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Microbial starter cultures represent a fundamental level of innovation in the wine sector. Selected yeast 
strains are routinely used to achieve the needed biomass preparation to accelerate and steer alcoholic 
fermentation in grape must. The use of starter cultures to induce malolactic fermentation in wine relies on 
the characterisation and propagation of suitable strains of lactic acid bacteria. Furthermore, the selection 
of new strains, the renewal of management of microbial resources and new technologies allow continuous 
improvements in oenology, which may increase the beneficial aspects of wine. In this review, with the aim to 
stimulate microbial-driven, consumer-oriented advances in the oenological sector, we propose an overview 
of recent trends in this field that are reported by following the classical separation into ‘product innovation’ 
and ‘process innovation’. Hence, we shall highlight i) the possible positive innovative impacts of microbial 
resources on the safety and the sensorial and functional properties of wine (product innovation) and ii) 
the potential microbial-based improvements allowing the reduction of time/costs and the environmental 
impacts associated with winemaking (process innovation). 

INTRODUCTION
The winemaking process is the set of operations and practices 
carried out to transform grape must into wine by respecting 
the intrinsic qualities of grapes in order to obtain the best 
final product. The indigenous microbiota is very important 
in this winemaking process because of its possible positive 
or negative effects on wine quality. In particular, yeasts, 
mainly Saccharomyces cerevisiae, are essential for carrying 
out the alcoholic fermentation (AF), thus promoting the 
transformation of grape sugars into ethanol, carbon dioxide 
and hundreds of other metabolites (Garofalo et al., 2016a). 
However, S. cerevisiae is not the only yeast involved in the 
process. Selected specific non-Saccharomyces species have 
been proven to positively modify the chemical composition 
of the wine, contributing especially to the sensory properties 
of wines (Bely et al., 2008; Comitini et al., 2011; Liu et al., 
2016; Petruzzi et al., 2017a). In contrast, lactic acid bacteria 
(LAB) perform the malolactic fermentation (MLF). The main 
value of the MLF in vinification is biological de-acidification 
(i.e. increase in pH), which results from the transformation 
of L-malic acid into L-lactic acid (Bauer & Dicks, 2004; 
Lerm et al., 2010). Moreover, the MLF contributes to 

microbiological stability and produces a change in wine 
aroma and mouthfeel (Lerm et al., 2010).

Given the significant progress in the wine sector 
concerning different microbiological aspects, in this review 
we shall provide an overview of the recent trends, categorised 
into product innovation and process innovation (for specific 
definitions please refer to OECD 2015, available at http://
www.oecd.org/site/innovationstrategy/defininginnovation.
htm). Such innovation is prompted partially by the 
current importance of the organic food regimen and of the 
associated emerging trends. Indeed, worldwide interest in 
organic farming has increased significantly over the last 
decade. Wine is no exception to this trend, as consumers 
are demanding organic wines and environmental friendly 
viticultural practices (Provost & Pedneault, 2016), the 
reduction of the total price of biotechnological processes, 
and environmentally friendlier methods for disposing 
of winemaking process waste products (Devesa-Rey 
et al., 2011). Organic wine production aims at producing 
a product with a high final quality while minimising the 
use of synthetic chemicals such as fertilisers, pesticides, 
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fungicides and herbicides. The terroir that represents the 
basis of the Appellation of Origin also produces an impact 
on the wine market and on consumer choices (Capozzi et al., 
2015). Therefore, many investigations are pointing in that 
direction. Moreover, because of the importance of healthy 
food with functional properties, research is focusing on 
the biochemical activities of grape and wine not only as 
prospective sources of valuable nutraceuticals, but also for 
their antimicrobial activity and for other biological functions 
such as the modulation of the endogenous antioxidant system 
(Giovinazzo & Grieco, 2015). 

In this review we will discuss the recent developments 
in microbial resources regarding the selection of 
autochthonous cultures, also addressing the integration 
of non-Saccharomyces yeasts into the design of mixed 
starters. We will summarise the most recent investigations 
of biocontrol as a tool for the quality of safety to prevent the 
contamination of the microorganisms by spoilage microbes 
and to reduce the content of toxic compounds in wine. We will 
also discuss some recent biotechnological approaches, viz. 
the co-inoculation of yeast and LAB and the immobilisation 
of microorganisms aimed at reducing the duration and cost 
of the winemaking process. 

