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The yeast Brettanomyces bruxellensis is the most important wines spoilage yeast
encountered during winemaking as it can survive in wine for long periods, requires
minimal nutrients for growth, and can be difficult to control. Brettanomyces produces two
major spoilage products, the volatile phenols 4-ethylphenol (Band-Aid, medicinal smell)
and 4-ethylguaiacol (smoke, clove smell) by decarboxylation and subsequent reductions of
the hydroxycinnamic acids p-coumaric acid and ferulic acid. Hydroxycinnamic acids are
naturally present in grapes and wine and are also often present in the form of tartaric acid-
hydroxycinnamic acid esters which B. bruxellensis cannot utilize. The first objective of this
study was therefore to investigate the ability of other wine microorganisms to hydrolyze
tartaric acid bound hydroxycinnamic acids and the impact this may have on volatile phenol
production by Brettanomyces. Of the thirty five strains of wine microorganisms tested only
one, the commercial strain 0. oeni VFO, hydrolyzed tartaric acid bound hydroxycinnamic
acids in wine and increased the concentrations of the free hydroxycinnamic acids p-
coumaric acid and ferulic acid. Because of this, B. bruxellensis produced significantly higher

concentrations of 4-ethylphenol and 4-ethylguiaciol when growing in wine where VFO had



conducted the malolactic fermentation. In contrast, wines that underwent MLF with O. oeni
Alpha or VP41 contained similar 4-EP and 4-EG concentrations to the control.

A subsequent study investigated interactions between the wine spoilage yeast
Brettanomyces bruxellensis and wine lactic acid bacteria (LAB) and the impact on
Brettanomyces growth and volatile phenol production. Studies in acidic grape juice (AGJ)
broth (pH 3.50, 5% ethanol) demonstrated that growth of O. oeni could inhibit
Brettanomyces growth in a strain dependent manner. Production of 4-ethyphenol was also
delayed and reduced in a strain dependent manner. For example, in the control a maximum
of 19 mg/L 4-EP was produced by B. bruxellensis UCD-2049 while during growth in media
where VP41 had previously grown only 7.9 mg/L 4-EP was produced. When B. bruxellensis
was inoculated into Pinot noir wine where malolactic fermentation (MLF) had been
performed by O. oeni VFO, populations of B. bruxellensis quickly decreased below
detectable levels and did not recover during the course of the experiment (50 days). In
contrast, when B. bruxellensis UCD-2049 was inoculated into Pinot noir wine where
Pediococcus damnosus OW2 had previously grown populations did not decrease and
growth occurred in a similar manner to the control. The reason for this decrease in
population was further explored by inoculating B. bruxellensis into AG] broth (pH 3.50)
where there had been previous growth of 0. oeni Alpha or VP41. In half the treatments the
0. oeni were removed by sterile filtration prior to Brettanomyces inoculation. Although
there was delayed growth of B. bruxellensis in media where O. oeni had previously grown
there was no significant difference between growth in sterile filtered and non-sterile
filtered treatments. The relief of inhibition by sterile filtration suggests that neither

nutrient depletion nor the production of an extracellular inhibitory compound by 0. oeni



were the causes of Brettanomyces inhibition, as sterile filtration would not have impacted
these.

Future work in this field should include screening a larger and more diverse group of wine
microorganisms for the ability to hydrolyze tartaric ester bound hydroxycinnamic acids.
This should include non-Saccharomyces yeast such as Kloeckera that are known to be
present during early fermentation as well as spoilage bacteria such as Lactobacillus. In
addition, the inhibition of B. bruxellensis should be explored further by testing O. oeni
against a larger number of B. bruxellensis strains and additional mechanisms of inhibition

should be investigated.
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Effect of Lactic Acid Bacteria Growth on Brettanomyces bruxellensis Growth and
Production of Ethylphenols

LITERATURE REVIEW

Winemaking Process

While there is no single standard way to make wine, most wine production follows a
standard procedure with minor adjustments based on type and desired wine style. Grapes
are harvested at a given ripeness level and delivered to the winery. Here they can be
destemmed and, in the case of most white wines, pressed to remove the juice from the
berry. For red wines no pressing is performed as the skins and seeds remain present
during the alcoholic fermentation. Fermentation begins either through use of yeast present
on the grapes or in the winery, or inoculation with a purified commercially produced yeast
strain. The yeast utilized, Saccharomyces cerevisiae; converts sugar, primarily glucose and
fructose, into ethanol and carbon dioxide (Jackson 2008). Additional secondary metabolites
that can contribute to aroma, flavor, and mouthfeel are also produced by the yeast. S.
cerevisiae dominates other yeast present during the alcoholic fermentation due to its
tolerance to the acidic, high sugar, anaerobic environment present during fermentation of

grapes and to its relatively ethanol tolerance (Delfini and Formica 2001).

After alcoholic fermentation, wine is typically separated from the fermentation lees and

stored for later clarification, filtration, and bottling. For red wines, the wine is separated



from the grape skins and seeds by pressing. At this point many red wines undergo a
secondary fermentation called the malolactic fermentation (MLF). During this process
lactic acid bacteria (LAB), predominately Oenoccous oeni, convert malic acid to lactic acid.
Malic acid is perceived as more tart than lactic acid, which is a weaker acid. Thus MLF
causes an increase in pH and a loss of perceived acidity(Boulton et al. 1996). Wine can then
be left to age in tank, barrel and/or bottle. It is during this point in the wine’s life that it is
most susceptible to microbial spoilage. Nutrient levels, temperature, and lack of

antimicrobial compounds allow the growth of certain unwanted bacteria and yeast.

Winemakers typically try and prevent spoilage by maintaining anaerobic conditions,
conducting sound and proper sanitation, and adding appropriate levels of the antimicrobial
and antioxidant agent sulfur dioxide (SO2). However, despite the vigilance of the
winemaker, microbial spoilage can still occur and have an adverse and irreversible effect
on wine quality. The major wine spoilage micoorganisms are the LAB Pediococcus, and
Lactobacillus; the acetic acid bacteria Acetobacter; and oxidative film yeasts such as
Candida and Pichia (Fugelsang and Edwards 2007). The wine spoilage organism that is of
most concern to winemakers, however is the yeast Brettanomyces bruxellensis (Puig et al.

2011).

Brettanomyces bruxellensis

Brettanomyces bruxellensis is the most important spoilage microbe in wine, and it is present
in a significant portion of commercial wines, causing economic losses (Martorell et al.
2006; Puig et al. 2011) B. bruxellensis can survive in finished wine and produce diverse

aromatic compounds (Joseph et al. 2013). However, “Brettanomyces taint” is typically



associated with the presence of volatile ethylphenols such as 4-ethyphenol and 4-
ethylguiacol. These compounds are derived from free hydroxycinnamic acids naturally
present in grapes (Chatonnet 1992). Production of volatile phenols from hydroxycinnamic
acids is a two-step enzymatic process. During the first step, hydroxycinnamic acids
(coumaric acid, ferulic acid, and caffeic acid) are decarboxylated by hydroxycinnamic acid
decarboxylase to create vinylphenols (4-vinylphenol, 4-vinylguaicol, and 4-vinylcatechol,
respectively). During the second step, vinylphenols are reduced by vinylphenol reductase
to produce ethylphenols (4-ethylphenol, 4-ethylguaicon and 4-ethylcatechol, respectively)
(Figure 1.1). Many wine microorganisms can perform the initial step of this process,
producing vinylphenols, including S. cerevisiae, Lactobacillus, and Pediococcus (Chatonnet
et al. 1993; Calvin et al. 1994; Couto et al. 2006). However, B. bruxellensis is the only known

microorganism that is capable of producing significant quantities of ethyphenols in wine.

B. bruxellensis is of particular concern to the wine industry because it can be difficult to
control. Traditional methods of control have moderate efficiency on B. bruxellensis but
there is some strain variability with regards to sensitivity to SOz (Agnolucci et al. 2010).
Brettanomyces can also survive in nutrient poor environments due its ability to utilize a
wide range of carbon sources, such as ethanol (Dias et al. 2003) and cellobiose present in
barrels (Conterno et al. 2006). Modern methods to control B bruxellensis such as dimethyl
dicarbonate (DMDC) have shown greater efficiency than traditional methods, but have met
with resistance by industry (Wedral, Shewfelt, and Frank 2010; Zuehlke, Petrova, and

Edwards 2013).



The source of Brettanomyces in the winery has, and continues to be, a disputed and
controversial topic. While some winemakers and wine writers believe that Brettanomyces
enters the winery from yeast present on the grapes, these claims are not confirmed by peer
reviewed research. B. bruxellensis has been detected in the vineyard/grapes thanks to new
methods of isolation, but the populations are typically very low (Vincent Renouf and
Lonvaud-Funel 2007). While the vineyard is a possible source of Brettanomyces, the much
more common source of infection is the winery. Here, infected barrels and infected wines
are the main carriers of this yeast and once present in a winery Brettanomyces is very
difficult to completely eliminate (Boulton et al. 1996). B. bruxellensis does not contribute to
spoilage during alcoholic fermentation, as it is a poor competitor with S. cerevisiae.
However, its ability to growth in the low nutrient, high acid, high alcohol environment of
wine allows it to grow after alcoholic fermentation (Renouf et al. 2006). Renouf et al. 2006
reported that during the initial stages of alcoholic fermentation the ratio of S. cerevisiae: B.
bruxellensis was greater than 1000:1. However, after several weeks, S. cerevisiae population

was surpassed by B. bruxellensis.

Brettanomyces can exist in oak barrels and once Brettanomyces contaminates an oak
barrel, it can be very to remove. This is because B. bruxellensis can be found 8mm deep in
oak staves, preventing easy sanitation (Malfeito-Ferreira 2005). Brettanomyces can also
utilize cellobiose present in the barrels and survive in this semi-anaerobic environment.
Only small amounts of sugars are required for large population increases and wine

spoilage. Furthermore, if the winemaker is unaware that the wine is contaminated, then
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Figure 1.1- Structure and breakdown of tartaric acid-hydroxycinnamic acid esters to ethylphenols. Adapted from Dugelay et
al. 1993



other wines may be cross-contaminated through use of the infected wine for topping or

blending.

Monitoring and quantification B. bruxellensis during winemaking can be difficult as it can
exist in a viable but not culturable state (VBNC) (Serpaggi et al. 2012). When in the VBNC
state B. bruxellensis will not grow in media, preventing quantification through traditional
plating on agar media. Other methods of detection such as molecular and microscopy
methods of detection and quantification can detect B. bruxellensis in the VBNC state, but
these are often expensive and time-consuming methods. Questions regarding the
appropriate methods of quantification are still up for debate, as microscopy methods fail to
differentiate between live and dead cells and PCR methods of quantification may include
DNA from dead cells (Tessonniere et al. 2009). The VBNC state for B. bruxellensis can be
induced by the addition of SO2, though the actual mechanism of the induction is still being
explored. B. bruxellensis can still produce ethylphenols when in the VBNC state (Serpaggi et

al. 2012).

