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Although mousy off-flavor occurs infrequently in wine, it can be economically disastrous to the wine
producer as, at worst, it can render the wine unpalatable or, at best, decrease the quality of the wine
resulting in a lower sale price. Wines infected with either lactic acid bacteria (LAB) (particularly
heterofermentative strains) or Dekkeral Brettanomyces yeast can potentially produce mousy off-flavor.
There are three known compounds that cause mousy off-flavor: 2-ethyltetrahydropyridine, 2-acetyltet-
rahydopyridine, and 2-acetylpyrroline. Dekkeral Brettanomyces have been shown to be capable of
producing at least two of these compounds, whereas LAB are capable of producing all three. The
reason as to why mousy off-flavor forms in some wines and not in others is still not fully understood.
The issue is further complicated by the fact that the compounds that have thus far been identified as
necessary for off-flavor formation are all potentially available in wine (e.g., ethanol, L-lysine, L-ornithine,
and metal ions). For these reasons, the microbe’s metabolism probably plays a key role in mousy
off-flavor formation. In the case of Dekkeral Brettanomyces-induced mousy off-flavor, it appears that
oxygen may play a key role. Thus, a wine infected with DekkeralBrettanomyces in the absence of
oxygen may not become mousy unless exposed to oxygen via a processing or handling procedure.

Keywords: Mousy off-flavor; wine;  Dekkera/Brettanomyces ; lactic acid bacteria; 2-ethyltetrahydropyridine;
2-acetyltetrahydropyridine; 2-acetylpyrroline

INTRODUCTION States 7), South Africa 8), and Australiag—12). This is the

. . . . first attempt to review the literature related to mousy off-flavor.
Mousy off-flavor is a sporadic yet potentially disastrous P y

problem, which has been estimated to incur a significant annual
loss to the beverage industry. Mousy off-flavor, in one of the
earliest notations, has been described as a “peculiarly disagree- For over 100 years, many theories as to the origins of mousy
able flavor in wine, which is closely resembling to the smell of off-flavor have been put forward and sequentially dismissed.
a residence of mice.” Mousy off-flavor is a consistent underlying The cause of mousy off-flavor was initially suggested to be
problem for the wine industryl( 2). The reported incidences  bacteria-produced acetamid).(However, it was reported in
of mousy off-flavor are increasing. Whether this is an actual 1889 that pure acetamide was odorle$8)( and it was later
increase in the number of cases or an increase in discriminationfound that the mousy odor associated with it was due to the
of the off-flavor due to better education is unknown. Currently, impurity, 2,4,6-trimethyl-1,3,5-triazine, neither of which have
there is no method available to remove mousy off-flavor from been isolated from winel@). Although acetamide has been
wine, and once infected, the wine becomes unpalatable. found to be odorless in its pure form, it has been continually
The earliest reports of mousy off-flavor incidence in wine were 2rguéd in the literature as the cause of mousy off-flavor to the

made in the late 19th centur8,@). Since then, anecdotal reports present day (14—16). . . .
have become more numerous and widespread. Mousy off-flavor MO“?’-‘/ off-flavc_)r produc_tlon has also been linked with yeast
occurrence in wine has been reported in both old and new world autolyss, where it was believed to oceur from long contact with
wine-producing countries, such as Fran8e, 6), the United Iee; in a warm environmenit Q. Th'?’ author alsq repor'te'd that
a higher than normal concentration of volatile acidity was

produced under anaerobic conditions in conjunction with mousy
37;;; Evhqrieclog%%po%ngiq%e Eshoullt_i be ?gdfessed- ﬁi'ds 8303 off-flavor, rejecting the idea that acetic acid bacteria (AAB)

- rax - E-mail:paul bowyer@adelaide.edu.au. o involved in the process. Contrary to this, it was later found
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*The University of Newcastle. that 27 strains oAcetobacter acetivere capable of producing
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mousy off-flavor in a grape juice mediund,(18) as well as in sible were not of sufficient concentration for identification,
fortified wine (19). Furthermore, strains of AAB can grow suggesting that more than one compound may be responsible.
anaerobically, using phenolic compounds as terminal electron Tucknott 8) found that mousy off-flavor could not be induced
acceptorsZ0). Thus, AAB should not be discounted as potential by physicochemical means in unfermented raw materials, thus
producers of mousy off-flavor. highlighting the importance of microorganisms.