PRODUCT INNOVATION
Microbial-based sensorial quality enhancement 
Yeast starters for alcoholic fermentation
Even though the entire wine microbiota contributes to the 
wine chemistry, the yeasts play a predominant role since 
they promote the AF and also produce several secondary 
metabolites that contribute strongly to the organoleptic 
properties of the wine (Fleet, 2008). Commercial starter 
cultures of S. cerevisiae are routinely used to i) accomplish 
the AF, ii) produce desirable metabolites and iii) avoid the 
possible negative effects associated with the development 
of indigenous microorganisms and/or with spontaneous 
fermentations (Belda et al., 2017; Spano et al., 2010; Capozzi 
& Spano, 2011; Tristezza et al., 2013). Nevertheless, in some 
cases there are advantageous oenological traits associated 
with spontaneous fermentations, such as the development 
of a specific sensory character. On the other hand, the use 
of a reduced number of commercial starter cultures could 
cause standardisation, hence flattening wine quality (Fleet, 
2008). In this context, the use of multi-strain starter cultures 
designed with autochthonous microbial resources (e.g. 
non-Saccharomyces yeasts combined with S. cerevisiae 
in controlled mixed fermentations), mimicking the natural 
diversity associated with spontaneous fermentation, can be 
recommended to improve wine (Comitini et al., 2011; Ciani 
& Comitini, 2015; Campbell-Sills et al., 2016; Shekhawat 
et al., 2017). In this regard, the non-Saccharomyces species, 
Torulaspora delbrueckii, Metschnikowia pulcherrima, 
Candida zemplinina and Hanseniaspora uvarum, are cited 
and intensively investigated the most (Comitini et al., 
2011; Medina et al., 2012; Masneuf-Pomarede et al., 2015; 
Petruzzi et al., 2017a), while strains belonging to the species 
Lachancea thermotolerans, Metschnikowia fructicola, 
Schizosaccharomyces pombe, T. delbrueckii, Kluyveromyces 
thermotolerans, Pichia kluyveri and M. pulcherrima are 

already commercialised (Lu et al., 2016; Petruzzi et al., 
2017a).

Numerous studies on the influence of non-
Saccharomyces yeast in winemaking have been undertaken 
on the oenological/technological relevance of these yeast 
species (Bely et al., 2008; Comitini et al., 2011; Sadoudi 
et al., 2012; Tristezza et al., 2016b; Petruzzi et al., 2017a). 
These studies demonstrated that non-Saccharomyces species 
could have both beneficial and negative influences on 
the wine fermentation characteristics, thus indicating the 
need to select strains with optimal oenological properties 
(Bely et al., 2008; Comitini et al., 2011; De Benedictis 
et al., 2011; Medina et al., 2012; Lu et al., 2015; Petruzzi 
et al., 2017a). Indeed, several non-Saccharomyces species 
have been proven to positively modify the wine chemical 
composition, contributing especially to the sensory 
properties of wines (Jolly et al., 2014; Oro et al., 2014; Lu 
et al., 2015; Petruzzi et al., 2017a). However, the growth of 
certain non-Saccharomyces strains in grape musts can cause 
the development of antagonistic interactions among yeasts 
and lead to an excessive accumulation of several undesirable 
metabolites, such as acetic acid, ethyl acetate, aldehyde and 
acetoin (Medina et al., 2012; Ciani et al., 2016; Liu et al., 
2017), and other phenotypic properties in some cases also 
characteristic to S. cerevisiae strains from alcoholic beverages 
(Capozzi et al., 2016b). Some non-Saccharomyces species 
even exhibit low fermentation power and rate, as well as low 
ethanol and SO2 resistance (Medina et al., 2012; Tristezza 
et al., 2013; Alonso et al., 2015). 