Volatile phenols

The major cause of wine spoilage by Brettanomyces is the production of volatile phenols.
Volatile phenols present in wine include ethylphenols and vinyl phenols. While other
volatile phenols can exist in wine, 4-ethylphenols (4-EP) and 4-ethylguical (4-EG) are the
compounds produced by B. bruxellensis (Pascal Chatonnet 1992; Etievant 1981) Each
ethylphenol and vinylphenol is an aroma active compound. Sensory thresholds differ, and

median detection thresholds for 4-ethylphenol, 4-ethlyguaicol and 4-ethlycatechol have



been measured at 195 ug/L, 84 pg/L and 385 pg/L, respectively (Botha 2010). However,
sensory thresholds are difficult to evaluate as they change depending on media and
potential synergistic effects. For example, a lighter bodied wine such as Pinot noir may
have a sensory detection threshold for 4-EP of 250 pg/L, while in a heavy style red wine
such as a Cabernet sauvignon the detection threshold may be above 500 pg/L. In addition,
the volatile phenol 4-ethylcatechol (4-EC), which is rarely present above sensory
thresholds in wine, may enhance the perception of 4-EP in a wine (Chatonnet 1992;
Chatonnet, Dubourdieu, and Boidron 1995; Botha 2010; Buron et al. 2011; Petrozziello et
al. 2014). The ratio of 4-EP: 4-EG is also thought to impact how these compounds are

sensorially perceived.

A number of factors affect the production of volatile phenols by B. bruxellensis. Strain
variation is one of the most dominant factors; some strains of B. bruxellensis produce very
high amounts of 4-EP and 4-EG while other strains produce lower amounts (Conterno et al.
2006; Curtin et al. 2007; Conterno et al. 2006; Brock et al. 2006). The conversion rate of
hydroxycinnamic acids to ethylphenols by B. bruxellensis is also dependent on the carbon
source (Dias et al. 2003). The production of ethylphenol is also limited on the availability of
the precursor compounds, the hydroxycinnamic acids. B. bruxellensis does not produce

ethylphenols in the absence of hydroxycinnamic acids (Joseph et al. 2013)

Hydroxycinnamic Acids

Hydroxycinnamic acids are monophenolic organic acids that exist in plant material
(Harbone and Corner 1961). In wine grapes three significant hydroxycinnamic acids are

present; Ferulic acid, coumaric acid and caffeic acid. Hydroxycinnamic acids generally exist



in plants in a bound form. In grapes they are predominately ester bound to tartaric acid,
(Figure 1.1), known as fetaric acid, coutaric acid and caftaric acid, respectively (Winter and

Herrmann 1986; Ong and Nagel 1978).

The free forms of hydroxycinnamic acids show antimicrobial properties against lactic acid
bacteria (Salih, Quere, and Drilleau 2000). In other work the free forms of
hydroxycinnamic acids also exhibit antimicrobial properties against B. bruxellensis (Harris
et al. 2010) with a synergistic effect being noted. For example, a blend of ferulic acid and p-
coumaric acid inhibited growth of B. bruxellensis at lower levels than ferulic acid alone,
despite ferulic acid having stronger anti-microbial properties than p-coumaric acid.
However, these studies were performed with significantly higher concentrations of
hydroxycinnamic acids than those found in wines (Ong and Nagel 1978; Salih, Quere, and
Drilleau 2000; Harris et al. 2010). Nevertheless, the antimicrobial ability of
hydroxycinnamic acids has been posited as a rationale for the ability of microorganisms to
hydrolyze them (Harris et al. 2010). The ester bound forms of hydroxycinnamic acids,
though, do not show antimicrobial properties against lactic acid bacteria (Salih, Quere, and

Drilleau 2000).

The concentration of hydroxycinnamic acid in grapes and wines can differ significantly
depending on many different viticulture and winemaking practices. Grape ripeness,
cultivar, site, and the degree of sun exposure can impact both the concentration of
hydroxycinnamic acids as well as the ratio of free to bound forms (Romeyer et al. 1983;
Ong and Nagel 1978; Bubola et al. 2012; Pérez-Magarifio and Gonzalez-San José 2005). For

example, Nagel et al. 1979 reported that of the cultivars from the Pacific Northwest



evaluated that Pinot noir had the highest level of total tartaric bound hydroxycinnamic
acids in grape musts out of the cultivars tested. Significant variations existed between
grape cultivars and viticultural regions, however, with concentrations ranging from 33.4 to
143.2 mg/L tartaric bound hydroxycinnamic acids within Pinot noir samples and between

27.6 and 380.8 mg/L across all cultivars sampled.

Winemaking and Hydroxycinnamic acids

Winemaking practices can also impact the concentration of free and bound
hydroxycinnamic acids. Some authors reported that the concentration of caftaric increased
during extended post-fermentation maceration, however, other data show no significant
effect of on caftaric or coutaric acid due to extended maceration (Mulero et al. 2011; Auw et
al. 1996). The use of the fining agent polyvinyl polypyrrolidone (PVPP) as a clarification
agent may also affect the level of caftaric and coutaric acid in wine (Gémez-Plaza et al.
2000). During fermentation, levels of tartaric acid bound hydroxycinnamic acid have been
reported to decrease in some cultivars such as Cabernet Sauvignon and Merlot. Levels in
Noble and Chambourcin wines rise during fermentation. (Ong and Nagel 1978; Auw et al.

1996).

The change in free and bound hydroxycinnamics acids during fermentation is likely due to
one of two mechanisms. The first is acid hydrolysis of the tartaric ester bond (Nagel et al.
1979), resulting in an increase in the free form. The second mechanism is enzymatic
hydrolysis of the tartaric ester bond. Some early commercial enzymatic preparations
prepared from Aspergillus niger (pectinases) that are often added to grapes to increase juice

yields were noted to have cinnamic esterase activities resulting in an increase of free
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hyroxycinnamic acids (Dugelay et al. 1993; Wightman et al. 1997; He et al. 2010; Mulero et
al. 2011). Because Brettanomyces is not able to utilize the bound from of the
hydroxycinnamic acids, this increase in free hydroxycinnamic acids was of concern to
winemakers as a higher concentration of pre-cursors for Brettanomyces spoilage were now
present in their wines. Because of this, commercial enzymes for use during winemaking are
now typically produced in a manner such that side activities such as cinnamic esterase

activity are minimized or eliminated.

Aside from Aspergillus niger, the ability to hydrolyze ester bound hydroxycinnamic acids is
shared by a number of different microbes. Hydroxycinnamic acids have antimicrobial
properties when in the free form, and are more likely to be in the free form during some
stages of Botrytis cinera infection, suggesting a potential role in immune response in grape
vines (Geny et al. 2003). Lactobaccilus spp. and other LAB have shown the ability to
hydrolyze quinic acid ester bound hydroxycinnamic acids in media, which has a similar
structure as tartaric acid ester bound hydroxycinnamic acids (Guglielmetti et al. 2008). B.
bruxellensis has been shown to hydrolyze hydroxycinnamic acid ethyl-esters and convert
them to ethylphenols (Hixson et al. 2012), but to date has not been shown to be able to

hydrolyze tartaric ester bound hydroxycinnamic acids (Schopp et al. 2013).

Oenoccocus oeni

An additional microorganism that may change the concentration of free and bound
hydroxycinnamic acids in wine is Oenococcus oeni. Aside from S. cerevisiae, this is the most
commonly found microorganism during winemaking. Oenococcus oeni is a

heterofermentative gram positive LAB. It is a facultative anaerobe, cocciodad, and can be
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found in chains, especially in growing cultures (Fugelsang and Edwards 2007). Until 1995
it was known as Leuconostoc oenos, at which point it was placed in its own genus due to
phylogenetic differences (Dicks, Dellaglio, and Collins 1995). O. oeni is the primary bacteria
used to perform the malolactic fermentation (MLF). The MLF is not an actual fermentation
but rather an enzyme mediated decarboxylation of malic acid to lactic acid. The
decarboxylation step generates a proton motive forces which generates ATP via proton

pumping ATPases (Olsen, Russell, and Henick-Kling 1991).

0. oeni is the dominant cultured lactic acid bacteria that performs MLF in wine, and
represents 97.5% of organisms isolated from wine undergoing spontaneous MLF. 90% of
spontaneous MLF contain multiple strains of O. oeni (Lopez et al. 2007). 0. oeni is not
competitive with Saccharomyces cerevisiae and as such, even if present in must during
primary fermentation, it typically does not grow or perform MLF until primary
fermentation is nearing completion (Abrahamse and Bartowsky 2012). O. oeni is sensitive
to sulfur-dioxide as such SOz cannot be added to a wine until MLF is completed. Thus
during MLF wine can be particularly vulnerable to microbial spoilage if MLF is delayed or

becomes difficult to finish (Bauer and Dicks 2004).

0. oeni selection is based on ability to finish decarboxylation of malic acid, the ability to
grow in high alcohol and low pH environment, and low production of diacetyl and amines
(Solieri et al. 2010). Research has implicated O. oeni in the release of aroma compound
precursors by enzyme mediate hydrolysis of glycosylated terpenoids (Ugliano, Genovese,

and Moio 2003). Species of LAB have demonstrated the ability to produce vinylphenols,
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and in some cases small amounts of ethylphenols, though O. oeni has not shown the ability

to produce either (Couto et al. 2006; Silva et al. 2011).

Despite having a wide range of enzymatic activities, O. oeni has not been documented to
have cinnamic esterase activity. A number of studies have reported an increase in free
hydroxycinnamic acids after the completion of MLF (Burns and Osborne 2013; Hernandez
et al. 2007; Cabrita et al. 2008). For example, Burns and Osborne (2013) noted that after
MLF with O. oeni VFO there was an increase from approximately 1 mg/L p-coumaric acid to
over 4 mg/L p-coumaric acid. However, only a small number of O. oeni strains were used in
this study and the effect on volatile phenol production by Brettanomyces was not reported.
Hernandez et al. (2006) demonstrated significant hydrolysis of caftaric acid and coutaric
acid, as well as increases in caffeic acid and coumaric acid in wine that had undergone MLF.
However, the MLF occurred naturally (no inoculation) so the identity of the wine LAB
responsible was unknown. This wine also showed an increase in ferulic acid relative to the
other treatments, but it is unclear it this was significant. Hernandez et al. (2007) also
reported a strain of Lactobacillus plantarum showed limited hydrolysis of bound
hydroxycinnamic acids and an increase in free hydroxycinnamic acids. Cabrita et al. (2008)
also reported an increase in free hydroxycinnamic acids post-MLF, but used a mixed
culture of LAB, so the specific bacteria performing this transformation was unknown.
Clearly, growth of wine LAB during the MLF can have an effect on free and bound
hydroxycinnamic acid content. To date this has not been clearly and systematically shown
and the consequences of this action on volatile phenol production by Brettanomyces have

not been demonstrated.
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While the growth of 0. oeni may impact Brettanomyces through hydrolysis of bound
hydroxycinnamic acids, its growth may also have other effects on Brettanomyces. In one of
the few reports regarding interactions between Brettanomyces and O. oeni, Gerbaux et al.
(2009) noted that Brettanomyces produced significantly lower amounts of volatile phenols in
wines that had undergone MLF. However, little information regarding populations of O. oeni
or Brettanomyces was provided, making it difficult to identify the cause of the reduced
volatile phenols. Gerbaux, Vincent, and Bertrand (2002) also reported inhibition of B.
bruxellensis in wine that had previous completed MLF. An initial drop in population of B.
bruxellensis was reported when inoculated into wine that had undergone MLF, while no
drop in population occurred in wine that had not undergone MLF. However, wines in this
study were not sterilized before inoculation and no information was given regarding the
bacteria used to perform the MLF. Recent work in our laboratory has shown that some
inhibition of Brettanomyces growth can occur if inoculated into wine post-MLF when there is

still a large population of viable O. oeni cells (]J. P. Osborne, Strickland, and Edwards 2012).

