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In the last two decades knowledge on lactic acid bacteria (LAB) associatedwith wine has increased considerably.
Investigations on genetic and biochemistry of species involved in malolactic fermentation, such as Oenococcus
oeni and of Lactobacillus have enabled a better understand of their role in aromamodification and microbial sta-
bility ofwine. In particular, the use ofmolecular techniques has provided evidence on the highdiversity at species
and strain level, thus improving the knowledge onwine LAB taxonomy and ecology. These tools demonstrated to
also be useful to detect strains with potential desirable or undesirable traits for winemaking purposes. At the
same time, advances on the enzymatic properties of wine LAB responsible for the development of wine aroma
molecules have been undertaken. Interestingly, it has highlighted the high intraspecific variability of enzymatic
activities such as glucosidase, esterase, proteases and those related to citrate metabolism within the wine LAB
species. This genetic and biochemistry diversity that characterizes wine LAB populations can generate a wide
spectrumofwine sensory outcomes. This reviewexamines someof these interesting aspects as away to elucidate
the link between LAB diversity with wine aroma and flavour. In particular, the correlation between inter- and
intra-species diversity and bacterialmetabolic traits that affect the organoleptic properties ofwines is highlighted
with emphasis on the importance of enzymatic potential of bacteria for the selection of starter cultures to control
MLF and to enhance wine aroma.
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1. Introduction

The production of wine involves numerous microbial transforma-
tions comprising a complex succession of various yeast and bacterial
species. The alcoholic fermentation (AF) (primary fermentation)
carried out by yeast (often separated into Saccharomyces and non-
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Saccharomyces species) generally followed by malolactic fermentation
(MLF) (secondary fermentation) conducted by bacteria.

MLF involves the conversion of L-malate to L-lactate and CO2 via ma-
late decarboxylase, also known as the malolactic enzyme (MLE),
resulting in a reduction of wine acidity, providingmicrobiological stabi-
lization and modifications of wine aroma (Davis et al., 1988; Liu, 2002;
Lonvaud-Funel, 1999). MLF is conducted by lactic acid bacteria (LAB),
mainly represented by species of Oenococcus, Lactobacillus, Pediococcus,
Leuconostoc and Weissella (Bae et al., 2006; Dicks and Endo, 2009;
Lonvaud-Funel, 1999). Even though malic acid conversion can be con-
ducted by any of thewine associated bacteria,O. oeni is themain species
associated with MLF because of its tolerance to the harsh wine condi-
tions (such as high ethanol concentration, lowpH and nutrient content)
(Ribéreau-Gayon et al., 2006). In viewof the fact thatMLFusually occurs
after AF, the proliferation of wine LAB and efficiency of MLF will be af-
fected by the composition of the wine. Production and release of com-
pounds by yeasts, such as ethanol, SO2, fatty acids, peptides,
polysaccharides and other macromolecules will affect wine bacteria
growth and MLF. In addition, yeast strains vary in their nutrient de-
mands which can also influence MLF; low nutrient demanding yeast
tend to favour efficient MLF (Guilloux-Benatier et al., 1998).

MLF and wine LAB metabolism have been extensively studied
over the years (Bartowsky, 2005; Davis et al., 1988; Liu, 2002;
Lonvaud-Funel, 1999; Swiegers et al., 2005). In addition to understand-
ing phenotypic expression, molecular techniques have been used to ex-
amine the genetic diversity of wine LAB (Bilhère et al., 2009; Cappello et
al., 2010; Valdés La Hens et al., 2015).

The onset of MLF can be controlled through the inoculation of a se-
lected O. oeni or Lb. plantarum strain, however, under favourable condi-
tions, MLF can occur spontaneously. The growth of the indigenouswine
LAB population is related to their diverse ability to utilize sugars, amino
acids and to tolerate multiple stresses, including acidity, SO2, high con-
centrations of ethanol, and low temperatures (Borneman et al., 2012a;
Ribéreau-Gayon et al., 2006).

Apart from the two crucial fermentation reactions in grape vinifica-
tion, a myriad of other changes occur to complete the transformation of
grape juice towine. Awide range of secondary bacterial drivenmetabol-
ic modifications are important for the taste, flavour improvement and
stability of wine, and these include metabolism of citrate, amino acids,
polysaccharides, and polyols, catabolism of aldehydes, hydrolysis of gly-
cosides, synthesis and hydrolysis of esters, and degradation of phenolic
acids, lipolysis, proteolysis and peptidolysis (Bartowsky, 2005; Liu,
2002; Matthews et al., 2004). These numerous reactions rely on the hy-
drolytic action of enzymes and themetabolites formed as a result of en-
zymatic activity of wine LAB. Although the presence of a broad range of
enzymes in wine LAB have been documented (Liu, 2002; Matthews et
al., 2004; Matthews et al., 2007; Ugliano et al., 2003;), information on
the role of these bacterial enzymes activities including their potential
use in winemaking is still limited. Moreover, very few studies have in-
vestigated the genetic potential of wine LAB with respect to the genes
coding for enzymes of interest in winemaking.

Taking into account the increasing knowledge of wine LAB and their
role in aroma and flavour formation in wine, acquired over the last
20 years, and the more recent progress on biochemistry and genetic
characterization of LAB associated with wine, this review examines
some of these interesting aspects as a way to elucidate the link between
LAB diversity with wine aroma and flavour. In particular, it highlights
the correlation between the inter- and intra-species diversity and bacte-
rialmetabolic traits that affect the organoleptic properties of wineswith
emphasis on the importance of enzymatic potential of bacteria for the
selection of starter cultures to enhance wine aroma.

2. Lactic acid bacteria associated with wine

The wine-associated LAB belong to the phylum Firmicutes, class Ba-
cilli, order Lactobacillales, within the family Lactobacillaceae and
Leuconostocaceae (Garrity et al., 2004). The combination of different
methods of phylogenetic analysis and different models of phylogenetic
inference allowed the recognition of a number of wine associated gen-
era and phylogenetic groups (Makarova et al., 2006).

The more recent availability of complete genome sequences for all
major branches of Lactobacillales has allowed a more definitive analysis
of their evolutionary relationships (Borneman et al., 2012b; Makarova
et al., 2006; Makarova and Koonin, 2007), particularly with respect to
adaptation to specific ecological niches. Despite the importance of LAB
populations in characterizing wine quality, our current knowledge on
the spatiotemporal distribution of LAB populations in grapes and in
musts during the malolactic fermentation is still limited. Different and
dynamic is the distribution of the vineyard- and winery-associated mi-
crobial system. Typically, LAB species diversity associated with grape
surfaces is rather limited, mainly due to their nutritional requirements
(Bae et al., 2006; Ribéreau-Gayon et al., 2006). The LAB species recov-
ered in grape must disappear progressively during the AF. During spon-
taneous MLF, O. oeni is the major bacterial species found, however,
several species can be occasionally detected, mainly Lactobacillus,
Pediococcus and Leuconostoc (Dicks and Endo, 2009; du Toit et al., 2011).

Among the genera that are capable of MLF, O. oeni is the preferred
species for winemaking as species of Lactobacillus and Pediococcus
tend to produce undesirable sensory characteristics. O. oeni has been
the only species within the Oenococcus genus until the mid-2000s
whenO. kitaharaewas identified in composting distilled shochu residue
(Endo andOkada, 2006). Over centuries of selective pressure,O. oeni has
honed and perfected various adaptive strategies that enable it to out-
competewith other potentialMLF bacteria, during the later stages of vi-
nification and thus to dominate in wine (Ribéreau-Gayon et al., 2006).
O. oeni and O. kitaharae differentially encode several carbohydrate utili-
zation and amino acid biosynthesis pathways which have resulted in
adaptation to their individual ecological niches (Borneman et al.,
2012b). Recently a third Oenococcus species has been identified, O.
alcoholitolerans isolated from Brazilian cachaça (Badotti et al., 2014).
Even though a draft genome sequence is available, what strategies are
employed by O. alcoholitolerans to survive in its specific niche have not
yet been elucidated. Unlike O. kitaharae, O. alcoholitolerans appears to
have a functional malolactic enzyme, however what advantage this
may provide is yet to be revealed.