Over the last years an increasing demand for “organic 
wine” (produced according to the European Commission 
Implementing Regulation (EU) No 203/2012 of March 8th 
2012) has been observed (Guzzon et al., 2011; Suzzi et al., 
2012; Francesca et al., 2016). Moreover, there has been a 
rising request for autochthonous yeast starter cultures, since 
they can be used in the making of organic wines. These 
autochthonous starters are potentially adapted to a definite 
grape must and reflect the biodiversity of a particular 
area, which supports the idea that indigenous yeast strains 
can be associated with a “terroir” (Gilbert et al., 2014; 
Capozzi et al., 2015). In this context, many investigations 
have studied the biodiversity of S. cerevisiae and non-
Saccharomyces yeasts in a regional area in order to select 
autochthonous starters distinguished by different oenological 
characteristics (Capozzi et al., 2015; Garofalo et al., 2016a; 
Tristezza et al., 2016b). Organic wine processing may be 
more challenging than that of conventional wine, especially 
under regulations prohibiting SO2. A number of compounds 
have been tested in order to replace SO2 in wine, such as 
wine bacteriocins, chitosan and lysozyme (Díez et al., 2012; 
Bagder Elmaci et al., 2015; Ancìn-Azpilicueta et al., 2016), 
and several physical methods have been tested, including 
pulsed electric fields and high hydrostatic pressure (Santos 
et al., 2013). However, none of these practices provided a 
real replacement for SO2, or its use is not allowed in organic 
wine production (Guerrero & Cantos-Villar, 2015). In order 
to reduce the production of oxidative off-flavours during 
non-sulphated organic winemaking, Balboa-Lagunero et al. 
(2013) suggested carrying out the AF using autochthonous 
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S. cerevisiae strains from the Origin Appellation “Vinos 
de Madrid”, showing high consumption rates of amino 
acids known to act as precursors for oxidation attributes 
in wine. Certain yeast strains successfully reduced the 
occurrence of oxidation-related aldehydes as well as the 
intensity of off-flavours in wine made without sulphites. 
Taken together, the above findings highlight the importance 
of the characterisation of the autochthonous microbiota 
and the integration of non-Saccharomyces strains in the 
design of autochthonous resources for sustainable and 
coherent innovations in the wine sector. In addition, the 
formulation of non-Saccharomyces with Saccharomyces 
starters could be a reliable alternative to spontaneous 
uncontrolled fermentations in organic wines. Nowadays, 
mixed cultures of Saccharomyces and non-Saccharomyces 
from commercial yeast manufacturers are available, such as 
Level2 TD (Lallemand Inc., France) and Melody TM (Chr 
Hansen, Denmark).

In the case of sparkling wine, two successive steps of 
AF are required. The second step, an in-bottle fermentation 
of a base wine with sugar, is followed by an ageing period 
in which the wine is in contact with dead yeast cells (Kemp 
et al., 2015). There are several factors that affect the final 
organoleptic quality, such as grape variety, vineyard 
management, quality of the base wine and the yeast strain 
inoculated in the second fermentation (Pozo-Bayón et al., 
2010; Pérez-Magariño et al., 2015; Garofalo et al., 2016b). 
However, the evolution of the second fermentation and the 
ageing of the wine are of particular importance because they 
enhance the organoleptic properties of the base wine, giving 
the sparkling wine its characteristic aroma and flavour, foam 
ability and roundness. During the ageing process, which 
takes from several months to several years, the dead yeasts 
undergo autolysis and release their cell components into the 
wine (Pozo-Bayón et al., 2010; Kemp et al., 2015; Martínez-
Lapuente et al., 2015; Velázquez et al., 2016). Recent 
studies have been focused on using a combination of killer 
yeasts to accelerate this autolysis and reduce the maturing 
time (Velázquez et al., 2016). Such investigations have 
demonstrated that killer and sensitive yeasts in co-culture 
can accelerate the onset of autolysis under oenological 
conditions, thus producing a positive effect on the aroma and 
flavour of sparkling wine. Non-Saccharomyces yeast species 
are not used in the secondary fermentation of sparkling 
wines, possibly because of their low tolerance of the ethanol 
content and the possible increase in glycerol content, which 
could affect the flavour, mouthfeel and viscosity of the final 
product (Fleet, 2008; Kemp et al., 2015). 

Malolactic starter cultures
While AF is essential for the conversion of musts into wine, 
MLF causes an increase in wine pH and a decrease in titratable 
acidity, leading to a decrease in wine sourness and an increase 
in microbial stability (Bartowsky, 2009; Lerm et al., 2010). 
Among all LAB species, Oenococcus oeni is probably the 
best adapted to resist wine conditions (Bauer & Dicks, 2004; 
Betteridge et al., 2015). During MLF, the metabolism of 
O. oeni can improve the organoleptic properties of wine by 
producing various secondary metabolites (Bartowsky, 2005; 
Bartowsky & Borneman, 2011). MLF can be controlled by 