A better understanding of interactions between 0. oeni and Brettanomyces may help reduce
the risk of wine spoilage if Brettanomyces infection occurs. For example, the use of malolactic
bacteria strains that increase the amount of volatile phenol precursor compounds could be
avoided. On the other hand, if O. oeni strains show inhibitory action towards Brettanomyces
then use of these strains could be an additional ‘hurdle’ that Brettanomyces must overcome.

Therefore, the objectives of this study were to:

1. Determine the ability of wine microorganisms to hydrolyze tartaric acid ester bound

hydroxycinnamic acids



2. Evaluate the effect of hydrolysis of tartaric acid ester bound hydroxycinnamic acids on
volatile phenol production by Brettanomyces bruxellensis

3. Investigate interactions between Brettanomyces bruxellensis and O. oeni

14
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Abstract

Brettanomyces bruxellensis is a major cause of wine spoilage due to its production of
volatile phenols from free hydroxycinnamic acid. Hydroxycinnamic acids are naturally
present in grapes and wine and are often present in the form of tartaric acid-
hydroxycinnamic acid esters which B. bruxellensis cannot utilize. The purpose of this study
was to investigate the ability of other wine microorganisms to hydrolyze tartaric acid
bound hydroxycinnamic acids and the impact this had on volatile phenol production by
Brettanomyces. Thirty five wine microorganisms including B. bruxellensis, Pediococcus, and
Oenococcus oeni isolates were screened for the ability to hydrolyze tartaric acid bound
hydroxycinnamic acids. Only one isolate, O. oeni strain VFO, was shown to be able to
hydrolyze bound hydroxycinnamic acids during growth in Pinot Noir wine. Hydrolysis
occurred during logarithmic growth and at a similar time to the decarboxylation of malic
acid during the malolactic fermentation (MLF). The hydrolysis of the tartaric acid bound
hydroxycinnamic acids caftaric, coutaric, and fetaric acid, resulted in an increase in their
free forms; caffeic, p-coumaric, and ferulic acid respectively. The impact of this increase in
free hydroxycinnamic acids on Brettanomyces volatile production was investigated by
inoculating B. bruxellensis UCD-2049 into Pinot noir wine after the completion of MLF
conducted by either 0. oeni VFO, Alpha or VP41. Growth was tracked by plating, free and
bound hydroxycinnamic acids were analyzed by HPLC, while 4-ethyphenol (4-EP) and 4-
ethylguiacol (4-EG) were assessed by GC-MS. During growth in the wine B. bruxellensis
metabolized p-coumaric acid but was unable to metabolize coutaric acid. Wine where VFO

had conducted MLF contained significantly higher amounts of p-coumaric and ferulic acid
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resulting in significantly higher production of 4-EP and 4-EG in these wines by B. bruxellensis.
In contrast, wines that underwent MLF with O. oeni Alpha or VP41 contained similar 4-EP

and 4-EG concentrations to the control.

Introduction

During winemaking, the growth of certain yeast can cause the spoilage of wine due to the
production of undesirable aromas and flavors. The yeast Brettanomyces bruxellensis is the
most important spoilage yeast as it: can survive in wine for long periods, requires minimal
nutrients for growth, can be difficult to control, and can be a cause of significant financial
loss (Loureiro and Malfeito-Ferreira 2005; Puig et al. 2011). B. bruxellensis can cause wine
spoilage through the production of many different volatile compounds with a diverse set of
sensory effects (Heresztyn 1986; A. Romano et al. 2008; Joseph et al. 2013). However,
Brettanomyces spoilage is generally attributed to the production of the ethylphenols 4-
ethyl phenol (4-EP), 4-ethyl guiacol (4-EG) and 4-ethylcatechol (4-EC) (Pascal Chatonnet
1992). B. bruxellensis produces these ethylphenols from the hydroxycinnamic acids (HCA)
coumaric acid, ferulic acid and caffeic acid. These are converted to 4-EP, 4-EG, and 4-EC
respectively, through a two-part enzymatic process (Pascal Chatonnet 1992). Firstly, the
hydroxycinnamic acid is converted to a vinylphenol by a hydroxycinnamic decarboxylase.

The vinylphenol is then converted to an ethylphenol by a vinylphenol reductase.

Ethylphenols have been described as having a “Band Aid”, “barnyard”, “horse sweat”, or
“medicinal” aromas while vinylphenols tend to be described as “clove-like”, and “spicy”
(Andrea Romano et al. 2009). Both vinylphenols and ethylphenols can exist in wine above

sensory threshold, though exact thresholds depend on wine and potential synergistic
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effects (Pascal Chatonnet et al. 1993). In addition, the sensory threshold for ethylphenols is
much lower than that of vinylphenols. Although a number of wine microorganisms, such as
some wine lactic acid bacteria (LAB) and Saccharomyces cerevisiae, have shown the ability
to decarboxylate hydroxycinnamic acid, forming vinylphenols (Couto et al. 2006; Pascal
Chatonnet et al. 1993; Cavin et al. 1993), only Brettanomyces are able to produce high
concentrations of ethylphenols during winemaking (P. Chatonnet, Dubourdieu, and

Boidron 1995; Cavin et al. 1993).

While growth of Brettanomyces in wine is the primary factor impacting the production of
ethylphenols in wine, the second factor to consider is the concentration of the precursor
compounds, the HCA, in the wine. HCA are a group of aromatic organic acids found in plants
and in grapes and are located in the vacuoles of the skin and pulp cells (Conde et al. 2007).
In grape juice and wine HCA can be present in a free or bound form with the bound form
being the predominate form in grape juice. The bound form of HCAs are ester bound to
tartaric acid, forming a hydroxycinnamic tartaric acid ester (bound HCAs). HCAs found in
grape juice include coumaric, ferulic, and caffeic acid and their respective bound forms are
coutaric, fetaric, and caftaric acid. The concentration of total HCAs, relative amounts of free
and bound HCAs, and the amount of specific HCA depend on multiple factors including:
cultivar, climate and enological practices (Ong and Nagel 1978; Nagel and Wulf 1979; Nagel

etal. 1979).

To date, B. bruxellensis has not demonstrated the ability to utilize the bound form of the
HCAs (Schopp et al. 2013). Because of this the bound hydroxycinnamic acids represent a

potential source of spoilage aroma precursors in wine. If other wine microorganisms can
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hydrolyze tartaric bound hydroxycinnamic acids then this may result in the release of free
HCAs and higher production of volatile phenols by Brettanomyces. Previous work shows
that enzymatic preparations isolated from Aspergillus niger are able to free bound HCAs
(Dugelay et al. 1993). Also some examples of increases in free HCAs following malolactic
fermentation (MLF) by commercial cultures and spontaneous MLF have been reported
(Hernandez et al. 2007; Burns and Osborne 2013). However, in the study by Hernandez et
al. (2006) the MLF occurred naturally (no inoculation) so the identity of the wine LAB
responsible was unknown. In addition, while Burns and Osborne noted that one 0. oeni strain
was able to hydrolyze bound HCAs, only a small number of O. oeni strains were used in the
study and the effect on volatile phenol production by Brettanomyces was not reported.
Therefore, the purpose of this work was to screen a large number of wine LAB and B.
bruxellensis strains for the ability to hydrolyze tartaric acid bound hydroxycinnamic acids

and investigate the impact this had on 4-ethylphenol production by B. bruxellensis.

Material and Methods

Microorganisms

Yeast and bacteria isolates were collected from a number of different sources (Table 2.1).
These included commercial companies (Chr. Hansen, Lallemend), University culture
collections (Oregon State University , Washington State University, University of California
Davis), private company’s culture collections (E & ] Gallo) and bacteria isolated previously

by our own lab (Strickland 2012).
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LAB isolates were initially streaked for isolation on MRS media (20 g/L Tryptone, 5 g/L
Peptone, 5 g/L Yeast Extract, 5 g/L Glucose, 1 mL/L 5% Tween solution, 20g/L Agar 200
mL/ L Apple Juice, pH 4.5) before single colonies were grown in MRS broth. After seven
days growth at 25°C the cultures were stored in glycerol at -80°C for future use as

described by Strickland (2012).

Brettanomyces bruxellensis isolates were streaked for isolation on YPD media (10 g/L Yeast
Extract, 20 g/L Peptone, 20 g/L dextrose, 20 g/L Agar, pH 6.5) before single colonies were
grown in YPD broth. After seven days growth at 25°C the cultures were stored in glycerol at

-80°C for future use as described by Strickland (2012).

Commercial O. oeni cultures came as freeze dried preparations. A loop-full of this
preparation was dissolved in 0.1% Peptone solution (1g/L Peptone) and streaked for
isolation on MRS media before a single colony was grown in MRS broth. After seven days
growth at 25°C the cultures were stored in glycerol at -80°C for future use as described by
Strickland (2012).

Table 2.1 Strains and sources of microorganisms screened for their ability to hydrolyze
tartaric acid bound hydroxycinnamic acids.