Lactobacillus is an important genus involved in grape fermentation
and among wine LAB this genus is represented approximately by 30
species (Dicks and Endo, 2009). Lactobacillus oeni is the most recent
novel species recognized by the descriptive characterization of ten iso-
lates from wine (Manes-Lazaro et al., 2009). Generally, the most fre-
quent lactobacilli isolated from wine belongs to Lb. plantarum, Lb.
brevis, Lb. buchneri, Lb. hilgardii and Lb. fructivorans, although, their oc-
currence, and that of others species (i.e. Lb. kunkeei, Lb. fermentum, Lb.
mali, Lb. vini), can be very variable in different grape varieties and typol-
ogies of wines (du Toit et al., 2011). Among all species Lb. plantarum is
certainly the most important in wine because it is found frequently on
grapes and in wine, and is often involved in spontaneous MLF. This ver-
satile bacterium tolerates ethanol up to 14% v/v and has similar SO2 tol-
erance of O. oeni. Moreover, Lb. plantarum has a more diverse array of
enzymes and canpotentially exert positive effects on organoleptic prop-
erties of wine (du Toit et al., 2011; Matthews et al., 2006). Due to these
characteristics, selected strains of Lb. plantarum are currently being
commercialized to induce MLF in wine (Bartowsky et al., 2015; du
Toit et al., 2011; Sumby et al., 2014).

Pediococcus genus is represented by four species (P. damnosus, P.
parvulus, P. pentosaceus and P. inopinatus) associated with grape and
wine (Dicks and Endo, 2009). The most investigated species are P.
parvulus and P. damnosus due to their detrimental effects on wine qual-
ity; in particular production of biogenic amine andmediator of ropiness
(Lonvaud-Funel, 1999; Walling et al., 2005). However, recently there
has been a study in which MLF conducted by P. damnosus produced
fault-free Albariño wine (Juega et al., 2013).
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Other wine LAB previously described are Leuconostoc mesenteroides,
Weissella paramesenteroides andW. uvarum; this latterwas recently iso-
lated from Greek wine grapes (Nisiotou et al., 2014).

Among wine LAB it is noteworthy the isolation of Enterococcus
faecium from wines (Capozzi et al., 2011). The presence of isolates of
this genus is not common in wine and their occurrence, even if for a
short time, should be taken into account due to its potential to produce
biogenic amines. Finally, Nisiotou et al. (2015) detected Lc. lactis on
grapes, a species that is quite scarce on grapes and destined to disappear
rapidly at the beginning of fermentation.

3. Techniques for identification of wine lactic acid bacteria

There are various molecular techniques available to aid in the char-
acterization of wine LAB and add to the knowledge of these bacteria
and their role in the winemaking process. These techniques enable the
identification of wine associated bacteria, differentiate wine bacteria
from each other as well as distinguish between different strains within
the same species (Table 1).

Species delimitation of wine LAB can be generally obtained by gene
sequencing and PCR-based techniques, that have replaced molecular
ribotyping based on DNA hybridization, an expensive and time-
consuming technique.

The sequencing of 16S rDNA has played a crucial role in the accurate
identification of wine LAB isolates as well as in phylogeny analysis
(Bartowsky andHenschke, 1999; Zapparoli et al., 1998). The sequencing
of other genes such as phenylalanyl-tRNA synthase alpha subunit
(pheS) and the RNA polymerase alpha subunit (rpoA) have been used
to attribute the species to several wine LAB isolates (Naser et al., 2007).
Table 1
Main molecular techniques used for studies of identification of microorganisms in the wine.

Technique Application

Species-specific PCR (MLE gene) - Specific PCR primers target and amplify
either 16S rRNA genes or genes encoding
the MLE
- Distinguish LAB genera

Randomly amplified polymorphic DNA
(RAPD) analysis (a PCR-based technique)

- Quick and sensitive discrimination of
LAB strains
- Follow O. oeni population changes
during MLF

PCR-denaturing gradient gel
electrophoresis (PCR-DGGE)

- Identify and distinguish LAB
- Monitor spoilage microorganisms
during fermentation

Multilocus Sequence Typing (MLST) - It allows to evaluate the genetic
diversity of the isolates

Multiple locus variable number of
tandem repeat analysis (VNTR)

By VNTR, based on five polymorphic loci
of the genome, allows to type O. oeni
with highly discriminating manner

Restriction analysis of the amplified 16S
rDNA or rpoB gene (PCR-ARDRA)

- Identification of species of LAB

Pulsed-field gel electrophoresis (PFGE) - Patterns of digested chromosomal DNA
used to differentiate closely related O.
oeni strains
- Most reliable for strain differentiation.
- Produces unique DNA fingerprint for
individual strains

DNA sequencing, amplified fragment
length polymorphism (AFLP)

- Allows identifying and distinguishing
differences of strain within a species

Whole genome sequencing - Determination of genetic variation
between strains
PCR-based techniques include species-specific PCR targeting 16S
rRNA genes or genes encoding the MLE (Zapparoli et al., 1998;
Bartowsky andHenschke, 1999), PCR reactionswith species-specific se-
quence characterized amplified regions (SCAR) primers (Petri et al.,
2013) and molecular fingerprinting method based on the amplification
of specific gene sequences, namely amplified polymorphic DNA-poly-
merase chain reaction (SAPD-PCR) (Sebastian et al., 2011) that allows
the identification of many LAB species.

The identification of species among wine LAB isolates has also been
achieved by enzyme restriction of the 16S RNA gene (ARDRA), and
more recently rpoB gene (Claisse et al., 2007; Rodas et al., 2003). More-
over, PCR-denaturing gradient gel electrophoresis (PCR-DGGE) utilizing
the 16S RNA and rpoB genes for designing primers allowed a reliable
discrimination of different species of wine LAB (González-Arenzana et
al., 2013; Renouf et al., 2006; Valdés La Hens et al., 2015). PCR-DGGE
has been also used as a culture-independent method to monitor micro-
bial populations in several kinds of fermented food including wine
(Cocolin et al., 2013).

Strain discrimination within species of wine LAB is generally per-
formed using molecular techniques that include pulse-field gel electro-
phoresis (PFGE), PCR-based fingerprinting and multilocus sequence
typing. In the past PFGE had been widely utilized for genetic typing of
wine LAB strains, however, gradually it has been replaced by easier
and less time consuming PCR-based fingerprinting techniques. Ran-
domly amplified polymorphic DNA (RAPD) is an extensively used tech-
nique, as it is a rapid, sensitive and inexpensive method, despite,
converse to the previous, it can have low reproducibility across labora-
tories; however, it does have good reproducibility within a research
group. Both techniques have been applied to investigate strain diversity
Comments Reference

Good discrimination at species level.
Identification of individual species by
species-specific PCR only; otherwise only
group level identification

Zapparoli et al. (1998)
Bartowsky and Henschke (1999)

RAPD could discriminate between the
type strains within a species

Zapparoli et al. (2000)
Bartowsky et al. (2003)
López et al. (2008)

PCR-DGGE has allowed discrimination at
the species level

Renouf et al. (2006)
Cocolin et al. (2013)
González-Arenzana et al. (2013)
Valdés La Hens et al. (2015)

The profiles obtained by random
amplification of polymorphic DNA
(MLST) allow to assess the genetic
diversity among strains with the same
allelic profile concatenated

Bilhère et al. (2009)
González-Arenzana et al. (2014)

VNTR typing of O. oeni is highly
discriminating, faster, and more reliable
than the PFGE or MLST methods

