, and these are: (1) reexamining all isolates in laboratory
collections with the current knowledge of properties and molecular analysis tools (DNA /RNA level
and proteins, including phylogenetics), and (2) exploring all known products of A. pullulans for novel
uses and functions in the vitivinicultural sector, as described earlier.
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Table 1. Aureobasidium pullulans main properties.

Main Property Specific Property Strain # Reference
Antimicrobials FRR4800, WH9 [28-30]
NRRL 58561, NRRL 58562,
Antibacterial NRRL 58563, NRRL 58514, [31-34]
(Aureobasidins) NRRL 58536, NRRL 58516, N
NRRL 58517, NRRL 58520
Enzymes Lytic enzymes
Amylases Caul9 [113]
Cellulases ER-16 [36,114]
Lipases HN2-3 [37,115]
Xylanases ATCC20524 [38,39]
Proteases HN2-3, 10, PLS [40-42]
Laccase NRRL50381 [43,116]
Mannanase [44,117,118]
-glucosidase NRRL Y-12974, Ap-beta-gl [36,46,49]
Pectinolytic GM-R-22, LV-10 [50-53,111]
CGMCC1234, P56, CH1, ATCC
Pullulan 201253, HP2001 [54,56,119-122]
3-glucan SM2001 [58,59,61,63,64,66—68,123—125]
PMA CCTCCM2012223 [73-76]
Liamocins NRRL 50380 [78,126]
Siderophores HNG6.2, Y-1 [83-87]
Single-Cell Protein G7b, 4#2 [90]
SL.250, SL236, L47, Ach1-1, 533,
Biocontrol 547,11, L8, ACBL77, LS30, [3,26,94-97,100,101,104,127,128]
AU34-2
Aromatic Compounds T4B1c.17-P [108]
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