Strain Name Species Source

493 Brettanomyces bruxellensis ~ E]J Gallo Culture Collection (Modesto, CA, USA)
495 Brettanomyces bruxellensis ~ E]J Gallo Culture Collection

496 Brettanomyces bruxellensis ~ E]J Gallo Culture Collection

497 Brettanomyces bruxellensis ~ E]J Gallo Culture Collection

607 Brettanomyces bruxellensis ~ E]J Gallo Culture Collection

608 Brettanomyces bruxellensis ~ E]J Gallo Culture Collection



Table 2.1 (continued)

613 Brettanomyces bruxellensis
614 Brettanomyces bruxellensis
615 Brettanomyces bruxellensis
616 Brettanomyces bruxellensis
VFO Oenococcus oeni

Alpha Oenococcus oeni

VP41 Oenococcus oeni

CH35 Oenococcus oeni

CH16 Oenococcus oeni

Elios Oenococcus oeni

ow1l Pediococcus parvulus

ow2 Pediococcus damnosus
ows3 Pediococcus parvulus

ow4 Pediococcus parvulus

OW5 Pediococcus parvulus

owe6 Pediococcus parvulus

ow?7 Pediococcus parvulus

ows Pediococcus inopinatus
ow9 Pediococcus inopinatus
WW1 Pediococcus parvulus

WS9 Pediococcus parvulus
ATCC 43013 Pediococcus damnosus
CM12 Brettanomyces bruxellensis
SL15 Brettanomyces bruxellensis
UCD-2049 Brettanomyces bruxellensis
AWRI 1499 Brettanomyces bruxellensis
AWRI 1608 Brettanomyces bruxellensis

21

EJ Gallo Culture Collection
EJ Gallo Culture Collection
EJ Gallo Culture Collection
EJ Gallo Culture Collection

Chr. Hansen (Horsholm, Denmark)

Lallemand (Montreal, Canada)
Lallemand

Chr. Hansen

Chr. Hansen
Lallemand
Oregon Pinot Noir
Oregon Pinot Noir
Oregon Pinot Noir
Oregon Pinot Noir
Oregon Pinot Noir
Oregon Pinot Noir
Oregon Pinot Noir
Oregon Pinot Noir
Oregon Pinot Noir

Washington Syrah

Charles Edwards Collection- Washington State
University (Pullman, WA, USA)

ATTC collection (Manassas, VA, USA)

Alan Bakalinsky Collection- Oregon State
University (Corvallis, OR, USA)

Alan Bakalinsky Collection- Oregon State
University

University California Davis Culture Collection
(Davis, CA, USA)

Australian Wine Research Institute (Adelaide,
Austalia)

Australian Wine Research Institute
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Wine making

Pinot Noir wine was produced at the Oregon State University Research Winery from grapes
harvested from Woodhall Vineyard (Alpine, Oregon, USA) in 2011 and 2012. Harvest was
determined by soluble solid levels and perceived fruit ripeness by the managing team at
the vineyard. Grapes were stored at 4 °C for 48 hours and then hand sorted and
destemmed using a Velo DPC 40 destemmer/crusher (Altivole, Italy). Grapes were divided
into 100 L stainless steel tanks each containing approximately 60 L of must. 50 mg/L of
SOz (in the form of potassium metabisulfite) was added to each tank and the yeast nutrient
Fermaid K® (Lallemand, Montreal, Canada) was added to a concentration of 0.125 g/L.
Each tank was inoculated with the commercial strain of Saccharomyces cerevisiae RC-212
(Lallemand) at a rate of 0.25 g/L of must. Yeast was hydrated according to manufacturer’s
specification prior to inoculation. Fermentations were performed in a temperature-
controlled room held at 27°C. Cap management was done through punch downs twice a
day and temperature and °Brix were measured with an Anton-Paar DMA 35N Density
Meter (Graz, Austria). Fermentation continued until sugar levels fell below 0.2g/100mL

confirmed by Bayer Clinitest tablets (Morristown, New Jersey, USA).

Following fermentation, the wine was pressed using a Willmes model 6048 pneumatic
bladder press (Lorsch, Germany). Pressed wine was putin 100 L stainless steel tanks and
stored at 4 °C. Following settling for 72-hours wine was filtered through a plate and frame
filter fitted with Beco K-1 2.0 um nominal filter sheets (Langenlonsheim, Germany). Wine
was then homogenized and filtered through 1.0 um nylon cartridge and a 0.45 pm

polyethersulfone sterile filter (G.W. Kent, Ypsilanti, Michigan, USA) in succession. Filtered
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wine was dispensed into sterile carboys and stored at 4 °C for future use. Basic wine
parameters for the 2012 Pinot noir were 13.2% (v/v) ethanol, pH 3.53 and 0 .67 g/100 mL
tartaric acid equivalents of Titratable Acidity. Final 2011 Pinot Noir was 12.6% ethanol by

volume, pH 3.44 and 0.68 g/100 mL tartaric acid equivalents of Titratable Acidity.

Screening experiment

Strains of 0. oeni, Pedioccocus, and B. bruxellensis were screened for the ability to hydrolyze
hydroxycinnamic acid-tartaric acid esters. Microorganisms were inoculated into Acidic
Grape Juice Broth (250ml/L white grape juice, 5 g/L yeast extract. 0.125 g/L magnesium
sulfate, 0.0025 g/L manganese sulfate, 1 mL/L 5% Tween solution, pH 3.5) and incubated
at 25°C until stationary phase was reached. Cultures were centrifuged (15 min @ 4500
RPM) and washed with sterile phosphate buffer (27.8 g/L NaH2PO4 * H20, 28.38 g/L
NazHPO4, pH 7.0) prior to inoculation into 20 mL of 2012 Oregon Pinot Noir in test tubes at
a rate of approximately 106 CFU/mL in triplicate and incubated a 25°C. Growth was
confirmed through visual confirmation of pellet formation. In addition, decarboxylation of
malic acid by 0. oeni, and Pedioccocus isolates was followed by measuring malic acid using
an enzymatic test kit(R-Biopharm, Darmstadt, Germany). Upon completion of growth
and/or completion of malic acid decarboxylation, a 1 mL sample was taken and stored at -

80°C for later hydroxycinnamic acid analysis.

Time Course experiment

0. oeni strains VFO, VP41 and Alpha were taken as frozen glycerol cultures, inoculated into

Acidic Grape Juice Broth and incubated at 25°C until stationary phase was reached.
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Cultures were centrifuged (15 min @ 4500 ROM) and washed with sterile phosphate buffer
prior to inoculation into 500 ml of 2012 Pinot Noir in 500 mL Schott Bottles at a rate of
approximately 106 CFU/mL in triplicate. Growth was followed through plating on MRS
agar plates at the day of inoculation and semi-weekly throughout the study. A 1 mL sample
of wine was taken at each sample date and frozen at -80°C for hydroxycinnamic acid
analysis via HPLC. Wine was sampled until MLF was complete, confirmed via malic acid

loss measured by enzymatic kit (R-Biopharm).

Volatile phenol production by B. bruxellensis

0. oeni strains VFO, VP-41 and Alpha were prepared as outlined previously. Bacteria were
then inoculated into 500 ml of 2011 Pinot Noir in 500 mL Schott Bottles at a rate of
approximately 106 CFU/mL in triplicate along with an un-inoculated control. Samples were
incubated at 25°C until MLF was complete, as confirmed via enzymatic kit (R-Biopharm).
At this point the wines were inoculated with B. bruxellensis strain UCD-2049 at a rate of
approximatley104 CFU/mL. UCD-2049 was prepared from frozen cultures by inoculation
into Acidic Grape Juice Broth and incubation at 25°C until stationary phase was reached.
Cultures were centrifuged (15 min @ 4500 ROM) and washed with sterile phosphate buffer
prior to inoculation into samples. Growth of B. bruxellensis was followed through plating
on YPD media weekly, with concurrent samples taken and stored at -80°C for
hydroxycinnamic acid analysis by HPLC. Tracking of samples continued until full
conversion of p-coumaric acid by B. bruxellensis was observed. At this point a 50 mL sample
was taken and assessed for volatile phenol content. This was conducted as outlined by

(Jensen et al. 2009). Briefly, 4-EP and 4-EG were analyzed using a headspace-solid phase
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microextraction method with an 85 um polyacrylate fiber (Supelco, Bellefonte, PA). The
fiber was thermally desorbed at 280°C for 3 min by the injection port of a GC-MS/MS
(Varian model 4000, Walnut Creek, CA).Separation was achieved using a DB-5MS capillary
column (0.18 mm ID 20 m) with 0.18 mm film thickness obtained from J&W /Agilent
Technologies (Wilmington, DE). The carrier gas, helium, was held at a constant flow of 0.8
mL/min. The temperature program consisted of: 40°C held for 2.0 min, increased 20°C/min
to 160°C and held for 0.0 min, and then increased 50°C/min to 300°C and held for 0.2 min.
The volatile phenols were identified by retention times as well as fragmentation patterns

compared to chemical standards.

Hydroxycinnamic acid analysis

Reversed-phase high-performance liquid chromatography (HPLC) was performed using a
Hewlett-Packard/Agilent Series 1100 (Palo Alto, CA) equipped with HP ChemStation
software and photodiode-array detector (DAD). The HPLC was fitted with a LiChroSpher
reversed-phase C18 column (4 x 250 mm, 5 mm particle size) (Merck, Darmstadst,
Germany) held at 30°C. HPLC grade 98% formic acid and 99.8% methanol were obtained
from EMD Chemicals (Darmstadt, Ger- many) while caffeic acid, and trans-p- coumaric acid
were obtained from Sigma Aldrich (St. Louis, MO). Gradients of solvent A (water/formic
acid, 90:10, v/v) and solvent B (methanol) were applied as follows: 5 to 35% B linear (1.0
mL/min) from 0 to 15 min, static at 35% B (1.0 mL/min) from 15 to 20 min, 35 to 80% B
linear (1.0 mL/min) from 20 to 25 min, and 5% B (1.0 mL/min) from 25 to 32 min to re-
equilibrate the column to initial conditions. Prior to HPLC analysis, wine samples were

centrifuged using an Allegra X-22 instrument (Beckman Coulter, Brea, CA) at 12,000 rpm
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for 10 min. Wines were sampled in 20 pL aliquots and hydroxycinnamic acids were
detected by scanning from 190 to 700 nm. Identification and quantification of
hydroxycinnamic acids were performed at 320 nm based on caffeic and trans-p-coumaric

acid standard curves, with caftaric acid expressed as caffeic acid equivalents.

Statistics

Statistical analysis was performed using The R Project for Statistical Computing (Auckland,
New Zealand). Statistical significance was evaluated by Tukey’s honest significance

difference test for p>.05.

Results

Twenty-nine of wine microorganisms were screened for their ability to hydrolyze tartaric
acid bound hydroxycinnamic acid esters. Of the thirteen B. bruxellensis strains, six O. oeni
strains, and twelve Pediococcus isolates screened only the O. oeni strain VFO significantly
decreased the concentration of tartaric ester bound HCAs caftaric acid and coutaric acid
(Table 2.2). O. oeni VFO was also the only microorganism that caused an increase in the
corresponding free HCAs, caffeic acid and coumaric acid during growth in wine (Table 2.2).
Ferulic acid concentrations also increased in wines where 0. oeni VFO grew although the
corresponding bound form of this HCA, fetaric acid, was unable to be measured by this

method due to interference at dilution time.

A time course study was performed to determine when during growth in wine 0. oeni VFO

hydrolyze bound HCAs. After an initial drop in population following inoculation into wine,
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0. oeni VFO grew well reaching a maximum population of over 1 x 107 CFU/mL (Figure 2.1).
During the logarithmic portion of this growth (days 15-30) malic acid was decarboxylated
and coutaric acid was hydrolyzed(Figure 2.1). Malic acid decarboxylation was complete a
few days prior to the full hydrolysis of coutaric acid. As coutaric acid concentration
decreased a corresponding increase in coumaric acid was observed (Figure 2.1). In
contrast, when Pinot noir wine was inoculated with O. oeni Alpha there was no decrease in
coutaric acid or an increase in coumaric acid even though Alpha grew well and fully
decarboxylated the malic acid present in the wine (Figure 2.2).