Claisse and Lonvaud-Funel (2012)
Claisse and Lonvaud-Funel (2014)

Good method to discriminate different
species within a genus, based on similar
band pattern

Rodas et al. (2003)
Claisse et al. (2007)

PFGE patterns of digested chromosomal
DNA have been used to differentiate
closely related strains of O. oeni and other
wine LAB

Zapparoli et al. (2000)
López et al. (2008)

This technique can be applied to analyze
the genomes of different genera of
various microorganism

Cappello et al. (2008)
Cappello et al. (2010)

Enables to determine what specific
genetic differences there are between
strains

Mills et al. (2005)
Borneman et al. (2012a, 2012b)
Campbell-Sills et al. (2015)
Sternes and Borneman (2016)
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of several species of wine LAB such as O. oeni and Lb. plantarum
(Bartowsky et al., 2003; López et al., 2008; Zapparoli et al., 2000). Be-
sides RAPD, other PCR-based techniques such as repetitive extragenic
palindromic PCR (Rep-PCR), triplicate arbitrary primed PCR (TAP-
PCR), enterobacterial repetitive intergenic consensus (ERIC)-PCR or
polytrinucleotide (GTG)5-PCR have been used to strain discrimination
within several LAB species including those found on grapes and wine
(Ruiz et al., 2014). Amplified fragment length polymorphism (AFLP) is
an additional approach that utilizes enzymatic restriction of PCR ampli-
fied products and displayed highly reliability for typing within O. oeni
species (Cappello et al., 2008, 2010).

Multilocus sequence typing (MLST) has been developed to identify
different genotypes among the wine LAB populations of O. oeni and
has been shown to be very efficient for typing. MLST resulted more or
slightly less discriminatory power than PFGE according to Bilhère et al.
(2009) and González-Arenzana et al. (2014), respectively. This incon-
gruence is most likely due to the different rates of genetic changes
that each technique is able to reveal. Nevertheless, MLST is a reliable
molecular tool suitable for investigation of population and evolution of
LAB as demonstrated by Bilhère et al. (2009) analyzing eight targeted
loci in 43 O. oeni strains.

Multiple-locus variable number of tandem repeat analysis (VNTR) is
a recent approach used to investigate genomic diversity among O. oeni
(Claisse and Lonvaud-Funel, 2012, 2014). Its discriminatory power
was higher than the PFGE and MLST methods, and the targeted VNTR
markers were found to be stable, not changing for clones of the same
strain. This technique is easy and fast to perform and is recommended
for typing closely related strains as an alternative to existing typing
methods for LAB strains. Moreover, VNTR is a promising tool for inves-
tigating phylogenetic relationship among populations of strains belong-
ing to the same species as previously demonstrated (Claisse and
Lonvaud-Funel, 2012).

In light of the above, the use of molecular tools has greatly improved
the knowledge of taxonomy and ecology of wine LAB. In particular PCR-
techniques have facilitated the investigations of LAB populations during
the winemaking processes being, for most of them, easy and rapid to
perform.Moreover, it has been demonstrated that the use of culture-in-
dependent methods such as PCR-DGGE allows detection of LAB species
at very low cell concentration in wine (González-Arenzana et al., 2013).
The introduction of so-called next-generation sequencing (NGS) tech-
nologies has allowed the identification of different species of the lactic
acid bacterial consortium inhabiting grapevine and wine. The first use
of NGS sequencing to analyze the atypical LAB community of a
botritized wine was carried out by Bokulich et al. (2012). Beside the
more typical Lactobacillus and Pediococcus, taxa such as Leuconostoc,
Lactococcus, Weissella and Streptococcus were detected, while notably
Oenococcus oeni was entirely absent. Analysis of other bacterial grape
and wine communities demonstrated the great potential of these new
methods on explore these microbiomes and specifically the correlation
between LAB diversity and wine aroma (Piao et al., 2015; Portillo et al.,
2016; Zarraonaindia et al., 2015). Hence, these last tools are promising
for studies in complex microbial ecosystems like wine despite that
they do not always yield quantitative or qualitative information. In
fact, to have a full profile on the progress of the biodiversity of such eco-
systems, the culture-independent methods should be combined with
culture-dependent techniques.

4. Enzymatic activities that play a role in organoleptic properties

Wine LAB have been found to possess an extensive array of enzy-
matic activities, many of which have the potential to influence wine
composition and therefore the processing, organoleptic properties,
and quality of wine (Bartowsky and Borneman, 2011). Some of the en-
zymes of major interest in wine aroma include glycosidases, β-glucosi-
dases, esterases, phenolic acid decarboxylases and citrate lyases
(Grimaldi et al., 2005a, 2005b; Liu, 2002;Matthews et al., 2004) (Fig. 1).
An example of unravelling the enzyme-encoding genes and their
translation to wine aroma is the buttery character in both red and
white wines due to the formation of diacetyl via the metabolism of cit-
rate (Guymon and Cromwell, 1965). Bartowsky and Henschke (2004)
describe that altering winemaking conditions during MLF can affect
the buttery character ofwine. Furthermore, the expression of citrate uti-
lization genes in O. oeni PSU-1 strain was examined under simulated
winemaking conditions, and it was shown that ethanol, more so than
wine pH, affected their transcription (Olguìn et al., 2009).

Wine aroma has been shown to be enhanced through O. oeni glyco-
sidase enzymatic activities that are dependent on wine conditions such
as pH, ethanol and residual sugar content (Grimaldi et al., 2000, 2005b;
Ugliano et al., 2003). Most commercial glycosidase preparations are
crude extracts prepared from fungi rather than bacteria.

However, there has recently been renewed interest in using wine
LAB as potential sources of these enzymes; it is expected that the bacte-
rial enzymes could act efficiently under high ethanol and acid condi-
tions, encountered during winemaking, since the bacteria from which
they were extracted are well adapted to these growth conditions
(Bartowsky and Borneman, 2011).

Moreover, changes in ester concentrations have the potential to
influence wine quality (Sumby et al., 2010; Swiegers et al., 2005).
Recent studies demonstrated that wine LAB exhibit two different
ester-synthesizing activities that may increase the ethyl ester con-
tent of wine thus modulating the fruity-berry character of red wine
(Costello et al., 2013).
4.1. Glycosidases

A very important pool of compounds that can contribute to wine
aroma is found in grapes and wine as odorless non-volatile glycosides
(Günata et al., 1988; Maicas and Mateo, 2005). These aroma contribut-
ing compounds can be released from their sugar-bound form either
through acidic or enzymatic hydrolysis.

In general, the aroma compounds are conjugated in thefirst instance
to glucose as β-D-glucopyranosides or form more complex disaccha-
rides with glucose being further conjugated with a second sugar unit
of α-L-arabinofuranose, α-L-rhamnopyranose, β-D-xylopyranose, or β-
D-apiofuranose (Günata et al., 1988). The hydrolysis of monoglucosides
only requires the action of aβ-glucosidase, while hydrolysis of disaccha-
ride glycosides requires two enzymes acting sequentially, where an ap-
propriate exo-glycosidase removes the outermost sugar molecule
followed by a β-glucosidase to remove the remaining glucose. There-
fore, specific glycosidases are needed to release the aroma compounds
from the sugars and O. oeni has been shown to possess these activities
(Bartowsky and Borneman, 2011; D'Incecco et al., 2004).

Many microorganisms possess glycosidases, including filamentous
fungi, yeasts and bacteria. Saccharomyces cerevisiae, the main yeast in-
volved in AF, does not have many glycosidases, thus most of the glyco-
sides remain intact in wine (Matthews et al., 2004). Even though it has
been known that bacteria have a suite of glycosidases, these have only
been studied more recently. Glycosidase activities that can affect wine
aroma have been detected in wine strains of Oenococcus, Lactobacillus
and Pediococcus (Grimaldi et al., 2000, 2005a, 2005b). Numerous poten-
tial glycosidases have been identified in the genome sequence analysis
of O. oeni strains (Borneman et al., 2010) and a gene coding for a β-glu-
cosidase enzyme has been identified in several LAB (Spano et al., 2005).
The first study on the expression of an O. oeni β-glucosidase gene (bgl)
under winemaking conditions was carried out by Olguín et al. (2011),
highlighting that ethanol concentration is an important factor, but also
wine matrix and O. oeni strain.