inoculating commercial starters; nevertheless, the induction 
of MLF by O. oeni commercial starters is not always 
successful because wine is a very harsh environment (Ruiz 
et al., 2010). As in the AF, the employment of autochthonous 
starter cultures that are well adapted to the conditions of 
a specific wine-producing area has been suggested (Ruiz 
et al., 2010), and several studies have been performed on 
the characterization of O. oeni biodiversity (Capozzi et al., 
2010b; Bordas et al., 2013; González-Arenzana et al., 2013; 
Garofalo et al., 2015; Berbegal et al., 2017). Furthermore, 
several investigations are focused on alternative LAB such 
as Lactobacillus plantarum to perform the MLF in wine 
(Berbegal et al., 2016; Iorizzo et al., 2016; Lucio et al., 
2016). Lactobacillus spp. can survive under winemaking 
conditions and possess many favourable biological 
properties that would make them a suitable candidate for 
MLF starter cultures (Du Toit et al., 2011). In fact, during the 
fermentation process they are also able to carry out a number 
of secondary metabolic reactions of great importance for 
aroma and flavour in wines (Liu, 2002; Matthews et al., 
2004). They also exhibit a wider range and greater spectrum 
of enzymatic activities than O. oeni, and can contribute to 
a greater modification of wine aroma. Several authors have 
demonstrated that many wine-associated lactobacilli contain 
genes encoding important enzymes that are active under 
winemaking conditions (Du Toit et al., 2011; Lerm et al., 
2011). Besides, the use of L. plantarum has been suggested 
as a biological acidification method because of its ability 
to produce high concentrations of lactic acid (Onetto & 
Bordeu, 2015; Lucio et al., 2016). Just as in the case with 
O. oeni, the employment of autochthonous L. plantarum 
strains that are well adapted to the conditions of a specific 
wine-producing area has been suggested (Bravo-Ferrada 
et al., 2013; Berbegal et al., 2016). 

Safety improvement: the importance of biocontrol 
The success in terms of the safety and quality of winemaking 
depends mainly on the metabolism of microorganisms 
associated with grapes and with the fermentation process 
(Cocolin et al., 2001; Spano et al., 2010). Indeed, several 
microorganisms can cause depreciation of wine since they 
produce undesirable compounds that negatively affect wine 
aroma and flavours (e.g. volatile phenols) and/or are toxic 
to humans, such as biogenic amines (BA) or mycotoxins 
(Russo et al., 2016).

Brettanomyces bruxellensis
Among others, the yeast Brettanomyces bruxellensis is 
generally considered one of the main oenological spoilage 
microbes, since it is able to survive during the winemaking 
process and confers off-odours to wine (Di Toro et al., 2015; 
Steensels et al., 2015; Capozzi et al., 2016a). Different 
B. bruxellensis strains can produce several compounds 
that are detrimental to the organoleptic quality of wine, 
including some classes of volatile phenols that derive from 
the sequential conversion of specific hydroxycinnamic 
acids such as ferulate and p-coumarate. Hydroxycinnamate 
decarboxylase first transforms these hydroxycinnamic acids 
into vinylphenols, which are then reduced to 4-ethylphenol 
and 4-ethylguaiacol respectively by the vinylphenol 
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reductase (Di Toro et al., 2015). Elevated concentrations 
of 4-ethylphenol are associated with unpleasant aromas 
described as “stable”, “horse sweat” or “leather” (Steensels 
et al., 2015). To control the proliferation of this yeast, 
sulphur dioxide is commonly employed, but the efficiency 
of this chemical compound is subject to wine composition 
and it can also elicit allergic reactions in humans. Biological 
alternatives, such as the use of starter cultures as biocontrol 
agents (García-Moruno & Muñoz, 2012; Oro et al., 2014), 
are therefore actively sought.

Current studies are focused on identifying and 
characterising yeast species able to synthesise killer toxins, 
i.e. antimicrobial compounds able to inhibit the growth 
of B. bruxellensis in wine. Mehlomakulu and co-workers 
(2014) identified two killer toxins, CpKT1 and CpKT2, from 
the wine-isolated yeast Candida pyralidae. The two proteins 
exhibited killer activity against several B. bruxellensis 
strains, especially in grape juice. These killer toxins inhibited 
neither the S. cerevisiae nor the LAB strains tested. A similar 
action against the above spoilage yeast was described for 
the killer toxins isolated from T. delbrueckii (Villalba et al., 
2016) and from Ustilago maydis (Santos et al., 2011). These 
killer toxins were both active under oenological conditions, 
confirming their potential use as a biocontrol tool in the 
winemaking and wine ageing process.