Table 2.2 Ability of various wine microorganisms to hydrolyze tartaric ester bound

hydroxycinnamic acids and increase free hydroxycinnamic acids
Degradation of: Increase in:

Microorganis Strain Caftaric Coutaric Caffeic  Coumaric Ferulic
ms

B. 493 - - - - -

bruxellensis
495 - - - - -
496 - - - - -
497 - - - - -
607 - - - - -
608 - - - - -
613 - - - - -
614 - - - - -
615 - - - - -
616 - - - - -
CM12 - - - - -
SL15 - - - - -
UCD- - - - - -
2049
AWRI - - - - -
1499
AWRI - - - - -
1608

0. oeni VFO + + + + +
VP41 - - - - -
VP31 - - - - -



Alpha - - - - -
Beta - - - - -
Elios - - - - -
P. parvulus ow1 - - - - -
Oows3 - - - - .
ow4 - - - - -
OW5 - - - - .
owe6 - - - - .
ow7 - - - - .
Wwi1 - - - - .
WS9 - - - - .
P. inopinatus  OW8 - - - - -
Oowo - - - - .
P. damnosus ow?2 - - - - .
ATCC - - - - .
43013
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Figure 2.1 Concentration of coumaric acid (4), coutaric acid (M), and malic acid (.)
during growth (A) of 0. oeni VFO in Pinot noir wine.
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Figure 2.2 Concentration of coumaric acid (4), coutaric acid (M), and malic acid (.)
during growth (A) of O. oeni Alpha in Pinot noir wine.

The impact of O. oeni on volatile phenol production by B. bruxellensis was investigated by
inoculating B. bruxellensis UCD-2049 into Pinot noir wine where MLF had been conducted
by either O. oeni VFO, Alpha, or VP41. At the completion of MLF and prior to inoculation of
B. bruxellensis wines were assessed for HCA content (Table 2.3). Wine that underwent MLF
with 0. oeni strain VFO had significantly lower concentrations of caftaric acid and coutaric
acid and higher concentrations of caffeic acid and coumaric acid compared to the control
which did not undergo MLF and wines that underwent MLF with either Alpha or VP41
(Table 2.3). For example, at the end of MLF with 0. oeni VFO the wine contained 5 mg/L of
p-coumaric acid while the other wines contained between .4 and 1.3 mg/L. When B.
bruxellensis UCD-2049 was inoculated into these wines it grew well in all treatments
including an uninoculated control that did not undergo MLF (Figure 1.3). After 40 days of

growth the wines were assessed for 4-EP and 4-EG content. In wine that had undergone
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MLF with 0. oeni VFO there was significantly higher amounts of both 4-EP and 4-EG (Table
2.3). For example, the control wine contained 0.26 g/L 4-EP while the VFO inoculated wine
contained 1.58 g/L. There was no significant difference between the 4-EP and 4-EG content
of any of the other wines (Table 2.3).

Table 2.3 Concentration (mg/L) of free and bound hydroxycinnamic acids after completion

of MLF (Initial) and concentration (mg/L) of free and bound hydroxycinnamic acids and 4-
ethyphenol and 4-ethyguiacol after 40 days growth of B. bruxellensis UCD-2049 (Final)

Initial Final
Caftaric  Caffeic  Coutaric  Coumaric Caftaric ~ Caffeic = Coutaric Coumaric 4-EP 4-EG
Control 29.52 252 9.2a 1.32 27.82 192 8.92 0.0 .262 .08
VFO 11.1b  18.4b 3.7b 5.0b 5.3b 15.2b  1.7b 1.9b 1.58b .27b
Alpha 31.62 332 10.02 0.8 30.12 292 9.62 0.1 .18 .07
VP-41 3132 282 909a 0.4 29.52 272 9.62 0.1 222 .08

abValues sharing the same letter within a column are not significantly different at p < 0.05, n=3

1.E+00 T T T T T T T 1
0 5 10 15 20 25 30 35 40
Time (days)

Figure 2.3 Growth of B. bruxellensis UCD-2049 in Pinot noir wine that underwent MLF with
0. oeni strains VFO (M), Alpha (@), and VP-41 (A) and an un-inoculated control (@),
during incubation, following inoculation with B. bruxellensis.
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Discussion

Brettanomyces can cause wine spoilage through the conversion of hydroxycinnamic acids
to volatile phenols (Pascal Chatonnet 1992). However, a large portion of the HCAs in a wine
may be inaccessible to Brettanomyces due to its inability to hydrolyze tartaric ester bound
HCAs as demonstrated in the current study as well as (Schopp et al. 2013). Therefore, the
identification of an 0. oeni strain capable of hydrolyzing tartaric ester bound HCAs is
significant as additional substrate for Brettanomyces production of volatile phenols. While
other works have reported an increase in free HCAs post MLF specific strains of 0. oeni
were not identified due to the MLF being conducted spontaneously (Hernandez et al. 2007)
or with a mixed culture of wine LAB (Cabrita et al. 2008). In the current study a commonly
used commercial strain, 0. oeni VFO, was identified as being capable of hydrolyzing tartaric

ester bound HCAs resulting in a significant increase in free HCAs in the wine.

The increased free HCAs content in wines that underwent MLF with 0. oeni VFO resulted in
a large increase in the production of 4-EP and 4-EG by B. bruxellensis. Because of the
relatively low amount of free HCAs in the original wines a relatively low amount of volatile
phenols were produced in the control wine and wines where MLF was conducted by O. oeni
Alpha or VP41. In fact, the concentrations of volatile phenols in these wines were at or
below the reported sensory threshold of 4-EP and 4-EG in Pinot noir. For example,
Chattonet et al. (1990) reports sensory threshold for 4-EP and 4-EG in Pinot noir wine at
0.23 mg/L and 0.047 mg/L respectively. Chattonet et al. (1992) also reported a combined
detection threshold of 0.426 mg/L when at a ratio of 10:1 4-EP:4-EG. However trained

judges have been shown to not be able to identify “Brett characters” until past combined
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ethylphenol concentrations of 0.668 mg/L (Goode 2005). The concentration of 4-
ethylphenol and 4-ethylguaicol found in wines that did not undergo malolactic
fermentation, or underwent malolactic fermentation with strains of 0. oeni unable to
hydrolyze tartaric acid-hydroxycinnamic acid esters was around sensory threshold, and
below the level identifiable by judges (Table 2.3). In contrast, B. bruxellensis UCD-2049
produced volatile phenol levels more than five time higher, and surpassed the average for
highly tainted wine (Andrea Romano et al. 2009). This would likely have a significant

negative impact the sensory quality of the wine.

The significance of tartaric ester bound HCAs hydrolysis on wine spoilage may depend on
the levels of free HCAs present in the wine before MLF. The 2011 Oregon Pinot Noir used
in this study had only 1.3 mg/L of coumaric acid while the 2012 Oregon Pinot Noir
contained only 0.6 mg/L of coumaric acid. These levels are low compared to other
reported values for Pinot Noir from the Pacific Northwest which are closer to 2.4 mg/L on
average (Goldberg et al. 1998). However the same paper noted significant differences
between Pinot noir wines based on geographical origin. Some cultivars contained p-
coumaric acid concentrations in excess of that measured in the 2011 Oregon Pinot Noir
even after complete hydrolysis of coutaric acid by 0. oeni VFO. As such, wine from some
cultivars and regions would likely produce levels of ethylphenols significant beyond
sensory thresholds if spoiled by B. bruxellensis regardless of whether or not the tartaric

ester bound HCAs were hydrolyzed during MLF.

The initiation of hydroxycinnamic acid-tartaric acid hydrolysis by O. oeni strain VFO

coincided with malic acid decarboxylation, but was completed after malic acid was
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depleted. This can be observed not only during the time course study, but also indicated
during the ethylphenol production study. The levels of caftaric acid and coutaric acid
decreased significantly in samples that underwent MLF with O. oeni strain VFO from after
completion of MLF and after growth of B. bruxellensis. This means that it would be very
difficult to prevent the hydrolysis of bound HCAs from occurring even if you were closely
monitoring malic acid decarboxylation and adding SO to kill 0. oeni immediately after
depletion of malic acid. A winemaker’s only option to prevent hydrolysis of bound HCAs
therefore is to use a strain of 0. oeni to conduct the MLF that cannot hydrolyze bound HCAs
such as those identified in this study. In addition, performing spontaneous MLFs may also
increase the risk of wine spoilage by Brettanomyces as you do not know the identity of the
wine LAB that is conducting the MLF and you do not know whether or not it can hydrolyze

bound HCAs.

The current study screened a number of Brettanomyces , Pediococcus, and Oenococcus
strains for their ability to hydrolyze bound HCAs. A larger number of organisms should be
evaluated in the future to help determine how widespread and/or common this trait is in
wine microorganisms. For example, no Lactobacillus species were evaluated in this study.
Interestingly, Guglielmetti et al. (2008) reported that some Lactobaccilus sp. have the
ability to hydrolyze quinic acid-hydroxycinnamic acid ester so the potential for the ability
to hydrolyze tartaric acid hydroxycinnamic acid esters should be explored. In addition, a
larger number of Brettanomyces should be evaluated as these yeast are known to have
large genetic and physiological diversity for other traits (Conterno et al. 2006). The

selection of Brettanomyvces strains AWRI 1499 and 1608 was of particular interest
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because they demonstrated hydrolysis of hydroxycinnamic acid ethyl esters in previous
work (Hixson et al. 2012). Finally, identification of the genes encoding the O. oeni tartaric
acid-hydroxycinnamic acid esterase would allow for more efficient screening of wine
microorganisms. This would assist in both the selection of strains for use as commercial
cultures, and also for characterization of resident strains in wineries that perform

spontaneous MLF.

Conclusion

Of the thirty five strains of wine microorganisms tested only one, the commercial strain O.
oeni VFO, hydrolyzed tartaric acid bound hydroxycinnamic acids in wine. The hydrolysis
initiated approximately at the same time as malic acid decarboxylation during MLF, but
finished several days after completion of MLF. The decrease in bound hydroxycinnamic
acids was mirrored by an increase of free hydroxycinnamic acids. This increase in free
hydroxycinnamic acids continued following conversion to ethylphenols by B. bruxellensis.
4-EP and 4-EG were seven and three times higher respectively following growth of B.
bruxellensis in wine where VFO had conducted the MLF. While wineries must continue to
use sound winemaking practices to prevent the growth of Brettanomyces in their wines, this
research has shown that minimizing the amount of free coumaric and ferulic acid present in
wine will also reduce the risk of wine spoilage. The use of an 0.oeni strain that cannot

hydrolyze bound coumaric and ferulic acid is a simple practical strategy to achieve this.