The β-glucosidase activity in wine LAB, mainlyO. oeni, was observed
in a synthetic media by Guilloux-Benatier et al. (1993) and was further
confirmed by Grimaldi et al. (2000), who found readily detectable activ-
ity of this enzyme in 11 commercial preparations of O. oeni.



Fig. 1. A schematic representation of the production andmodification of flavour-active compounds bymalolactic bacterium, Oenococcus oeni, reprintedwith permission from Swiegers et
al. (2005).
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The detection of β-glucosidase activities byO. oeni under oenological
conditions provided important insights on the role of this bacterium to
contribute to wine aroma modification during MLF. The β-glucosidase
activity on synthetic glycoside substrates is dependent on wine compo-
sition (pH, ethanol and residual sugar content) (Grimaldi et al., 2000,
2005b). Investigations of the nature and extent of glycosidase activity
of 22O. oeni strains demonstrated that strains do not necessarily hydro-
lyse all substrates tested, but rather were grouped according to sub-
strate specificity (Grimaldi et al., 2005b). This study also examined the
influence of potential inhibitory parameters such as pH, temperature
and selected wine components (ethanol, glucose and fructose), both
singularly and in combination on the activity of five glycosidases. This
work represents the most comprehensive investigation of this type in
terms of numbers of strains and particularly, substrates and impacting
parameters. Variability of glycosidase activity on synthetic substrates
within O. oeni species have also been reported by other research groups
(Bloem et al., 2008; Cappello et al., 2010; Gagné et al., 2011;
Hernandez-Orte et al., 2009; Pérez-Martìn et al., 2012).

The degree of release of glycosidically bound aroma compounds ap-
pears to be very much strain-related with synthetic as well as natural
substrates. Ugliano et al. (2003) described large difference in the extent
of hydrolysis of nativewine aroma precursors such as linalool,α-terpin-
eol, nerol and geraniol (monoterpenes) by four commercial O. oeni
strains. Hernandez-Orte et al. (2009) reported different ability of five
O. oeni strains in the release and formation of volatile compounds in
synthetic wine enriched in glycosidic precursors extracted from grapes;
strain-variations were themost evident in concentration of compounds
such a benzenoids, terpenes and norisoprenoids.

Effect of MLF on glycosylated and free aroma compounds in Tannat
wine also resulted in significantO. oeni strain-related changes in forma-
tion of compounds including 2-ethylphenol, C13-norisoprenoids and
terpineols (Boido et al., 2002). In addition, the polysaccharides derived
from O. oeni were shown to have the capacity to bind to released
aroma compounds thus influencing the final wine aroma (Boido et al.,
2002). The limitation of the release of free C13-norisoprenoids by the ab-
sorption and occlusion phenomena of O. oeni polysaccharides was also
suggested by Antalick et al. (2012) who observed only a slightly varia-
tion of their concentration in redwine followingMLFundertaken by dif-
ferent O. oeni strains.

As well as O. oeni, Lactobacillus and Pediococcus strains can affect
wine aroma by glycosidase activity. Grimaldi et al. (2005a) investigated
the magnitude of β- and α-D-glucopyranosidase activities, assessed in
several strains of these two genera, and their response to the physico-
chemical winemaking parameters (ethanol, sugars, temperature and
pH) demonstrating that they varied in a strain-dependent manner.
Spano et al. (2005) reported that the expression of the β-glucosidase
gene in Lb. plantarum is regulated by abiotic stresses such as tempera-
ture, ethanol and pH. Olguín et al. (2011) deduced that the bgl gene ex-
pression inO. oenimaybe induced under certain growth conditions (e.g.
moderate ethanol concentration). Nevertheless, the relationship be-
tween β-glucosidase activity and gene expression in these wine LAB is
still unclear and more investigations are needed.

Michlmayr et al. (2010b) identified an intracellular enzyme from Lb.
brevis which displayed functional similarities to a β-glucosidase previ-
ously isolated from Le. mesenteroides (Gueguen et al., 1997). Based on
the protein sequence of the enzyme from Lb. brevis a similar sequence
in the genome of O. oeni ATCC BAA-1163 was identified. Further, the
heterologous expression of this enzyme in E. coli and its initial charac-
terization has been described (Michlmayr et al., 2010a). Finally, the gly-
cosidase activities of several wine related species under different
growth conditions have been reported (Matthews et al., 2006), includ-
ing the glycosidic activity of the newly described species O. kitaharae
(Endo and Okada, 2006).

The effects of glycosidase activity on aroma compounds among dif-
ferent wine LAB species were investigated by several research groups.
Michlmayr et al. (2012) reported that O. oeni glycosidase treatment in
wine produced significantly higher linalool and citronellol + nerol con-
tent than Lb. brevis glycosidase treatment. Differences in C13-
norisoprenoides and monoterpenes concentration were observed
among wine bacteria species (O. oeni, Lb. brevis and Lb. casei) when an-
alyzing the volatile composition of synthetic wine containing glycosidic
precursors extracted from non-floral grapes post MLF (Hernandez-Orte
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et al., 2009). Notably, among monoterpenes, linalool and linalool ace-
tate, the concentration was half and four-fold lower in wine fermented
by one Lb. brevis strain than wines fermented by three O. oeni and one
Lb. casei strain, respectively. The γ-butyrolactone concentration in
Tempranillo wine fermented with two Lb. plantarum strains was much
lower (~50%) with respect to the same wine fermented with two O.
oeni strains (Pozo-Bayon et al., 2005).

The importance of wine LAB interaction with wood during MLF in
wine has been demonstrated with the conversion of glycoconjugated
oak precursors to vanillin by bacterial glycosidases (Bloem et al.,
2007). As well, Gagné et al. (2011) analyzed the release of volatile com-
pounds by 15 O. oeni strains from untoasted or toasted oak wood ex-
tracts and demonstrated the release of whisky-lactone, phenolic
aldehydes (including vanillin) and phenylketones. Interestingly, the ca-
pability of this bacterium to hydrolysate glycoconjugate aroma precur-
sors is strain-dependent and variable depending on the substrate. The
practical relevance of this study highlights the capability of O. oeni to re-
lease volatile oak-derived compounds demonstrating that when MLF is
conducted in barrels, it can augment oak characters in wine.

The recent increasing investigations on the role of bacterial glycosi-
dases on wine aroma have improved the understanding of the mecha-
nisms for the generation of various sensory properties (e.g. floral and
flowery notes) fromgrape glycosides.Moreover, theuse in these studies
of different species and strains allowed to evaluate their specific impact
on flavour formation, correlating the glycosidase activities and released
molecules. Hence, the modulation of the level of glycosides in wine
through the management of MLF appears to be possible. Nevertheless,
because the great variability of viticulture and winemaking factors
that affect the final aroma nuances further investigations should better
clarify the effective contribution of LAB during the winemaking on
the aroma formation related to the presence of specific glycoside
precursors.

4.2. Esterases

Esterases are defined as enzymes that catalyse the hydrolysis of es-
ters of organic acids, regulating the equilibrium between esters and
free acids. Esters are an important group of volatile compounds that
can contribute to wine flavour and changes in their concentration
have the potential to influence wine quality (Swiegers et al., 2005).
They are responsible for the desirable, fruity aroma of young wines
(Lambrechts and Pretorius, 2000), although, as with many compounds,
they can also have a detrimental effect on wine aroma when present in
excessive concentrations. The accumulation of esters inwine during fer-
mentation is known to be the result of the balance of the enzymatic syn-
thesis and hydrolysis reactions involving esterases (EC 3.1.1.1) and
synthesis reactions involving alcohol acetyltransferases (EC 2.3.1.84)
(Matthews et al., 2007).