Other studies have focused on a potential link between the Reports of mousy off-flavor occurrence in the literature are
redox potential (rH) of wine and the formation of mousy off- sparse, and there are numerous reasons for this. The first of
flavor. It was found that mousy off-flavor could be chemically these is that it has only been relatively recently that there has
induced in wine by oxidative processes, which caused the wine been an increase in awareness of the condit@@ 33). Also,
to have a high rHZ1,22), and that this mousy off-flavor could = mousy off-flavor usually occurs in combination with other wine
be induced or removed by increasing or decreasing th@2j ( faults, such as oxidation and volatile acidity, making it harder

Certain physiochemical treatments have been observed toto identify. Wine producers appear hesitant to admit to having
instigate the formation of mousy off-flavor. Ultrasonic treatment @ Problem with mousy off-flavor occurrence, as they fear that
of wine enhanced mousy off-flavor in both the presence and it will reflect badly on the winery. Possibly a reason for sparse
the absence of a copper membraR&, 4), as didy-radiation citation, however, is due to individuals’ varying sensitivity to
(25, 26). Another study showed that the physiochemical the off-flavor itself, which is discussed in detail below.
conditions necessary for mousy off-flavor formation were high
rH values (20—26) and pH, exposure to atmospheric oxygen, SENSORY ASPECTS
the presence of sufficient “active” iron, and possibly low

concentrations of tannins, pigments, and sulfur dioxiit 28). Mousy off-flavor is usually perceived in a delayed fashion

. . __._on the palate, generally after the wine has been swallowed or
Other than the proposition that acetamide was responsible g, nectorated. Once detected, it can persist for more than 10

for mousy off-flavor formation in wines, fevy suggestions ha\{e minutes (3234). The off-flavor, however, cannot be perceived

been put forward as to the nature and origin of the causative by sniffing the wine as the compounds responsible for mousy

compound(s). This is mainly due to the lack of sufficiently & fov0or are not sufficiently volatile at wine pH (334), as
sensitive analytical procedures and equipment available at theyogcrined in detail below.

time. Villforth (29) (cited in.28) found that t.he causative An individual's ability to discriminate mousy off-flavor in
comppund was steam volatile at atmospheric pressure, anq/vine at low concentrations is genetically predisposed, which
experiments showed that the compou_nd was not an ester. Heresults in variation in perception28, 32, 35). There is a
proposed that the compound responsible for mousy off-flavor P

was a polvmer of acetaldehvde or formaldehvde. as the off- correlation between an individual’s mouth saliva and tongue
poly eny yae, surface pH and their ability to detect the off-flavor, with some
flavor became weaker with the removal of aldehyde from

solution. Similar conclusions were drawn from two other studies individuals extremely sensitive to the taste while others appear

after noting the ability of the causative compound to bind with totally anosmic. For this reason, we speculate that, for mousy
sulfur di oxi%l e 02 293 yUn urvan and co-workgrﬁt) sugaested off-flavor to be detected, an increase in pH is required to convert
> 9)- Lhgury 99 the causative compound into its more basic form. The correlation

that th_e_unknown substance was a chemically unstable nirogeNyetveen salivary pH and ease of detection may reflect the lack
containing substance (RNHy), which occurred at extreme rH

of mousy off-flavor reports in the past.
values. Techniques have been developed to detect mousy off-flavor
On the basis of the physicochemical nature of the mousy off-

f q b ‘ hods of | in wine without actually tasting the wine itself due to its
avor compound(s), a number of methods of removal were unpleasant taste. The first, the “palm and sniff” method, involves
found to be successful, including cation exchange resins to

h RIH 4s73 dati rubbing the wine on the back of the hand and sniffing close to
remove the suspecte 2 compounds23), strong oxidative the skin 82). The other method is an alkaline strip methad, (

procedures utilizing ozone treatments (30), and fortifying the 36, 37), where an alkaline strip is dipped into the wine and

wines (31). _ then sniffed. Both methods are quick and effective in allowing
Tucknott (28) conducted a major study on mousy off-flavor, the detection of mousy off-flavor in affected wine samples.

examining the variation in tasters’ ability to be able to detect oyidation may also be used as a method of mousy taint detection

the off-flavor, the microorganisms involved in its formation, (32) as it has been shown that when wines are exposed to air

and the chemical nature of the compound(s) thought to be or oxygen they can develop the off-flavor. The mechanism for
involved. Different strains of yeast and bacteria, which had been this process is unknown.