35

Inhibition of Brettanomyces bruxellensis Growth by Oenococcus oeni in
Media and Oregon Pinot Noir

Stuart C. Chescheir, James P. Osborne



36

Abstract

This study investigated interactions between the wine spoilage yeast Brettanomyces
bruxellensis and wine lactic acid bacteria (LAB) and the impact on Brettanomyces growth
and volatile phenol production. Studies in acidic grape juice (AGJ) broth (pH 3.50, 5%
ethanol) demonstrated that growth of 0. oeni could inhibit Brettanomyces growth in a
strain dependent manner. Production of 4-ethylphenol (4-EP) was also delayed and
reduced in a strain dependent manner. For example, in the control a maximum of 19 mg/L
4-EP was produced by B. bruxellensis UCD-2049 while during growth in media where VP41
had previously grown only 7.9 mg/L 4-EP was produced. When B. bruxellensis was
inoculated into Pinot noir wine where malolactic fermentation (MLF) had been performed
by 0. oeni VFO populations quickly decreased below detectable levels and did not recover
during the course of the experiment (50 days). In contrast, when B. bruxellensis UCD-2049
was inoculated into Pinot noir wine where Pediococcus damnosus OW2 had previously
grown populations did not decrease and growth occurred in a similar manner to the
control. The reason for this decrease in population was further explored by inoculating B.
bruxellensis into AGJ broth (pH 3.50) where there had been previous growth of 0. oeni
Alpha or VP41. In half the treatments the O. oeni were removed by sterile filtration prior to
Brettanomyces inoculation. Although there was delayed growth of B. bruxellensis in media
where 0. oeni had previously grown there was no significant difference between growth in
sterile filtered and non-sterile filtered treatments. The relief of inhibition by sterile
filtration suggests that neither nutrient depletion nor the production of an extracellular
inhibitory compound by O. oeni were the causes of Brettanomyces inhibition as sterile

filtration would not have impacted these. Additional research is required to determine the
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mechanism by which O. oeni inhibits B. bruxellensis as the use of O. oeni strains that have
this inhibitory effect would be useful in reducing the risk of Brettanomyces spoilage of

wine.

Introduction

B. bruxellensis is the most important wine spoilage microbe encountered during
winemaking and causes significant financial losses annually (Loureiro and Malfeito-
Ferreira 2005; Puig et al. 2011). Spoilage by B. bruxellensis is usually caused by production
of ethylphenols that smell medicinal (4-ethylphenol) or smokey/clovey (4-ethylguiacol).
Brettanomyces growth typically occurs following alcoholic fermentation (Suarez et al.
2007) and during the storage of the wine in barrels. Winemakers typically try and prevent
the infection of Brettanomyces in their wine through robust cleaning and sanitation
programs and yet Brettanomyces spoilage of wine still frequently occurs (Puig et al. 2011).
If Brettanomyces infects a wine one of the winemakers only tools to prevent growth of this
yeast is the antimicrobial sulfur dioxide (SO2). However, controlling the growth of B.
bruxellensis with SOz can also be challenging as there is a wide range of strain sensitivity to
SOz with some strains of Brettanomyces demonstrating resistance to this antimicrobial
agent (Zuehlke, Petrova, and Edwards 2013). Therefore, additional means to prevent or

minimize the growth of Brettanomyces in wine are required.

An additional approach to the control of Brettanomyces growth in wine is to explore and
exploit possible inhibitory relationships between microorganisms present during the
winemaking process. Many different species of microorganisms may be present

simultaneously during winemaking and their interactions are not always neutral. For
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example, a number of studies have shown that the fermentative yeast Saccharomyces
cerevisiae can be inhibitory to growth of the malolactic bacteria Oenococcus oeni (Beelman
et al. 1982; Cannon and Pilone 1993; Henick-Kling and Park 1994; Osborne and Edwards
2007; Osborne and Edwards 2006) The antagonism of 0. oeni by yeast is thought to be due
to the production of toxic metabolites during the alcoholic fermentation) or through the
depletion of nutrients essential for the growth of the bacteria. Huang et al. (1996) also
reported that rapid growth of certain Lactobacillus species early during the alcoholic
fermentation could result in inhibition of S. cerevisiae due to the production of large

amounts of acetic acid by the bacteria.

Despite this evidence that interactions between wine microorganisms can be inhibitory in
nature, little is known about the interactions between B. bruxellensis and other wine
microorganisms. B. bruxellensis is reported to be a poor competitor compared to S.
cerevisiae, demonstrated by a study performed by Renouf et al. (2006). Renouf reported
that when both of these yeast were inoculated into a grape juice S. cerevisiae dominated the
fermentation while B. bruxellensis growth occurred mainly after the completion of the
alcoholic fermentation when S. cerevisiae populations were in decline. One of the few
reports regarding interactions between Brettanomyces and O. oeni, (Gerbaux et al. 2009)
noted that Brettanomyces produced significantly lower amounts of volatile phenols in wines
that had undergone MLF. However, little information regarding populations of O. oeni or
Brettanomyces was provided making it difficult to conclude what the cause of the reduced
volatile phenols was. Recent work in our laboratory has shown that growth of 0. oeni may

have an inhibitory effect on B. bruxellensis (Strickland 2012). However, this work was
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preliminary in its nature and requires additional research to confirm whether the growth
of 0. oeni can cause inhibition of B. bruxellensis and by what mechanism. Therefore, the
purpose of this study was to investigate the impact of 0. oeni on B. bruxellensis growth and

volatile phenol production.

Material and Methods

Microorganisms

Brettanomyces bruxellensis strain UCD-2049 was sourced from the UC Davis culture
collection. UCD-2049 was streaked for isolation onto YPD media (10 g/L Yeast Extract, 20
g/L Peptone, 20 g/L dextrose, 20 g/L Agar, pH 6.5) then grown in YPD broth at 25°C until
stationary phase was reached. Aliquots were then stored in glycerol at -80°C for future use

as described by Strickland (2012).

The strains of Oenococcus oeni used for the study were Viniflora Oenos (VFO) (Chr. Hansen,
Hgrsholm, Denmark), CH35 (Chr. Hansen), VP41 (Lallemand, Montreal, Canada) Elios
(Lallemand) and Enoferm® Alpha (Lallemand). After rehydration in sterile peptone
solution (0.1%) the cultures were streaked for isolation onto MRS media (20 g/L Tryptone,
5 g/L Peptone, 5 g/L Yeast Extract, 5 g/L Glucose, 1 mL/L 5% Tween solution, 20g/L Agar
200 mL/ L Apple Juice, pH 4.5) then grown in MRS broth at 25°C until stationary phase was
reached. Aliquots were then stored in glycerol at -80°C for future use as described by
Strickland (2012). Pediococcus damnosus OW-2 was initially isolated from Oregon Pinot

noir wine as outlined by Strickland (2012) and stored at -80°C.
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When needed, 0. oeni and B. bruxellensis cultures taken from frozen glycerol samples were
inoculated into Acidic Grape Juice (AGJ) broth (250ml/L Grape Juice, 5 g/L Yeast Extract.
.125 g/L Magnesium Sulfate, .0025 g/L Manganese Sulfater, 1 mL/L 5% Tween solution, pH
3.5) and incubated at 25°C until stationary phase was reached. Cultures were centrifuged
(15 min @ 4500 RPM) and washed with sterile phosphate buffer (27.8 g/L NaH2P04 * H>0,

28.38 g/L NazHPO4, pH 7.0) prior to inoculation.

Winemaking

Pinot Noir wine was produced at the Oregon State University Research Winery from grapes
harvested from Woodhall Vineyard (Alpine, Oregon, USA) in 2011 and 2012. Harvest was
determined by soluble solid levels and perceived fruit ripeness by the managing team at
the vineyard. Grapes were stored at 4 °C for 48 hours and then hand sorted and
destemmed using a Velo DPC 40 destemmer/crusher (Altivole, Italy). Grapes were divided
into 100 L stainless steel tanks containing approximately 60 L of must each. 50 mg/L of
SO2 (in the form of potassium metabisulfite) was added to each tank and the yeast nutrient
Fermaid K® (Lallemand, Montreal, Canada) was added to a concentration of 0.125 g/L.
Each tank was inoculated with the commercial strain of Saccharomyces cerevisiae RC-212
(Lallemand) at a rate of 0.25 g/L of must. Yeast was hydrated according to manufacturer’s
specification prior to inoculation. Fermentations were performed in a temperature-
controlled room held at 27°C. Cap management was done through punch downs twice a
day and temperature and °Brix were measured with an Anton-Paar DMA 35N Density
Meter (Graz, Austria). Fermentation continued until sugar levels fell below 0.2g/100mL

confirmed by Bayer Clinitest tablets (Morristown, New Jersey, USA).
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Following fermentation the wine was pressed using a Willmes model 6048 pneumatic
bladder press (Lorsch, Germany). Pressed wine was putin 100 L stainless steel tanks and
stored at 4°C. Following settling for 72-hours wine was filtered through a plate and frame
filter fitted with Beco K-1 2.0 um nominal filter sheets (Langenlonsheim, Germany). Wine
was then homogenized and filtered through 1.0 um nylon cartridge and a 0.45 um
polyethersulfone sterile filter (G.W. Kent, Ypsilanti, Michigan, USA) in succession. Filtered
wine was dispensed into sterile carboys and stored at 4 °C for future use. Basic wine
parameters for the 2012 Pinot Noir wine was 13.2% ethanol by volume, pH 3.53 and had
0.67 g/100 mL tartaric acid equivalents of Titratable Acidity. Final 2011 Pinot Noir was
12.6% ethanol by volume, pH 3.44 and 0.68 g/100 mL tartaric acid equivalents of

Titratable Acidity.

Media growth studies

The impact of O. oeni on the growth and volatile phenol production of Brettanomyces was
initially studied in a media system at wine pH. 0. oeni strains VFO, CH35, Elios, VP41, and
Alpha were prepared from frozen samples as previously described. These strains were
inoculated at approximately 1 x10® CFU/mL into 100 mL of AGJ] broth (pH 3.50) containing
30 mg/L p-coumaric acid and 5% (v/v) ethanol. All treatments, including a non-inoculated
control, were prepared in triplicate. Initial populations were checked by plating on MRS
plates and all treatments were incubated at 25°C until stationary phase was observed. At
this point B. bruxellensis UCD-2049 was inoculated into all treatments at approximately 1
x103 CFU/mL. B. bruxellensis UCD-2049 was prepared from a frozen sample as previously

described. Initial B. bruxellensis populations were checked by plating on YPD plates while
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ongoing growth of B. bruxellensis was followed through plating on YPD plates every 48
hours. One mL samples were also taken and stored at -80°C for later analysis of

hydroxycinnamic acids and 4-ethylphenol.