The esterases of wine yeasts have been extensively studied (Sumby
et al., 2010) and only in the last decade have wine LAB esterases and
their effects onwine aromabeenmore extensively investigated. The im-
portance of bacterial esterases on changing the concentration of individ-
ual esters during MLF have been demonstrated; increases in ethyl
acetate, isoamyl acetate, and ethyl lactate levels have been observed fol-
lowing MLF in numerous studies (Delaquis et al., 2000; Gambaro et al.,
2001; Maicas et al., 1999). Like the esterases of dairy bacteria, those of
wine LAB are involved in both the synthesis and hydrolysis of esters
(Matthews et al., 2004).

Analysis of esterase activity on synthetic substrates of wine LAB re-
vealed variability at species and strain level (Cappello et al., 2008;
Matthews et al., 2007). Matthews et al. (2007) examined the activity
of nine strains of O. oeni, Lactobacillus spp. and Pediococcus spp. under
various wine conditions; strains were found to have greater activity to-
wards short-chained esters (C2–C8) comparedwith long-chained esters
(C10–C18) and these different substrate specificities have the potential
to produce important aroma compounds derived from fatty acids,
higher alcohols and organic acids. Pérez-Martín et al. (2013) found
great variability of esterase activity among 243wine LAB strains isolated
fromwines of different red grape varieties. The majority of strains of all
genera displayed a trend to more readily hydrolyse ester substrates
from C8 and longer.

By and large, ethyl fatty acid esters tend to increase post MLF rather
than acetate esters. Trials in Aglianico wine reaffirmed other observa-
tions that final C4-C8 ethyl fatty acid ester concentrationwas dependent
on the O. oeni strain used for MLF (Ugliano and Moio, 2005). Similarly,
the content of some ethyl esters has been found significantly different
among wines fermented by O. oeni and Lb. plantarum strains (Lee et
al., 2009; Pozo-Bayon et al., 2005).

The extent and diversity of the impacts ofMLF onwine chemical and
sensory properties are directly influenced by the choice of bacterial
strains, pre-MLF pH and wine matrix (Costello et al., 2012). In addition,
the ability to increase ethyl esters that contribute to the berry fruit char-
acter of red wine (Pineau et al., 2009), such as ethyl butanoate, ethyl
hexanoate and ethyl 2-methylbutanoate, was also strain dependent
(Costello et al., 2012).

Further evidence of the central role of bacterial esterases on wine
aroma modification has been noted by Antalick et al. (2012). Variation
of esters involved in fruity aroma in numerous red wines following
MLF was confirmed in sensory studies (Antalick et al., 2012; Costello
et al., 2012). Metabolism by O. oeni of sulphur-containing compounds
has also been linked with cystathionine β/γ-lyase activity (Knoll et al.,
2011; Pripis-Nicolau et al., 2004). Furthermore, esterases appear to be
associated with the metabolism of the sulphur-containing compounds
(Antalick et al., 2012).

There are less data on the esterase activity of Pediococcus compared
to Lactobacillus and Lactococcus. Esterase activity with a greater affinity
for acetate substratewas observed in dairy P. pentosaceus strains but not
P. acidilactici (Bhowmik and Marth, 1989). The limited number of stud-
ies of wine Pediococcus strains suggest variable esterase activity within
this genus; one study found four of five P. parvulus strains exhibited ac-
tivity (Davis et al., 1988), but another study found only one of 11
Pediococcus strains examined displaying significant esterase activity,
compared to the Lactobacillus and O. oeni strains (Matthews et al.,
2006).

Ester synthesis by dairy bacteria in an aqueous environment is
thought to be mainly due to a transferase reaction (alcoholysis), in
which the fatty acyl group of a glyceride is transferred to an alcohol
(Liu et al., 2003). This mechanism is particularly relevant to wine, not
only because of the aqueous environment, but also because higher eth-
anol availability increases transferase activity (Holland et al., 2005). In
addition, recently alcohol acyltransferase activity has been identified
inO. oeni and Lb. plantarum as amechanism to increase ester concentra-
tions and subsequently impact on the fruity aromas of red wine
(Costello et al., 2013).

In silico analysis performed on the genome of O. oeni strain PSU-1,
showed that there are at least four potential esterase genes in O. oeni.
These genes are most closely related to EstA from Lc. lactis subsp. lactis
(B1014), EstB from Lb. casei and EstC from Lb. casei. A putative acyltrans-
ferase with homology to EstC from Lb. caseiwas also identified (Sumby
et al., 2010).

Studies performed by Mtshali et al. (2010) on wine Lactobacillus
strains, isolated from South African grape and wine samples, demon-
strated that 60% of tested strains possessed genes coding for esterases,
although enzyme activity was not measured in any of these strains.
This suggests that strains within this genius may also be involved in
ester synthesis and ⁄ or hydrolysis and contribute to wine aroma and
flavour (Liu, 2002; Matthews et al., 2004). In addition, estA gene has
been detected in Le. mesenteroides subsp. mesenteroides isolates origi-
nating from South African grape and wine samples (Mtshali et al.,
2012).

Evidence of esterase activity in O. oeni is demonstrated through a
number of reports showing changes in the volatile aroma composition
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of wines after MLF with O. oeni (Costello et al., 2012). Sumby et al.
(2013a) cloned and characterized two related intracellular esterases
from O. oeni and Lb. hilgardii under wine-like conditions. Both esterases
were stable and retained activity under conditions that would be en-
countered in wine, having the potential to reduce short-chain ethyl es-
ters such as ethyl acetate. Subsequently, Sumby et al. (2013b)
demonstrated that two purified esterases (EstA2 and EstB28) of O.
oeni have dual activity (synthetize and hydrolyze) on ethyl butanoate,
ethyl hexanoate and ethyl octanoate to varying degrees. Moreover, it
has been demonstrated that esters are either hydrolysed or synthesized
in a strain-dependentmanner, despite that the final ester balance is also
dependant on the component of wine that may be affecting this activity
tested. Therefore, wine style composition and the desired outcome of
the wine are important criteria for the correct choice of O. oeni strain
for MLF.

Recently, the first arylesterase was described in a wine LAB, Lb.
plantarum WCFSI (Esteban-Torres et al., 2014). Initially, the gene
lp_1002 encoding this putative lipase/esterase was cloned from Lb.
plantarumWCFSI and overexpressed in E. coliBL21(DE3). The expressed
Lp_1002 showed high hydrolytic activity on phenyl acetate and also the
ability to hydrolyze most of the esters assayed, including relevant wine
aroma compounds. Importantly, this enzymeexhibited hydrolytic activ-
ity at winemaking conditions, although optimal catalytic activity was
observed at 40 °C and pH 5–7.

4.3. Enzymes related to citrate metabolism

In wine, citrate utilization leads to the production of compounds,
such as diacetyl, acetoin, butanediol and acetate which are important
to wine aroma and complexity (Bartowsky and Henschke, 2004;
Olguìn et al., 2009). Diacetyl is the most important aroma compound
from LAB and its production and modulation during MLF has been
well documented (Bartowsky andHenschke, 2004). However, this com-
pound can also be regarded as an off-flavour when present in wine at
higher concentrations.