Biogenic amines and mycotoxins
Histamine is the most widely studied amine due to its ability 
to produce headaches, hypotension and digestive problems 
when ingested with food (Ladero et al., 2010). The main 
microorganisms responsible for histamine production in wine 
are LAB, especially Lactobacillus hilgardii, L. mali, O. oeni 
and Pediococcus parvulus (Landete et al., 2007; Coton et al., 
2010). Moreover, several strains of Enterococcus spp. and 
Staphylococcus spp. have recently been isolated from must 
and wine and described as histamine producers (Capozzi 
et al., 2010a; García-Moruno & Muñoz, 2012; Benavent-
Gil et al., 2016). Tristezza and collaborators (2013) have 
demonstrated that some non-Saccharomyces yeasts of wine 
origin also are able to produce BA. These findings further 
underline the importance of selecting oenological starters 
lacking the genetic determinants to produce BA (Landete 
et al., 2007; Capozzi et al., 2014). The addition of sulphite 
and the inoculation of starter cultures are common practices 
in winemaking in order to inhibit the growth of unknown 
and indigenous microorganisms. Indeed, the co-inoculation 
of yeast and LAB has been proposed as an interesting 
practice to better control the BA-producing microorganisms 
(Izquierdo-Cañas et al., 2012; Smit et al., 2012). However, 
preventing the biosynthesis of BA in wine is not always 
possible, as a number of microbiological, chemical and 
physical conditions could affect the organoleptic properties 
of the wine, or result in incompatibility with specific 
production processes, such as for organic or SO2-free wines. 
An alternative to the prevention strategy could be to rely on 
the use of BA-degrading microorganisms (Mohedano et al., 
2015). Some wine LAB strains belonging to Lactobacillus 
and Pediococcus species were demonstrated to be capable of 
degrading histamine, tyramine and putrescine (García-Ruiz 
et al., 2011; Capozzi et al., 2012). These strains showed 

promising technological properties, suggesting that the 
ability to degrade BA could also be a criterion to select a 
new generation of starter cultures (Capozzi et al., 2012). 
Recently, Callejoen and co-workers (2014) have shown 
that two enzymes isolated and purified from L. plantarum 
J16 and P. acidilactici CECT 5930 strains, and identified 
as multicopper oxidases, were able to degrade histamine, 
tyramine and putrescine, relevant BAs in wine (Beneduce 
et al., 2010). Such a finding opens a new perspective on 
the possibility of employing purified microbial enzymes to 
deal with the problem of high amine concentrations in wine 
(Callejón et al., 2016). 

In the last few years there have been several studies 
on the presence of mycotoxins in wine, mainly ochratoxin 
A (OTA), prompted by the awareness of their negative 
effects on health (Russo et al., 2016). OTA is produced 
by Aspergillus spp. and Penicillium spp. and derives from 
3,4-dihydrocumarin linked to an amide bond with an amino 
group of L-b-phenylalanine. This mycotoxin is an important 
threat to humans because it accumulates in several tissues 
within the body and is classified by the International Agency 
for Research on Cancer [IARC] (1993) in the group 2B as 
a possible human carcinogen. Many physical, chemical and 
biological approaches to perform the decontamination of 
OTA have been investigated, but only a few methodologies 
are practicable at the industrial level (Quintela et al., 2012). 
A promising method for wine decontamination could be 
bioremediation through toxin degradation or adsorption 
(Quintela et al., 2012). In the last few years, many different 
yeast/bacterial strains have been demonstrated to be able to 
hydrolyse OTA by the action of a putative peptidase, which 
degrades OTA into the less toxic OTα (De Bellis et al., 2015; 
Petruzzi et al., 2017b).

Finally, considering the importance of assuring the 
safety of starter cultures in order to exert correct biocontrol, 
it is important to underline that the increasing number of 
complete genome sequences of wine-related microorganisms 
(Bartowsky & Borneman, 2011; Lamontanara et al., 2014; 
2015; Campbell-Sills et al., 2015) represents a considerable 
tool to assess the safety traits of industrial strains (Salvetti 
et al., 2016).

Functional quality: microbial influence on functional 
properties
The principal compounds related to the benefits ascribed to 
wine consumption are the polyphenols. These substances 
have a potentially positive effect on human health due to 
their antioxidant and free radical scavenging properties 
(Liang et al., 2014), thus endowing red wine with the 
“functional properties” that can help to prevent a number 
of human illnesses (Giovinazzo & Grieco, 2015). Among 
all polyphenols present in grapes and wine, resveratrol 
is thought to be one of the principal agents with health-
promoting effects (Garcia-Alonso et al., 2009; Kundu & 
Surh, 2008). 