In a second experiment, the impact of the presence of O. oeni cells on Brettanomyces growth
and volatile phenol production was assessed by removal of 0. oeni cells by sterile filtration
prior to inoculation by B. bruxellensis. O. oeni cultures VFO, VP41, and Alpha were prepared
as previously described and inoculated at approximately 1 x106 CFU/mL into 100 mL of
AG]J broth (pH 3.50) containing 30 mg/L p-coumaric acid. A non-inoculated control was
also prepared. All treatments were incubated at 25°C. The inoculation scheme is outlined in
Figure 3.1. Initial O. oeni populations were checked by plating on MRS plates (20 g/L
Tryptone, 5 g/L Peptone, 5 g/L Yeast Extract, 5 g/L Glucose, 1 mL/L 5% Tween solution,
20g/L Agar 200 mL/ L Apple Juice, pH 4.5) and populations were checked after stationary
phase was observed. At this point half of the treatments were sterile filtered (0.45 um PES
filter) to remove O. oeni cells. B. bruxellensis UCD-2049 was prepared as previously
described and inoculated at approximately 1 x103 CFU/mL into all treatments. Initial B.
bruxellensis populations were checked by plating on YPD plates while ongoing growth of B.
bruxellensis was followed through plating on YPD plates every 48 hours. One mL samples

were also taken and stored at -80°C for later analysis of p-coumaric acid and 4-ethylphenol.
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Inoculated with 102 CFU/mL Brettanomyces bruxellensis and incubated at
25°C until depletion of coumaric acid, confirmed by HPLC

Figure 3.1 Experimental design for sterile filtration study in Acidic Grape Juice Broth

Pinot noir wine growth studies

An initial experiment to investigate the impact of O. oeni on B. bruxellensis growth in wine
was undertaken where 0. oeni VFO or P. damnosus OW?2 were inoculated into a 2011 Pinot
noir prepared as previously described. VFO and OW2 were prepared from frozen cultures
and inoculated into the wine at approximately 1 x 106 CFU/mL. All treatments were
prepared in triplicate. Initial populations were checked by plating on MRS plates. The
malolactic fermentation was monitored by measuring malic acid using an enzymatic kit (R-
Biopharm, Darmstadt, Germany). At the completion of the MLF B. bruxellensis UCD-2049

was inoculated into all treatments at approximately 1 x103 CFU/mL. B. bruxellensis UCD-
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2049 was prepared from a frozen sample as previously described. Initial B. bruxellensis
populations were checked by plating on YPD plates while ongoing growth of B. bruxellensis

was followed through plating on YPD plates every 48 hours.

A second set of experiments were prepared to investigate the effect of removal of O. oeni
cultures by sterile filtration prior to B. bruxellensis inoculation in wine. 0. oeni cultures VFO,
VP41, and Alpha were prepared as previously described and inoculated at approximately 1
x106 CFU/mL into 500 mL of 2012 Pinot noir wine (prepared as previously described). A
non-inoculated control was also prepared and all treatments were prepared in triplicate.
The inoculation scheme is outlined in Figure 3.2. Initial populations were checked by
plating on MRS plates while the malolactic fermentation was monitored by measuring
malic acid using an enzymatic kit (R-Biopharm, Darmstadt, Germany). All treatments were
incubated at 25°C until MLF was completed. At this point half of the treatments were sterile
filtered (0.45 um PES filter) to remove O. oeni cells. B. bruxellensis UCD-2049 was prepared
as previously described and inoculated at approximately 1 x103 CFU/mL into all
treatments. Initial B. bruxellensis populations were checked by plating on YPD plates while
ongoing growth of B. bruxellensis was followed through plating on YPD plates every 48
hours. One mL samples were also taken and stored at -80°C for later analysis of

hydroxycinnamic acids.
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Hydroxycinnamic acid and 4-ethyphenol analysis

Reversed-phase high-performance liquid chromatography (HPLC) was performed using a

Hewlett-Packard/Agilent Series 1100 (Palo Alto, CA) equipped with HP ChemStation

software and photodiode-array detector (DAD). The HPLC was fitted with a LiChroSpher

reversed-phase C18 column (4 x 250 mm, 5 mm particle size) (Merck, Darmstadyt,

Germany) held at 30°C. HPLC grade 98% formic acid and 99.8% methanol were obtained

from EMD Chemicals (Darmstadt, Ger- many) while caffeic acid, and trans-p- coumaric acid

were obtained from Sigma Aldrich (St. Louis, MO). Gradients of solvent A (water/formic

acid, 90:10, v/v) and solvent B (methanol) were applied as follows: 5 to 35% B linear (1.0
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mL/min) from 0 to 15 min, static at 35% B (1.0 mL/min) from 15 to 20 min, 35 to 80% B
linear (1.0 mL/min) from 20 to 25 min, and 5% B (1.0 mL/min) from 25 to 32 min to re-
equilibrate the column to initial conditions. Prior to HPLC analysis, wine samples were
centrifuged using an Allegra X-22 instrument (Beckman Coulter, Brea, CA) at 12,000 rpm
for 10 min. Wines were sampled in 20 pL aliquots and hydroxycinnamic acids and 4-
ethyphenol were detected by scanning from 190 to 700 nm. Identification and
quantification of hydroxycinnamic acids were performed at 320 nm based on caffeic and
trans-p-coumaric acid standard curves, with hydroxycinnamic acid tartaric acid esters
expressed as their respective free hydroxycinnamic acid equivalents. Identification and
quantification of 4-ethyphenol was performed at 280 nm based on 4-ethylphenol standard

curves.

Results

The impact of O. oeni growth on B. bruxellensis growth and 4-EP production was initially
investigated in acidic grape juice broth containing 5% ethanol and p-coumaric acid. After
inoculation into media where O. oeni had previously grown there was a drop in population
of B.bruxellensis, a lengthened lag phase and a lower maximum population compared to the
control (Figure 3.1). The drop in population was less so in media where O. oeni Alpha had
grown (Figure 3.1). This reduction in growth correlated with delayed decrease of p-
coumaric acid where depletion occurred only in the control and in media where O. oeni
Alpha had grown (Figure 3.2). Delayed and reduced production of 4-EP by B. bruxellensis
was also noted (Figure 3.3) with the final amount of 4-EP being produced differing

depending on which strain of 0. oeni had grown in the media. For example, in the control a
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maximum of 19 mg/L 4-EP was produced by B. bruxellensis while during growth in media

where VP41 had previously grown only 7.9 mg/L 4-EP was produced (Figure 3.3).

B. bruxellensis was inoculated into Pinot noir wine where O. oeni VFO or P. damnosus OW-2
had previously grown. Compared to the control there was a small delay in entering
logarithmic growth for B. bruxellensis when inoculated into wine where there had been
previous growth of P. damnosus OW-2 (Figure 3.4). However, a similar max population was
eventually reached. In contrast, B. bruxellensis populations fell below detectable levels after
the initial sampling point, and were not detectable at any point throughout the study
(Figure 3.4).
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Figure 3.3 Growth of B. bruxellensis UCD-2049 in AGJ broth containing 5% ethanol and 30
mg/L p-coumaric acid after prior growth of 0. oeni Alpha (), CH35 (¢), Elios (m), VFO

(O) and VP41 (A) and a control with no prior growth of 0. oeni (A).
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Figure 3.4 Concentration of p-coumaric acid during growth of B. bruxellensis UCD-2049 in
AG] broth containing 5% ethanol and 30 mg/L p-coumaric acid after prior growth of O. oeni
Alpha (@), CH35 (¢), Elios (W), VFO (O) and VP41 (A) and a control with no prior growth

of 0. oeni (A).
25

mg/L

0 2 4 6 8 10 12 14 16 18 20
Time (Days)
Figure 3.5 Concentration of 4-ethylphenol during growth of B. bruxellensis UCD-2049 in
AG] broth containing 5% ethanol and 30 mg/L p-coumaric acid after prior growth of O. oeni
Alpha (#), CH35 (9), Elios (m), VFO (O) and VP41 (A) and a control with no prior growth
of 0. oeni (A).
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Figure 3.6 Population of B. bruxellensis UCD-2049 after inoculation into a Pinot noir wine
where there had been previous growth of 0. oeni VFO (4) or P. damnosus OW2(¢) or
where there had been no previous growth of bacteria (m).
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Figure 3.7 Growth of B. bruxellensis UCD-2049 in AGJ broth containing 30 mg/L p-
coumaric acid after prior growth of 0. oeni strains VP41 (), Alpha (@) or an un-inoculated
control (@). Corresponding open symbols indicate growth in broth where sterile filtration
occurred to remove the 0. oeni cells prior to inoculation with B. bruxellensis.
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Growth of B. bruxellensis UCD-2049 was monitored after inoculation into AGJ broth where
either 0. oeni VP41 or Alpha had previously grown. In addition, growth was assessed in
media where the O. oeni had been removed by sterile filtration prior to inoculation with B.
bruxellensis. In all treatments B. bruxellensis grew well although there was a delay in
growth (increased lag phase) in media where O. oeni had previously grown (Figure 3.5).
There was no significant difference in growth between sterile filtered and non-sterile

filtered treatments, or between different strains of O. oeni (Figure 3.5)

Depletion of p-coumaric acid (Figure 3.6) and production of 4-EP (Figure 3.7) occurred
significantly sooner in treatments where there had been no previous growth of 0. oeni. The
depletion of p-coumaric acid (Figure 3.6) and production of 4-EP production (Figure 3.7)
by B. bruxellensis began earlier in the sterile filtered treatments. There was a significant
difference between sterile filtered treatments and their respective non-sterile filtered
treatments for the inoculated treatments in both p-coumaric acid and 4-EP levels on day 15
(p <0.05).