Citrate lyase is a key enzyme of citrate metabolism since it cleaves
citrate into acetate and oxaloacetate, and this latter is decarboxylated
to pyruvate by an oxaloacetate decarboxylase, leading onto the forma-
tion of diacetyl, which can be further metabolized through to 2,3-
butanediol. The gene encoding citrate lyase enzyme (citE) has been in-
vestigated in various wine LAB species (Mills et al., 2005). Olguìn et al.
(2009) have investigated the expression of this gene in O. oeni strain
PSU-1 to further understand the role of this metabolic pathway in the
adaptation to wine environment and its impact on organoleptic quali-
ties. Interestingly, an inter-strain comparison of the transcriptional
levels of this gene and other two genes involved in citrate metabolism
(acetate kinase ackA, α-acetolactate decarboxylase gene alsD) revealed
that strains can have different metabolic traits (Olguìn et al., 2009).
ThusO. oeni strains have different potential to impart desirable aromatic
features related to citrate catabolism, such as buttery aroma, in wine.
The strain-dependent aroma impact could be great with the occurrence
of lactobacilli and Leuconostoc inwine. Interestingly, recently it has been
reported that some strains of Lb. plantarum, Lb. hilgardii and other Lacto-
bacillus spp., as well as all Le. mesenteroides, did not possess citrate lyase
complex genes (Mtshali et al., 2010, 2012). It is feasible that wines that
undergo MLF dominated by strains without citrate lyase or with low
transcriptional levels of this genewill have very low diacetyl concentra-
tions. Further studies are needed to elucidate the link between expres-
sion levels of citrate metabolism genes and the formation of related
flavour compounds during winemaking.

5. Other enzymes of enological interest

Additional enzyme activities, which are important for aroma and fla-
vour development in wine, include those which act upon amino acids
and proteins.
Proteases have been studied extensively in dairy bacteria
(McSweeney and Sousa, 2000). By comparison to dairy LAB, little
work has focused on the proteolytic activity of wine-related strains.
Two exoproteases identified from O. oeni strains isolated in Argentina
(Rollan et al., 1993, 1995) were able to release amino acids from red
and white wines. Their expression was detected at different stages dur-
ing growth (Rollan et al., 1993) andwas induced by nutrient and energy
deprivation (Rollan et al., 1998). The presence of a protease (prtP) has
been demonstrated in several wine lactobacilli and further studies
have shown it to be distributed across numerous species of wine bacte-
ria. Among the lactobacilli examined, prtP was present mainly in Lb.
plantarum, Lb. paraplantarum and Lb. hilgardii (Mtshali et al., 2010).
The presence of prtP inwine bacteria has implications on the genetic ca-
pability of these strains to release amino acids from peptides which
could, in addition to bacteria growth, influence development of wine
flavour, as it has been reported for dairy bacteria (Hynes et al., 2003).
In silico analysis of O. oeni PSU-1 strain did not reveal any Prt-P-like
cell-envelope proteases and no peptidase genes with a well-supported
signal peptide were identified. It remains to be determined which, if
any, of the PSU-1 proteases correspond to the activities previously ex-
amined (Rollan et al., 1993; Rollan et al., 1995; Rollan et al., 1998).

Some peptidases are able to release sulphur-containing amino acids
from peptide degradation (Kunji et al., 1996). Pripis-Nicolau et al.
(2004) were the first to demonstrate the ability of wine LAB to metab-
olize methionine to produce volatile sulphur compounds during MLF.
The wine strains examined were able to degrade methionine to
methanethiol, dimethyl disulphide and 3-(methylsulphanyl)-propan-
1-ol (also known as methionol) and 3-(methylsulphanyl)-propionic
acid. 3-(methylsulphanyl)-propan-1-ol is quantitatively the most sig-
nificant volatile sulphur compound in wines; it is known to contribute
to the aromatic complexity of the wine, but at high concentrations
also contributes to reductive wine flavour. Methanethiol and 3-
(methylsulphanyl)-propan-1-ol are characterized by putrid faecal-like
aroma and cooked cabbage descriptors, respectively, while 3-
(methylsulphanyl)-propionic acid has chocolate and roasted aromas.
However, at low concentrations, these compounds may well contribute
to wine aroma complexity, rather specifically off-flavour.

Antalick et al. (2012) reported that MLF affects the content of 3-
sufanylhexanol and dimethyl sulfide (DMS), very odorant sulphur-con-
taining compounds that contribute to the fruity aroma in red wine. No-
tably, the increase of the former associated with an increase of ethyl
fatty acid esters which led to significant enhancement of fruity aroma.
Hence, wine bacteria seem to influence the intensity of this note in
red wine by modulation of 3-sufanylhexanol. It has been proposed
that the increase of this compound during MLF could be derived by
cleavage of cysteinylated grape precursors by cystathionine β-lyase of
O. oeni. Similarly, wine bacteria should be able to synthetize DMS, al-
though at low levels, contributing in association with the increase of
ethyl fatty acid esters, to increase or enhance the fruity note of wine fol-
lowing MLF. The probable pathways in wine bacteria involved in the
synthesis of DMS could be the catabolism of amino acid and dimethyl
sulfoxide reduction by reductase activities, but this has yet to be con-
firmed. Moreover, the production of these volatile sulphur compounds
are also strain dependent as well as genus dependent, with O. oeni hav-
ing a higher capacity for producing these compounds, compared to Lac-
tobacillus species (Pripis-Nicolau et al., 2004).

There are various factors that influence the production of these vol-
atile sulphur compounds, including the presence of methionine as pre-
cursor and the growth phase of the bacteria. Vallet et al. (2008) found
that production of methionol occurred during the exponential growth
phase of the wine bacteria, while the production of 3-(methylthio)
propionic acid was during both the exponential and stationary growth
phases. These authors also found that methionol and 3-(methylthio)
propionic acid production only occurs in the presence of methional,
which implies that this compound is an important precursor in their
production.
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Furthermore, an enzyme that degrades sulphur-containing amino
acids was cloned and characterized, from two O. oeni strains (Knoll et
al., 2011). This enzyme has been shown to catalyse several reactions
that produce different compounds, such as cysteine, α-ketobutyrate,
ammonia, homocysteine, pyruvate and hydrogen sulfide. Furthermore,
the ability to demethiolate methionine into methanethiol, an
unfavourable volatile sulphur compound in terms of wine aroma, was
observed. This suggests that O. oeni appears to play a minor role in the
production of volatile sulphur compounds during the vinification
process.

ThemetK andmetB/metC genes that encode enzymes involved in the
conversion of methionine to diverse volatile sulphur compounds have
been detected in grape and wine isolates of Le. mesenteroides (Mtshali
et al., 2012) and in O. oeni strains (Cappello et al., 2014).

In addition to these metabolites described thus far, there are further
aroma contributing metabolites produced by different metabolic path-
ways during the fermentation (Pripis-Nicolau et al., 2004; Swiegers et
al., 2005).

Phenolic acids (substituted cinnamic acids) are important aromatic
acids and natural constituents of plant cell walls. These acids (particu-
larly ferulic, p-coumaric and caffeic acids) are generally esterified with
tartaric acid (for example, in grape must and wine) and can be released
as free acids during winemaking by some cinnamoyl esterase activities
(Dugelay et al., 1993).

Most often, free phenolic acids aremetabolized by differentmicroor-
ganisms into 4-vinyl derivatives and then are eventually reduced into 4-
ethyl derivatives. Some of these volatile phenols, particularly vinyl and
ethyl guaiacol (generated from ferulic acid), are useful aromatic
chemicals or contribute naturally to aroma in wine (Ribéreau-Gayon
et al., 2006). Other volatile phenols, such as ethyl and vinyl phenols
(from p-coumaric acid), aremost often considered phenolic off-flavours
and are responsible for alterations in organoleptic properties. The pro-
duction of volatile phenols in wine is usually associated with Dekkera
bruxellensis spoilage (Brett character) (Ribéreau-Gayon et al., 2006),
however some Lactobacillus species have been shown to be able to pro-
duce these compounds, albeit in lower quantities (Couto et al., 2006;
Knockaert et al., 2012).