previously isolated from mousy ciders, were tested for their
ability to produce mousy off-flavor in a modified apple juice
medium. Only one yeasDekkera anomaldpreviously clas-
sified asBrettanomyces anomalus), was found to produce the Three chemical compounds have been identified as being
off-flavor. Mousy off-flavor was also found to occur if lacto- responsible for mousy off-flavor in wine: ETHP, 2-acetyl-
bacilli were cocultured with fermenting yeaSdccharomyces  tetrahydropyridine (ATHP), and 2-acetylpyrroline (APY)
spp.) in the presence of ethanol andy/sine. (10—12,32, 37, 38).

Through the use of gas chromatography (GC) and gas Generally, a mousy wine sample will contain more than one
chromatography/mass spectrometry (GC/MS) analysis, Tucknottof the causative compounds (323, 37, 39); however, no
proposed that the compound responsible for mousy off-flavor investigations have been undertaken to determine the sensory
was 2-ethylAl-piperideine(2-ethyltetrahydropyridine). However, interactions between mousy off-flavor compounds. When pure,
because of insufficient quantities of the compound being all three chemicals have an odor often described as “roasted”
isolated, he was unable to confirm this result by infrared and and “cracker-like” (10,12, 40).
nuclear magnetic resonance studies. Compounds with a mousy ETHP. The first report associating ETHRFigure 1) with
odor, other than 2-ethyltetrahydropyridine (ETHP), were also mousy off-flavor was in 1973 when it was detected using
detected in the GC spectrum; however, the compounds respon-GC/MS in a mousy apple cider sampklj. In 1977, ETHP

CHEMICAL NATURE OF MOUSY OFF-FLAVOR
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o)
Figure 1. Structure of 2-ethyltetrahydropyridine. Figure 3. Structure of 2-acetylpyrroline.

I tautomerism could explain why mousy off-flavor cannot be
detected by simply sniffing the wine sample.

|

p
N N In wine, the low pH environment favors the more polar (and

o] therefore less aqueous volatile) amino form of the tautomeric

a b pair. Mouth saliva contains sodium bicarbonate, a mild base

Figure 2. Tautomers of (a) 2-acetyl-3,4,5,6-tetrahydropyridine and (b) (46). It is possible that when wine comes into contact with saliva
2-acetyl-1,4,5,6-tetrahydropyridine. the tautomeric balance of ATHP shifts, favoring the more

volatile imino form Eigure 2a), potentially explaining why

was reported for the first time in a commercial wine (38); mousy off-flavor cannot be smelled in a wine but becomes
however, further studies were not able to confirm its presence apparent when tasted. It is also this pH dependency of ATHP
in wine (10, 40), resulting in its importance to mousy off-flavor  tautomerism that underpins the theory of both the palm and sniff
in wine being questioned. More recent work has found that method (as skin is only mildly acidic in comparison to wine,
ETHP is indeed present in mousy wine sampl&3, g89). causing a pH shift) and the alkaline strip method, where sodium

ETHP occurs in tautomeric forms; however, the second hydroxide on the strip causes the rapid alkalization and hence
tautomer (Figure 1) contributes only slightly to the total amount yolatilization of the mousy compound.

of the compound33). The odor threshold of ETHP in wineis  ATHP is an important odorant and volatile flavor component
150g/L (40); yet, until recently, it had only been detected in in a number of foodstuffs including freshly baked bred@,(
wine at levels substantially lower than this threshd@a)( For 44, 47), crackers 43, 48), taco shells and corn tortilla chips