Polyphenols are present mainly in the seeds and skin 
of grape berries, thereby they are extracted during the 
winemaking process. However, their final concentration in 
wine depends on the efficiency of the contact of the liquid 
must with the solid parts of the grape bunches, as well as 
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on the grape variety. The relationship between the ripening 
stages of the grape at harvest time and the polyphenol content 
in wine has been studied thoroughly (Castillo-Muñoz et al., 
2010). Factors such as the microbiological, chemical and 
physical properties of raw materials have been demonstrated 
to be able to further modify the structure and concentration 
of polyphenols during the fermentation, fining and storage of 
wine (Giovinazzo & Grieco, 2015). 

The potential correlation between the use of specific 
yeast starter cultures and the polyphenol content and 
antioxidant capacity of wine has been investigated in great 
depth (Mulero et al., 2011; Rodriguez-Nogales et al., 2012; 
Tufariello et al., 2014). Recently, Rodriguez-Nogales 
and co-workers (2012) demonstrated that the addition of 
β-glucanases and other yeast-derived oenological additives 
enhanced the antioxidant capacity of sparkling wines. 
Tufariello et al. (2014) provided evidence of a relationship 
between the yeast culture used in the winemaking process 
and the chemical profile of the wine, highlighting that the 
strain-specific properties of a yeast are able to change the 
colour and the aromatic profile of the final wine. A large-
scale analysis was carried out by analysing the effects of 19 
different S. cerevisiae starter strains on the total polyphenol 
content and the antioxidant capacity of the resultant wines 
(Brandolini et al., 2007). The authors showed that the two 
parameters were different in each of the obtained wines, thus 
indicating that polyphenol extraction during vinification is 
a yeast strain-dependent feature. During AF, different yeast 
strains were able to modify the trans-resveratrol concentration 
and antioxidant activities of the final products. Caridi et al. 
(2015; 2017) studied the capacity of S. cerevisiae strains 
to modulate the level of antioxidant compounds in wines 
and the inheritability of this yeast trait, demonstrating the 
relevance of wine yeast selection to improve the content of 
the antioxidant phenolic compounds in red wine. 

Other than the impact on polyphenols, it is crucial to 
remember that several metabolites released by wine yeasts 
during AF might influence human health (e.g. melatonin 
production (Fernández-Cruz et al., 2017). 

Several functional properties can also be ascribed to LAB 
resources used/associated with malolactic fermentation. In 
particular, probiotics and immunomodulatory properties 
have been reported for wine LAB strains (Foligné et al., 
2010; García-Ruíz et al., 2014), while antioxidant properties 
have been attributed to O. oeni strains (Su et al., 2015). 
Nevertheless, additional studies are required in order 
to improve technological approaches for increasing the 
enrichment of the wine with “functional properties” during 
the winemaking process and contributing to the functional 
quality of the final wine.

PROCESS INNOVATION
Cost and time reduction
Yeast and lactic acid bacteria co-inoculation 
The early inoculation of a LAB starter together with yeast 
directly into the must has been suggested to i) simultaneously 
promote AF and MLF; ii) overcome the problems of sluggish 
or stuck MLF, usually caused by the high ethanol content, 
low pH and nutrient depletion of wines; iii) reduce the 
time and costs of wine production; and iv) enhance the 

quality and safety of wine. However, in spite of its many 
advantages in the winemaking process, the co-inoculation 
approach and, particularly, the unpredictable interactions 
between specific S. cerevisiae and LAB strains during 
grape must fermentation, should be considered carefully 
(Alexandre et al., 2004; Mendoza et al., 2010). Recent 
studies have been performed by co-inoculating yeasts with 
commercial LAB strains in red grape must (Abrahamse 
et al., 2012; Muñoz et al., 2014; Tristezza et al., 2016a). 
Muñoz and collaborators (2014) investigated the inoculation 
of one commercial O. oeni strain with two S. cerevisiae 
strains either simultaneously, three days after the yeast 
inoculation, or when AF was close to its end. Early bacterial 
inoculations with each yeast strain allowed for the rapid 
development of the bacterial populations, with the length 
of MLF reduced to six days. Abrahamse and Bartowsky 
(2012) and Tristezza et al. (2016a) evaluated the interactions 
between commercial yeast and O. oeni strains. Their results 
indicated that simultaneous yeast/bacteria inoculation at the 
beginning of vinification reduced the duration of the process 
and simultaneously lowered volatile acidity. Furthermore, 
compatibility specifications between commercial yeasts and 
LAB strains were observed, suggesting the importance of the 
assessment of microbial compatibility before their utilisation 
in large-scale vinification. Similar results were obtained 
when autochthonous O. oeni strains were co-inoculated with 
S. cerevisiae (Izquierdo-Cañas et al., 2012; Cañas et al., 
2015). The concurrent yeast/bacteria inoculation of Cabernet 
Franc, Tempranillo and Merlot musts produced a significant 
reduction in the duration of the process, without an increase 
in volatile acidity. In addition, the BA content was also lower 
in wines produced by co-inoculation. This co-inoculation 
approach has also been proven to be successful using 
autochthonous L. plantarum strains (Berbegal et al., 2016; 
Iorizzo et al., 2016). The co-inoculation of S. cerevisiae and 
L. plantarum in grape must improved the bacterial adaptation 
to the harsh conditions of wine, completing the MLF and 
reducing the total fermentation time.