The conversion of phenolic compounds to vanillin, a powerful aroma
compound, by wine bacteria has been demonstrated by Bloem et al.
(2007). O. oeni, Lactobacillus spp. and Pediococcus spp. are able to pro-
duce vanillin from ferulic acid, albeit at lowyield. Ferulic acid catabolism
by Lactobacillus spp. leads to the formation of traces of vanillin and
greater amounts of 4-vinylguaiacol, while O. oeni could transform 4-
vinylguaiacol to vanillin by a decarboxylation pathway.

Mtshali (2011) have demonstrated the existence of a putative pad
gene encoding phenolic acid decarboxylase (PAD) in two O. oeni strains
(out of 27 strains tested) of South African wine origin. This is the first
study to report on the presence of a putative (novel) pad gene in O.
oeni strains. Sequence verification and comparative sequence analysis
revealed that the pad gene from the two strains share 74–80% identity
to other closely related species of the genera Lactobacillus and
Pediococcus. This genewas not found in any of the three fully sequenced
O. oeni strains (PSU-1, ATCC BAA 1163 and AWRI B429). Its presence in
only two strains also reinforces the notion that this pathway is rare in O.
oeni and is not essential for O. oeni survival. However, this study should
be followed by functional enzymatic characterization in order to assess
whether the genetic potential translates to functional enzymatic activi-
ty, particularly with regards to aroma production under oenological
conditions. In another study, using PCR enzyme-specific primers, 120
South African wine Lactobacillus strains were screened (including Lb.
plantarum, Lb. hilgardii, Lb. brevis, Lb. pentosus, Lb. paracasei, Lb. sakei,
Lb. florum and Lb. paraplantarum) for the pad gene; more than 70%
strains possessed this gene (Mtshali et al., 2010). The presence and ab-
sence of gene encoding for PAD in Lb. plantarum and O. oeni strains, re-
spectively, isolated from South African wine was reported also by Lerm
et al. (2011).
6. Contribution of wine lactic acid bacteria to sensory properties of
wine

Investigations in the 1980s of the effects of MLF on sensory wine
quality indicated thatmalolactic activity of bacteria can alter significant-
ly the sensory characteristic of wine (Davis et al., 1988). Through com-
parisons of wine that did or did not undergo MLF, it was possible to
determine that the contribution of bacteria to the wine aroma may be
species and/or strain specific (Bartowsky and Borneman, 2011; Sumby
et al., 2014). Further investigations confirmed the importance of bacte-
rial activity during MLF in enhancing wine sensory quality and new in-
sights have been provided correlating volatile wine composition with
sensory panel test results (Bartowsky et al., 2002; Bartowsky and
Henschke, 1995; Costello et al., 2012; Liu, 2002; Swiegers et al., 2005).

First of all, the microbial stability due to MLF activity has indirect
consequences on sensory properties of wine because the depletion of
L.-malic acid, citric acid, acetaldehyde and the reduction of the availabil-
ity of essential nutrients inhibit the growth of potential fastidious mi-
croorganisms. The importance of arginine catabolism by O. oeni at the
end of MLF to reduce the risk of spoilage bacteria was described by
Tonon and Lonvaud-Funel (2000). Since arginine and other amino
acids promote the anaerobic growth of Dekkera bruxellensis
(Blomqvist et al., 2012), their depletion by the growth of wine LAB dur-
ingMLF could have inhibitory effects on spoilage yeasts. This fact is con-
gruent with Gerbaux et al. (2009) that observed as wines in which the
MLF did not occur showed increase of volatile phenols. Although
lactobacilli such as L. hilgardii and L. buchneri, that include spoilage
strains, seem to have lower nutrient requirements than O. oeni
(Terrade andMira de Orduña, 2009), the prior depletion of some essen-
tial amino acids due the activity of the latter, possibly added as a starter
culture, could reduce the risk of subsequent contamination avoiding
negative sensory effects.

The contribution of specific starter bacterial cultures towine sensory
attributes, can affect flavour formation depending on wine parameters
(i.e. temperature, pH and ethanol) and precursors present in the wine
(Costello et al., 2012; Delaquis et al., 2000; Malherbe et al., 2012). The
careful selection of strains, for MLF, can thus be used to develop specific
wine styles and consumer preferences.

Malolactic fermentation is conducted worldwide in a range of well-
known and lesser known red and white grape varieties. From these
studies it is evident that MLF influences wine sensory attributes and
that these changes are dependent on numerous factors, in particular,
grape variety and bacterial strain. This is illustrated in the following ex-
amples and in Table 2.

An early study which investigated the sensory impact of MLF in
Chardonnay showed that four O. oeni (formerly Leuconostoc oenos)
strains produced wines with different aroma and flavour profiles
(Avedovech et al., 1992).

In this study, MLF did not affect the intensity of many fruity and flo-
ral aromas, however decreased the intensity of several vegetative
aromas such as the urine-like or cooked garlic of 1-octanol and 1-
octen-3-ol, while producing buttery, yeasty, oaky and earthy aromas
in Chardonnay. In the investigation of Sauvageot and Vivier (1997)
Chardonnay wines were perceived higher in hazelnut, fresh bread,
and dried fruit aromas due toMLFwith twoO. oeni strains, while the ab-
sence of the MLF retained specific aromas such as apple and grapefruit-
orange. In another study using awhite Sauvignonwine partialMLF con-
ducted by twoO. oeni strains resulted in awinewith greater complexity,
increased buttery, spiced, roasted, vanilla and smoked notes, while a de-
crease in the intensity of grape variety (de Revel et al., 1999).

In addition,MLF conducted in barrel with twoO. oeni strains resulted
in wines with high concentrations of wood-related compounds (lac-
tones, eugenols and vanilla) (de Revel et al., 1999).

Recently, the sensory effects of MLF were also analyzed in white
wines such as Albariño and Caiño (Juega et al., 2013), where MLF de-
creased the intensity of acidity in both wines. In the Caiño wine
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aromatic herb aroma decreased, while increased the intensity of honey.
This study is particularly of interest as autochthonous strains of P.
damnosus and O. oeniwere used to induce MLF. Thus, even though not
a large number of white grape varieties are necessarily put through
MLF, those that are, the resultant wines are most often more complex.

The contribution of MLF on sensory quality of red wines is well in-
vestigated. Sauvageot and Vivier (1997) showed in a Pinot noir wine,
that after MLF the wine lost part of its berry notes in favour of animal
and vegetable notes, while the absence of MLF retained specific aromas
such as strawberry-raspberry. Improvement of sensory quality of
Frankovka wine, a Croatian red wine, MLF lowered acidity and resulted
in more complexity, rounded and matured aromas (Herjavec and
Tupajić, 1998). Several studies have opposing observations; for example
a study in Tannat wine, MLF led to a significant decrease of berry fruit
and fresh vegetative descriptors (Gambaro et al., 2001), while in a
Cabernet Sauvignon wine demonstrated MLF had a significant effect
on dark fruit aroma, viscosity and astringency (Costello et al., 2012). Ad-
ditionally, the magnitude and divergence of these properties and relat-
ed chemical properties varied with choice of bacterial strain, pre-MLF
pH and the interaction of these variables (Costello et al., 2012). More re-
cent studies have shown that fruity characters of red wine can be influ-
enced by MLF and is O. oeni strain dependent. Changes in sensory
properties of Merlot and Cabernet Sauvignon wines were described by
Antalick et al. (2012). In their study, the fruity notewas themost altered
by bacterial activity although the variation perceived of the fruity note
by the sensory panel between wine with and without MLF was higher
than for lactic, vegetal and smoked/toasted descriptors. Notably,
smoked/toasted attributes were more affected than the lactic aroma
and the authors proposed that the increase of several perceived aromas
is linked to the decrease of fruity intensity. The relationships between
consumer liking and sensory attributes of Pinotage wines inoculated
with different O. oeni starter cultures was reported by Malherbe et al.
(2013). Significant strain-specific variations were observed in the
Table 2
Studies that evaluated the effects ofMLF carried out by the inoculation of selected LAB cul-
tures on sensory aroma profile of wine.