this reason, there is a significant lack of studies on ETHP, as it (49, 50), popcorn (51—53), and rice cakes (54). In these
was not considered a major contributor to mousy off-flavor in products, ATHP is described as having a “cracker biscuig, (
wine. It has now been established that ETHP can be produced47, 50, 55) or “roast-smelling” aromas@, 53, 56, 57). It is
at levels as high as 162g/L by certain strains of lactic acid interesting to note that some individuals have associated this
bacteria (LAB) (39), making it an important mousy off-flavor  off-flavor as reminiscent of cracker biscu4).
contributing compound. Matrix effects or how components interact with each other
Grbin (42) speculated that the presence of ETHP in a within a particular matrix can explain the varying descriptors
DekkeradBrettanomyceénfected mousy wine may be the result  of ATHP in different substances. The majority of studies on
of a slow metabolic transformation of ATHP to ETHP. This ATHP have been in low water activity foodstuffs; however, wine
was concluded after a study found that the formation of ETHP has a high water activity and thus constitutes a very different
by D. anomalawas delayed with respect to ATHP production matrix. Another factor that must be considered is the relative
and appeared to coincide with a decrease in the overall concentration of ATHP in these substances and the variability
concentration of ATHP in a chemically defined medium. These in taste perception between individuals.
results indicate that a critical concentration of ATHP appears  APY. APY (Figure 3) was first identified in wine using
necessary to stimulate the formation of ETHP, as a maximum GC/MS and GC-SNIFF techniques (12), when it was reported
concentration of ATHP was achieved before significant amounts as being a major contributor to mousy off-flavor. The aroma
of ETHP were detected4@). As ETHP takes longer to form  impact of APY is an order of magnitude greater than that of
than ATHP, with maximum production occurring well into the  ATHP, with the former’s detection threshold in water being 0.1
stationary phase (42), the importance of this compound with 4g/L (58). APY is a relatively unstable compount®, which
respect to its contribution to mousy off-flavor may have been has been detected in wine in trace quantities up toug/8
underestimated due to the duration of experiments not being(32).
sufficient for metabolic transformation. APY is responsible for the mousy aroma in wetted ground
ATHP. ATHP (Figure 2) was first isolated in mousy wines  pearl millet Pennisetum americanyr(69), and this is the only
in 1984 (10), where it was found to only be present in mousy example in the literature that associates APY with mousy off-
and not sound wines. Its contribution to the mousy off-taste in flavor, other than in wine. The two main food substances in
wine has since been confirmedl( 32, 39). ATHP is an which APY has been found to be a key odorant and flavor com-
oxidatively unstable compoundtd, 44), which is one of the  ponent are breads(—65) and rice 48, 58, 66—72), particularly
reasons why, until recently, comparatively few wine-based the more aromatic varieties such as Indian Basna&j, where
chemical analyses have been undertaken on this compound. Thét is found at levels 10-fold above those of the common varieties
detection threshold for ATHP in water is about 100 times lower (73). APY has also been identified in pandan leawandanus
than that of ETHP, at 1.6g/L (45), and it has been isolated in  amaryllifoliusRoxb.) (73), which are cooked in India and other
wine at levels of 4.8—10@g/L (32). parts of Asia with common rice varieties to impart an aroma
ATHP, having a similar core structure to ETHP, exists in that resembles the aroma of the more costly “scented” rice
two tautomeric forms (2-acetyl-3,4,5,6-tetrahydropyridine and varieties. The concentration of APY in pandan leaves is 10-
2-acetyl-1,4,5,6-tetrahydropyridine) (Figure 2). Due to the fold higher than in scented rice varieties and 100-fold that of
methods used to identify mousy off-flavor in wine, that is common rice varieties. APY is an aroma compound in a variety
sensory evaluation (by various means, as described above), iof other products including rice cakeS4)), boiled trout (74),
is possible that the distribution of the two tautomeric forms is canned, frozen, and fresh sweet corn (75), cooked lean beef
pH-dependent, favoring the amino form (Figure 2b) under (76), dried cured hamg'{,78), lobster tail meat/9), and green
acidic wine conditions; however, it is the imino form (Figure tea (80) and has tentatively been identified in tiger uriB&)(
2a) that has a mousy off-flavor. An examination of this APY’s aroma has been described as “roastés8, 66, 57,
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65, 76, 82) and “popcorn-like” 49, 73, 74, 83). The variation Oak cooperage can provide an ecological niche for the yeast
in descriptors for APY (mousy, popcorn-like, and roasty) could as the cellobiose present in the charred oak wood can be used
be due to the relative concentration of the compound, matrix as a carbon source by the ye&st30). New cooperage contains

effects, and individual's variation of perception (12). more cellobiose than used cooperage and, therefore, can have
a stimulatory effect on the growth of the yeast if contamination
MICROBIOLOGY OE MOUSY OEE-ELAVOR occurs. Onc®ekkera/Brettanomycdss been introduced into