Immobilisation of yeast and lactic acid bacteria 
In the last years, increasing attention has been paid to using 
immobilised cells for fermentation processes, such as in still 
wine, sparkling wine and cider production (e.g. Bleve et al., 
2016). This is mainly due to the numerous advantages that 
cell immobilisation offers, including enhanced fermentation 
productivity, feasibility of continuous processing, avoidance 
of microbial contamination, starter cell stability and recycling 
(García-Martínez et al., 2015). Four basic types of yeast 
cell immobilisation are classified by the mechanism of cell 
localisation and the nature of the support material. The two 
simplest mechanisms involve immobilisation on a support 
surface or flocculation. The third type of immobilisation 
is a mechanical containment behind a barrier. Finally, the 
most investigated type in the last few decades has been the 
entrapment in a porous matrix (Nedović et al., 2015). Many 
different carriers have been proposed for the immobilisation 
of yeasts and bacteria for wine making, including inorganic 
and organic materials, mainly polysaccharides, and natural 
products such as cellulosic materials, cereal grains and 
pieces of fruit (e.g. Servetas et al., 2013; Bleve et al., 2016). 
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With reference to yeast immobilisation, the use of corn 
grains (Kandylis et al., 2012) as supports for S. cerevisiae 
immobilisation was found to be efficient during both 
ambient and low-temperature fermentation processes. These 
systems showed good operational stability during repeated 
batch fermentations of grape must, even at extremely low 
temperatures. In other recent studies, the cells of S. cerevisiae 
were entrapped in biocapsules, with walls composed of the 
mycelium of the fungus Penicillium chrysogenum. The 
immobilisation was found to be advantageous for sweet 
wine production via partial fermentation of raisin must, by 
overcoming the process limitation related to the growth 
and fermentation difficulties of yeast cells under osmotic 
stress (López de Lerma et al., 2012; García-Martínez 
et al., 2013). Vilela et al. (2013) used cells of S. cerevisiae, 
immobilised in double-layer alginate–chitosan beads, for 
the deacidification of white wine with high volatile acidity. 
The immobilised cells caused a rapid decrease in volatility 
without affecting the ethanol concentration considerably. 
It further demonstrated the possibility of extended storage 
of thermally dried immobilised yeast in different supports, 
such as delignified brewer’s spent grains, freeze-dried 
wheat, gluten pellets and delignified cellulosic material 
(Tsaousi et al., 2010), without any loss of cell viability 
and fermentation activity. The produced wines had similar 
organoleptic properties to those of wines fermented with free 
cell cultures, and this highlights the commercial potential of 
immobilised yeast starters for industrial application, also in 
terms of cost reduction (Nedović et al., 2015).

Lactic acid bacteria have also been immobilised with 
positive results. Genisheva et al. (2013) evaluated the 
efficiency of immobilised O. oeni on corncobs, grape skins 
and grape stems for the implementation of MLF in white wine. 
This study showed the protection of immobilised cells against 
the inhibitory effect of ethanol and SO2. Furthermore, the co-
immobilisation of S. cerevisiae and O. oeni, on wheat starch 
gel and tubular delignified cellulosic material respectively, 
was evaluated for simultaneous AF and MLF (Servetas 
et al., 2013). The biocatalyst was effective for simultaneous, 
low-temperature (10°C) wine fermentations. Bleve et al. 
(2016) carried out the simultaneous immobilisation of 
S. cerevisiae and O. oeni in alginate beads and used them 
in microvinification tests to produce Negroamaro wine. 
Co-immobilisation of S. cerevisiae and O. oeni allowed an 
efficient fermentation process to be performed, producing 
low levels of volatile acidity and ethanol and glycerol 
concentrations, comparable with those obtained by cell 
sequential inoculum and co-inoculum of yeast and bacteria 
cells in free form. More importantly, the co-immobilisation 
strategy produced a significant decrease in the time needed 
to complete AF and MLF.