Wine ML cultures References

Chardonnay Four commercial strains of
O. oeni

Avedovech et al. (1992)

Chardonnay and
Pinot Noir

Two commercial strains of
O. oeni

Sauvageot and Vivier (1997)

Frankovka Two commercial strains of
O. oeni

Herjavec and Tupajić (1998)

Sauvignon Two commercial strains of
O. oeni

de Revel et al. (1999)

Chancellor Two commercial strains of
O. oeni

Delaquis et al. (2000)

Tannat A commercial culture of
O. oeni

Gambaro et al. (2001)

Cabernet Sauvignon Three commercial strains
of O. oeni

Costello et al. (2012)

Merlot and Cabernet
Sauvignon

Eleven commercial strains
of O. oeni

Antalick et al. (2012)

Morava Agria A commercial strain of
O. oeni

García-Carpintero et al. (2012)

Pinotage Four commercial cultures
of O. oeni

Malherbe et al. (2013)

Albariño and Caiño Three cultures: a
commercial strain of
O. oeni and two strains of
P. damnosus

Juega et al. (2013)

Bobal A commercial strain of
O. oeni

García-Carpintero et al. (2014)

Cabernet Franc Two commercial strains of
O. oeni

Izquierdo-Cañas et al. (2016)

Pinot Noir Six cultures: four strains of
P. parvulus, a strain of
P. damnosus and a strain of
P. inopinatus

Strickland et al. (2016)
degradation of citric acid and production of lactic acid during MLF and
consequently, compounds directly and indirectly related to citric acid
metabolism, such as diacetyl, acetic acid, acetoin, and ethyl lactate,
were also affected depending on the bacterial strain used for MLF
(Malherbe et al., 2013).

A recent contribution on the impact of Pediococcus on Pinot noir
wine confirmed that this bacterium can affect positively sensory prop-
erties indicating that its growth does not always result in spoiled wine
(Strickland et al., 2016).

The effects of MLF on red wines fermented or aging in presence of
oak chips or in barrels were described through chemical and sensory
analysis and evidenced the importance of bacterialmetabolismonmod-
ifying the aroma. Spanish wines in contact with oak chips during MLF
was characterized by enhanced oak related attributes and lower inten-
sity of fruity and flower notes than the same wine in contact with oak
chips during AF (García-Carpintero et al., 2012, 2014). Izquierdo-
Cañas et al. (2016) reported that Cabernet franc wine that underwent
MLF in barrel was characterized by more aromatic intensity than MLF
conducted in tank. It has been observed that such sensorymodifications
due to contact with wood were linked to the increase of higher furanic
compounds responsible for almond, caramel and toasted aromas.
These studies, aside that of de Revel et al. (1999), confirm the impor-
tance of LAB strain in the release of oak wood volatile compounds sug-
gesting the potential ability of O. oeni to modify the woody aroma of
wine (Bloem et al., 2008).

Since wine matrix components can affect the odorant volatility, fla-
vour release and overall perceived aroma intensity and quality
(Villamor and Ross, 2013), the use of semi-synthetic substrate instead
of a natural matrix can facilitate the assignment of correspondence be-
tween volatiles and odors nuances. Relevant sensory effect linked to
the action of different bacteria (O. oeni, Lb. brevis and Lb. casei) on
grape precursors contained in a model wine was described by
Hernandez-Orte et al. (2009). The presence of bacteria in the medium
had intense effects on some important aromatic nuances; sensory de-
scriptors such as vegetative, spicy, violet and oxidized were linked to
the direct action of bacteria in the pool of flavour precursors. Interest-
ingly, these aroma nuances presented higher scores in samples contain-
ing bacteria and precursors than in samples containing only bacteria. As
seen in other studies, selection of bacterial strain plays an important role
in release of aroma compounds and ultimate effect on the wine
(Hernandez-Orte et al., 2009).

Previous investigations observed that in wine the interaction of bac-
teria with yeasts and other parameters rather than species- or strain-
specificity of bacteria are more important on conferring sensory attri-
butes to wine. Delaquis et al. (2000) highlighted significant differences
in several sensory attributes of Chancellorwines due to the combination
of two-way interactions (yeast-bacteria, yeast-temperature, bacteria-
temperature) and three-way interaction (yeast-bacteria-temperature).
The effect of LAB inoculation time on the metabolic profile of wine
were described in several studies (Antalick et al., 2013; Izquierdo
Cañas et al., 2012, 2015). It has been demonstrated that the impact of
yeast/LAB co-inoculation can be significant from a sensory point of
view under winery conditions. Nevertheless, how the contribution of a
certain bacterial strain, used in combination with a certain yeast strain,
is not so still clear. In fact, under certain conditions the presence ofmany
variables, in particular the co-presence of bacteria and yeasts make it
more difficult to link the specific strain to chemical and sensory proper-
ties of the resulting wine. Further studies are necessary to understand
the metabolic role of a specific bacterial strain used in combination
with a specific yeast and to ultimately predict their effect on the flavour
composition ofwine. The recent recognition of the positive contribution
of non-Saccharomyces yeasts to enhance the wine aroma complexity
(Padilla et al., 2016) and their use as starter cultures in combination
with wine LAB should be considered in these further investigations.
The wider spectrum of yeast-bacteria combinations accounting non-
Saccharomyces yeasts could enable a better modulation of wine aroma.
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Therefore, the aroma and flavour profile of wine is the result of sev-
eral variables during the vinification, but the choice of the microorgan-
ism is very important. Even though it is well known the role that S.
cerevisiae, andnow several non-Saccharomyces species, have in affecting
wine aroma, flavour, colour and chemical complexity, it is evident that
the influence of LAB andMLF onwine aromaandflavour is considerable.
Thus, in order to provide an additional tool to produce quality wines,
exploiting the possibilities of bacterial diversity to improve the aroma
and flavour profile of wine is essential.

7. Conclusions

In the last 20 years, progress in understanding wine LAB, their biol-
ogy, ecology and impact on aroma compounds has been considerable.
It is certain that such knowledge has significantly contributed to the im-
provement ofwine quality through theflowof information from the sci-
entist to winemaker. The use of selected starter cultures for MLF
induction is the emblematic step of this knowledge transfer. Advances
in the understanding of metabolic mechanisms of LAB involved in the
transformation of grape precursors into potent flavour-active com-
pounds has emphasized the important role that bacteria play in devel-
oping the final wine aroma profile.

This review has emphasized the variability of bacterial enzyme ac-
tivity including glycosidase, β-glycosidase, esterases, proteases and
other enzymes that can generate a wide spectrum of wine sensory sig-
nificant compounds. In particular, it has been shown how inter- and
intra-specific differences of metabolic traits can influence the genesis
of aroma compounds and their stability in wine. With these findings
the awareness of the importance of the use of selected bacteria strain
for MLF has increased. In particular, recent investigations that reported
the release of important flavours such as ethyl ester, volatile sulphur
and glycosidically bound aroma compounds is species- or strain-depen-
dent highlights the significance of choice of a specific LAB strain to con-
duct MLF to achieve the desired wine style.

As geneticallymodified organisms (GMOs) are not currently permit-
ted, or widely accepted by the consumer, continued research into the
biodiversity within wine LAB will assist in identifying unique strains
to be used tomodulatewine flavour and aroma compounds. The oppor-
tunity to use selected LAB strains, particularly O. oeni, to contribute to
the sensory properties of wine is increasingly becoming a pertinent
component influencing the winemaker's decision to conduct MLF in
red and white wines. Therefore, ongoing studies are aimed at to under-
stand how the genes encoding these enzymes are regulated under
winemaking conditions, and also to evaluate their expression level
and enzyme activity under different winemaking parameters. More-
over, these microorganisms may serve as a source for the preparation
of enzyme extracts that are better able to function under the harsh
and changing environmental conditions of wine fermentation.
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