he mi . Kk the winery, it is speculated that it will build up in sites that are
The microorganismfekkeraBrettanomycegeast and LAB, hard to clean, such as winery equipme}t90). For this reason,

are generally associateq with postprimary fermfentation spoilagene transfer of both must and juice can also sprbaétkera/

of wine. As well as being capable of producing mousy off- Brettanomyceghroughout wineries

fIavorz both organisms can have other eﬁects, both positive and Molecular sulfur dioxide is toxic t®ekkera/Brettanomyces
negative, on wineDekkeraBrettanomycets generally regarded and therefore can be an effective inhibiting agent for the growth

as a spoilage yeast, whereas certain strains of LAB are of this microorganism if maintained at the required levels
responsible for malolactic fermentation (MLF), as well as ICroorge quir :
X Although it is toxic to the yeast at low levels, sanitizing barrels

spoilage. . o . e 2
with a sulfur dioxide solution or other antimicrobials is not

D_e Kkera/Brettanomycedrettanomyces, a_md its sporulating totally effective against yeast infection due to the natural porosity
equivalentDekkera, have long been recognized as a fermented of wood, in combination with the yeast’s ability to live in the

beverage spoilage yeadtl). Peynaud and Domercg)(were cracks of wine barrels and around the bung h@les( 84, 90,

IS—|OeTeesz(:f r;[hfl I;rﬁtjé% tiﬁg(ljat;rg]:ssetrgii ist;fé;?anplor:qoiézvme. 91). For this reason, mousy off-flavor has a higher occurrence

res onsyble for mousy off-flavor in wine. A more regent stud in wines that come into contact with barrels and are low in sulfur
ponsi usy. vor in wine. : WY dioxide (36). The trend within the wine industry to move toward

confirmed that all species @ekkeraBrettanomyces, including minimal use of sulfur dioxide in wine could be related to the

D. bruxellensisp. anomala,B. custersianusi3. nanus, ands. increase in the number of cases of mousy off-flavor reported
naardenensis, can produce mousy off-flavor. This study also (32)

found that these species are capable of producing ATHP and
ETHP, with the relative concentrations of these mousy hetero-
cycles being strain-dependent (32).

Dekkera/Brettanomyasan have many and varied effects on
wine. Sensory descriptors include cider, clovelike, spicy, plastic,
smoky, medicinal, horsy, wet wool, band-aid, and mougy (
84, 85). In wine, this yeast has also been linked to an increase i ;
in turbidity (8, 84), volatile acidity in general, and acetic acid _ ©One autolysis product dbekkera/Brettanomyces glucose.
production specifically (1184). Why Dekkera/Brettanomyces 1 his released glucose can then become a carbon source for the
has variable effects on wine is unclear. Presumably, the complexf€maining viable population. For this reason, it may be risky
nature of wine plays an important role in this respect. However, fOr & winemaker to keep red wine on lees, even though this
the different characters produced may be dependent upon the?ractice is speculated to improve wine qualigB].
concentration of specific precursors present in the wine and LAB. LAB are a part of the natural microflora of wine. These
grape varietal components. bacteria have been found to enter the winery on the grapes and

There is disagreement over the origin@ékkera/Brettano- ~ Vine leaves. Wine can also be inoculated with LAB from
mycesin wine. Yeasts depend on aerosols, human activity, or commercial cultures to aid MLF. LAB are also spoilage
animal or insect vectors for their natural dispersal. The most Microorganisms in wine. They have successfully adapted so as
common theories regarding yeast mobility incorporate soil, air, 10 be able to tolerate the physiochemical conditions of wine,
grapes, insect vectors, and cooperage. There is conflictingSuch as low pH, the presence of ethanol and sulfur dioxide,
evidence in the literature as to whettkkeraBrettanomyces ~ and low temperatures. As well as being one of the organisms
can be found on the grapes themseh@,%@’ 87) There are responsible for .mous.y Oﬁ'flavor, they h.a.Ve filso been. knF)Wn
two main reasons why it is unlikely that the yeast will be isolated 0 cause mannitol taint, ropiness, acidification, acetification,
from the fruit in the vineyard. FirstDekkerdBrettanomyces bacterial haze and/or deposit, bitterness, and acrolein production
require reasonably complex sources of exogenous nutrient(7, 39,94, 95).
including vitamin supplementation of which proliferation would LAB, in particular Lactobacillus hilgardii, were first linked
be limited in clean fruit. Second, it is difficult to isolate a to mousy off-flavor in Californian wines9g). L. hilgardii has
minority population from mixed flora that contains more since been confirmed as being one of the species responsible
superior and/or faster growing species (2). for causing mousy off-flavor in winesl{, 28, 36, 39). This