As described above, several studies have provided 
evidence that yeasts and LAB immobilised on suitable 
supports can be used to improve the organoleptic properties 
of wines (Nedović et al., 2015). The long-term storage of 
immobilised cells, as well as scaled-up processes, could 
promote the industrialisation of immobilised technology in 
winemaking.

Microbial resources for the valorisation of wine industry 
waste
The wine industry produces a considerable quantity of 
organic waste that is both highly polluting and expensive 
to dispose. These residues are mainly composed of 
rich nutrients such as sugars and cellulose that are both 
biodegradable and proper substrates for biotechnological 
production (Pérez-Bibbins et al., 2015). Even though the 
release of the waste produced in the wine industry is a 
relevant environmental problem because of its chemical 
nature, the rich composition of the above residue provides 
an opportunity to turn it into precious secondary products 
(Jin & Kelly, 2009). Recent investigations have developed 
new methods for the management of wine industry wastes 
and for their biotechnological employment through the 
application of molecular and classical microbiological 
approaches. Among these, different microorganisms have 
been used in several different treatments, either to i) clean 
up the waste by eliminating toxic compounds, ii) synthesise 
expensive molecules such as enzymes and organic acids, or 
iii) produce microbial biomass for use in animal breeding. 
Moreover, recent developments in “omics” approaches 
have opened up new horizons for the genetic and metabolic 
engineering of microorganisms in order to get new, attractive 
biotechnological products (Hivrale et al., 2015).

Indeed, the unprocessed lees may be used alone or in 
combination with corn steep liquor to prepare fermentative 
media for the biotechnological production of several 
compounds, such as lactic acid or xylitol (Salgado et al., 
2010). The use of vinasse (i.e. the wastewater produced in 
the distillery, essentially from wine lees and grape marc) 
has also been proposed for the production of fungal biomass 
for aquaculture (Nitayavardhana & Khanal, 2010) and as a 
substrate for yeast-directed fermentation to obtain protein 
extracts (Silva et al., 2011). Several investigations have 
indicated the possible application of vinasse as a “green” 
antifungal compound, since it has been demonstrated to 
directly inhibit the growth of Fusarium oxysporum, even at 
low concentrations (from 5% to 7%) (Santos et al., 2008; Bai 
et al., 2008). 

The vine shoots obtained after the seasonal trimmings 
are usually reduced to ashes directly in the field, thus freeing 
toxic compounds and greenhouse gases. In order to avoid 
these problems, the trimmed vine shoots have been suggested 
as a source of hemicellulosic sugars to be biotechnologically 
converted into different valuable products (Devesa-Rey 
et al., 2011), such as lactic acid and biosurfactants, after 
their fermentation by L. pentosus (Alonso et al., 2009). 
Grape marc, the most abundant and valueless winery waste, 
is a composite lingo-cellulosic material. Even though it is 
usually directed to the distillery for ethanol production, 
the huge quantity of distilled grape marc is not proficiently 
utilised at the end of the winemaking process. In fact, grape 
marc contains a large amount of hemicellulosic sugars, 
which can be used to produce i) lactic acid and bioemulsifiers 
by L. pentosus fermentations (Portilla et al., 2010); ii) anti-
allergic compounds after Lactobacillus spp. fermentation 
(Tominaga et al., 2010); and iii) hydrolytic enzymes by solid 
state fermentation (Díaz et al., 2011).

Thus, there may be biotechnological alternatives to the 
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costly treatments actually used to process the vast amounts 
of waste produced by the wine industry. It is interesting to 
underline how the application of pro-environmental business 
practices and environmentally sustainable approaches may 
also promote the profile of a brand and improve its image, 
obtaining tangible benefits as well as better consumer 
acceptance.

CONCLUSIONS
The management of microbial resources has come to play 
an important role in the innovation of the oenological 
sector. This paper provides empirical evidence of recent 
developments in the application of microbial resources for 
product innovation, centred on the sensorial, safety and 
functional quality of wine, and for processes focused on 
the reduction of costs and of the environmental impact of 
winemaking processes. Starter cultures will be of crucial 
value for this industry in the near future. Solutions may 
include autochthonous microorganisms selected to support 
the “terroir” dimension and to offer biotechnological 
solutions to cope with specific local oenological issues, 
multi-strain starters to improve organoleptic properties and 
strains for biocontrol, avoiding contamination and reducing 
the inputs to the winemaking process. Nevertheless, further 
studies in this field are needed, since consumers and wineries 
will benefit from more accurate knowledge about microbial 
resources and wine.
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