When the study was repeated in Pinot noir the impact of the sterile filtration treatment was
more pronounced. In all treatments there was a rapid decrease in B. bruxellesis populations
soon after inoculation (Figure 3.8, 3.9, 3.10). However, in the control and in wines which
were sterile filtered prior to B. bruxellensis inoculation occurred, growth was detected
again after a lengthy lag phase. In wine where VP41 had been grown B. bruxellesis growth
occurred approx. 15 days after inoculation reaching a max. population of almost 1 x 106

CFU/mL. For Alpha this growth occurred after 21 days and for wine where VFO had
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previously grown this growth was detected 42 days after B. bruxellesis inoculation (Figure
3.8, 3.9, 3.10). In contrast, in wine where 0. oeni Alpha or VFO had grown but were not
removed by sterile filtration B. bruxellensis populations remained below detectable levels
throughout the course of the experiment (Figure 3.8, 3.9, 3.10). For wines where VP41 had
grown but were not removed by sterile filtration, B. bruxellensis growth was only detected

55 days after inoculation (Figure 3.8).
30

25

0 5 10 15 20 25 30
Time (days)
Figure 3.8 Concentration of p-coumaric acid in AGJ broth during growth of B. bruxellensis
UCD-2049 after prior growth of O. oeni strains VP41 (H) or Alpha (@) or an un-inoculated
control (@). Corresponding open symbols indicate growth in broth where sterile filtration
occurred to remove the O. oeni cells prior to inoculation with B. bruxellensis.
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Figure 3.9 Concentration of 4-ethyphenol in AG] broth during growth of B. bruxellensis
UCD-2049 after prior growth of O. oeni strains VP41 (®) or Alpha (@) or an un-inoculated
control (@). Corresponding open symbols indicate growth in broth where sterile filtration
occurred to remove the 0. oeni cells prior to inoculation with B. bruxellensis.
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Figure 3.10 Growth of B. bruxellensis UCD-2049 after inoculation into Pinot noir wine
where MLF was previously conducted by 0. oeni VP41 followed by sterile filtration (¢ ) or
no sterile filtration (4) or a control (M) where there was no prior growth of 0. oeni VP41.
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Figure 3.11 Growth of B. bruxellensis UCD-2049 after inoculation into Pinot noir wine
where MLF was previously conducted by O. oeni Alpha followed by sterile filtration (¢ ) or
no sterile filtration (4) or a control (M) where there was no prior growth of 0. oeni Alpha.
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Figure 3.12 Growth of B. bruxellensis UCD-2049 after inoculation into Pinot noir wine
where MLF was previously conducted by 0. oeni VFO followed by sterile filtration (¢ ) or no
sterile filtration (@) or a control (M) where there was no prior growth of 0. oeni VFO.
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Discussion

Interactions between O. oeni and B. bruxellensis have not been extensively studied despite
evidence that O. oeni has the potential to impact B. bruxellensis growth and production of
volatile phenols by changing the concentrations of hydroxycinnamic acids in wine (Burns
and Osborne 2013; Cabrita et al. 2008; Hernandez et al. 2007; Gerbaux, Vincent, and
Bertrand 2002). In this study the impact of 0. oeni on B. bruxellesis growth and 4-EP
production was studied in both a broth based system and in Pinot noir wine. Initial studies
in broth demonstrated that in media with prior growth of O. oeni B. bruxellensis population
dropped following initial inoculation and there was a delay and reduction in the production
of 4-EP. The reduction of 4-EP production by Brettanomyces by prior growth of LAB has
previously been reported (Gerbaux et al. 2009) although no growth data regarding
Brettanomyces or 0. oeni was provided. The reduction in 4-EP by Brettanomyces was strain
dependent with growth of 0. oeni VP41 causing the largest reduction in 4-EP production by
B. bruxellesis. However, this strain dependent impact on B. bruxellensis growth was not
observed in a subsequent study in AGJ broth. This may have been due to the presence of
5% ethanol in the initial experiment while subsequent studies in media did not include
ethanol. Because of the potential practical significance of this finding (selecting commercial
0. oeni cultures that have an inhibitory effect against Brettanomyces) determining whether
there are certain O. oeni strains that are more antagonistic towards Brettanomyces than
others should be a high priority for future research. Furthermore, no strain dependent

effects have previously been reported for this phenomenon.
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The results from the present study confirmed previous work in our lab where growth of O.
oeni VFO had caused delayed growth of B. bruxellensis in broth (J. P. Osborne, Strickland,
and Edwards 2012). This work had also shown that the wine lactic acid bacteria P.
damnosus did not cause any inhibition of B. bruxellensis growth. This finding was
confirmed in Pinot noir wine in the present study where B. bruxellesis grew well in wine
where P. damnosus had grown but growth B. bruxellensis fell below detectable levels in
wine with prior growth of O. oeni. This result provides some evidence as to a possible
mechanism by which O. oeni affects Brettanomyces. This is because Pedicoccus sp. and O.
oeni (as a former member of genus Leuconostoc) have very similar growth requirements
and are part of the so called LLPW (Lactobacillus, Leuconsotoc, Pediococcus, Weisella)
physiological group (Holzapfel et al. 2009). This suggests that the depletion of nutrients by
0. oeni is unlikely to be the cause of delayed B. bruxellensis growth as no significant
reduction in growth was observed after growth of P. damnosus. However, there is still the
potential for differences between nutrient demands of a particular Pediococcus and O. oeni
strain. Specific vitamin requirements between Pediococcus spp. and 0. oeni are similar,
though one differences is that Pediococcus spp. requires biotin, while O. oeni does not.
(Garvie 1986; Terrade and Mira de Ordufia 2009). Further investigation into whether
nutrient depletion by O. oeni is the cause of differences in Brettanomyces growth is

required.

The possibility of nutrient depletion being the cause of Brettanomyces inhibition is also not
supported by the results from the sterile filtration experiments. Although in media there

was not a significant difference in growth rate between sterile filtered and non-sterile
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filtered treatments, the differences in p-coumaric acid and 4-EP levels on day 14
demonstrate a delayed ability of this activity in non-sterile filtered treatments. The lack of
a difference in growth rate may be to do with the lower stress nature of the media (nutrient
rich, no ethanol). In contrast, large differences were seen between sterile filtered and non-
sterile filtered treatments in the harsher environment of Pinot noir wine (lower nutrients,
high ethanol). In wine, sterile filtration after growth of O. oeni relieved the inhibition of
Brettanomyces growth compared to the non-filtered treatments. Sterile filtration should
have no increase the availability of nutrients, and in fact could potentially reduce available
nutrients, and so should not relieve inhibition if nutrient depletion by O. oeni was the cause.
Sterile filtration is also unlikely to impact the concentration of any inhibitory compounds
that O. oeni may have produced during growth. This suggests that the production of an
inhibitory compound by O. oeni is also unlikely to be the mechanism of inhibition. However,
other studies have reported a reduction of yeast growth in media where there had been
previous growth of 0. oeni, and antimicrobial action of other lactic acid bacteria such as
Lactobacillus suggesting that this may be a possibility (Huang et al. 1996; Edwards et al.
1999). Again, more thorough and focused experiments should be conducted to confirm this

finding.

An additional mechanism of inhibition that has shown to occur when populations of
different microorganisms are present together is quorum sensing (Hogan, Vik, and Kolter
2004). Quorum sensing is a phenomenon where the accumulation of signaling molecules
enables a single organism to sense the number of surrounding organisms based on the

concentration of signaling molecules. The organism may regulate gene expression based on
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this and increase or decrease growth rate. Past research has shown the ability of bacteria to
affect morphology of yeast through quorum sensing (Hogan, Vik, and Kolter 2004). B.
bruxellensis is also known to be a poor competitor compared to Saccharomyces cerevisiae (
Renouf et al. 2006). If co-inoculated with S. cerevisiae its population usually declines and
does not increase until S. cerevisiae populations decline. It is not known whether this is due
to quorum sensing or to direct competition for nutrients. However, it is possible that B.
bruxellensis UCD-2049 reacted in a similar manner when inoculated into a high population
of O. oeni cells. The relief of growth inhibition in wine by removal of 0. oeni suggests that
the presence of the bacteria may have caused the inhibition. However, the presence of P.
damnosus did not have the same effect on Brettanomyecs so if quorum sensing is involved it
must occur in the presence of 0. oeni but not P. damnosus. Further work in this area is

required.

It is unclear if the reduced growth of B. bruxellensis in media and wine that had prior
growth of 0. oeni is due to cell death or to Brettanomyces entering a viable but non-
culturable state (VBNC). Brettanomyces is known to enter this state in wine under stressful
conditions (Millet and Lonvaud-Funel 2000) such as high SOz and recover when conditions
are more favorable for growth (Serpaggi et al. 2012). The method of quantification of B.
bruxellensis in this work did not quantify VBNC cells so we cannot determine whether this
occurred. Additional studies utilizing both traditional plating and PCR based methods
would help determine whether O. oeni induced B. bruxellensis to enter a VBNC state much

like occurs if SO2 is added to a wine. Furthermore, additional strains of B. bruxellensis
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should be tested as the current work used only a signal strain of B. bruxellensis and it is

unknown whether certain strains are more or less sensitive to growth of 0. oeni.

Conclusion

The growth of 0. oeni was inhibitory to B. bruxellensis UCD-2049 growth in both a media
system and Pinot noir wine. In some cases the inhibition appeared to be dependent on the
0. oeni strain used but in others the strain did not play a role. Removal of O. oeni cells by
sterile filtration prior to B. bruxellensis inoculation did not significantly change the growth
of B. bruxellensis in media. In contrast, sterile filtration of wine after growth of O. oeni did
relieve the growth inhibition of B. bruxellensis UCD-2049 observed in non-sterile filtered
wines. Differences between sterile filtered and non-sterile filtered treatments in wine
indicate that the inhibitory effect of O. oeni is likely not caused by nutrient differences
alone. Instead, unknown inhibitory mechanisms must be involved. These findings lead to
major questions with regards to the method of inhibition of B. bruxellensis by O. oeni and

how it could be used to control B. bruxellensis in wine.
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SUMMARY

B. bruxellensis is a major cause of wine spoilage through the production of ethylphenols
that can give a wine an aroma of “band-aids” “fecal” and “barnyard”. This study investigated
the impact of wine LAB on the growth and ethylphenol production by B. bruxellensis with a
focus on the ability of wine LAB to impact the amount of ethylphenol pre-cursor
compounds present in a wine. Of the thirty five strains of wine microorganisms tested only
one, the commercial strain O. oeni VFO, impacted the concentration of hydroxycinnamic
acids through the hydrolysis of tartaric acid bound hydroxycinnamic acids in wine. There
was no evidence Pediococcus spp. or Brettanomyces are able to perform this hydrolysis.

The release of free hydroxycinnamic acids was shown to increase ethylphenol production

by B. bruxellensis significantly, with the potential to greatly increase the degree of spoilage.

Aside from changing the concentration of the hydroxycinnamic acids, growth of O. oeni
could also be inhibitory to B. bruxellensis UCD-2049 growth as shown in both a broth
system and in Pinot noir wine. In some cases the inhibition appeared to be dependent on
the 0. oeni strain used but in others the strain did not play a role. Removal of 0. oeni cells by
sterile filtration prior to B. bruxellensis inoculation did not significantly change the growth
of B. bruxellensis in media. In contrast, sterile filtration of wine after growth of O. oeni did
relieve the growth inhibition of B. bruxellensis UCD-2049 observed in non-sterile filtered
wines. Differences between sterile filtered and non-sterile filtered treatments in wine
indicate that the inhibitory effect of O. oeni is likely not caused by nutrient differences

alone. Instead, unknown inhibitory mechanisms must be involved.



Future work in this field should be to extend the screening for the hydrolysis of tartaric
acid-hydroxycinnamic esters by wine microbes. This should include additional
Brettanomyces bruxellensis strains as well as Lactobacillus as previous work has
demonstrated some strains of Lactobacillus spp. may be capable of hydrolysis of ester
bound hydroxycinnamic acids (Guglielmettis 2008). In addition, the inhibition of B.
bruxellensis should be explored further by testing 0. oeni against a larger number of B.
bruxellensis strains and additional mechanisms of inhibition should be investigated. If
certain strains of 0. oeni are more inhibitory to B. bruxellensis than others then these

strains should be utilized as an additional tool against Brettanomyces spoilage.

60
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