There has been speculation that insect vectors could beorganism has been shown to be capable of producing ATHP at
responsible for the spread DekkerdBrettanomycesThe yeast  levels as high as 508g/L in an ethanolic grape juice medium
has been found to be present in the breeding and feeding area$39), which is substantially higher than the odor detection limit
within the winery of the common winery insect, vinegar fly ~of the compound. Other species have also been reported to be
(Drosophilia) @, 84, 88—90). The yeast, along with other capable of causing mousy off-flavor in wine, includibgbrevis,
microorganisms, is a normal part of its diet and it is able to L. buchneri,L. cellobiosis, a Pediococcuspecies, and.eu-
adhere to the body, legs, and wings of the vinegar fly during conostoc mesenteroidésl, 36, 39).
foraging (2,90). Under laboratory conditionBekkera/Bretta- As Oenococcus oenis the preferred organism for the
nomyces/east was recovered externally from vinegar flies 24 induction of MLF, it is of particular importance to winemakers
h after feeding on the yeas2(f), suggesting that vinegar flies that strains ofO. oeni have been found to be capable of
may contribute to the dispersal of the yeast around a winery asproducing strong mousy off-flavor in a grape juice medi®, (

a mechanical vectorDekkera/Brettanomycelas also been  39). Five strains have been shown to produce all three mousy
isolated from the honey stomach of pollinating be@ks ( heterocycles, including ETHP at concentrations higher than that

Dekkera/Brettanomyceasan metabolize fermentable sugars;
hence, a high concentration of glucose in wine enhances its
growth rate. However, the yeast can develop substantial
populations in a wine that is considered “dry”, that is, low in
residual sugar (884, 92, 93). For this reasonDekkera/
Brettanomyceé$as the ability to grow in bottled wine.
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of other LAB strains, with one strain producing sensorially production of mousy off-flavor compounds, especially ATHP.
detectable concentration89). This supports the observation In the presence af-lysine, all strains examined could produce
of Vaughn ) who determined thateuconostocspp. (how ETHP but to a much lesser extent than that of ATHP; no APY
reclassified a¥Denococcus) could cause mousy off-flavor by was detected. Certain strains were capable of producing sen-
metabolism of glucose and fructose under anaerobic conditions.sorially detectable mousy off-flavor in the absence dfsine
Further studies are necessary to ascertain the abiliti@s oéni (32), possibly due to the presence of endogenslysine, as
strains to produce mousy off-flavor compounds during MLF, Dekkera/Brettanomycebave been shown to be capable of
under wine conditions. From this information, it has been synthesizing.-lysine (98).

concluded that mousy off-flavor formation is restricted to  The yptake ofL-lysine in a chemically defined medium
heterofermentative bacteria, and the general order of magnitudecorresponds with the initiation of ATHP production. As the

of N-heterocycle formation by LAB itactobacillus(hetero- strain ofD. anomalaprogressed through the growth cycle from
fermentative)> Qenococcu? PediococcusindLactobacillus early exponential to stationary phase ATHP concentration
(homofermentative) (39). increased, suggesting a link between mousy off-flavor produc-

As heterofermentative, as opposed to homofermentative, yjon and associated growth metabolism. Cell numbers were not
strains of LAB are capable of producing mousy off-flavor, this  4¢ected by the presence or absence-bfsine so this did not
indicates that the respective pathway of sugar metabolism may,.cqunt for the differences in concentration of ATHFTY
play a key role in the occurrence of this spoilagg9)(
D-Fructose, a fermentable carbohydrate, has been directly linked
to mousy off-flavor production, with the production being
proportional to the concentration pffructose consumed Hy.
hilgardii. Whenbp-fructose is omitted, the concentrations of APY
and ATHP were comparatively low; however, ETHP production
was not affected byp-fructose concentration (33).

AAB. AAB have been isolated from grapes, oak barrels, and
inside wineries 95). AAB are vital to commercial vinegar
production; however, they are also associated with wine .
spoilage, such as volatile acidity and occasionally mousy off- of the experiment performed (97).
flavor production, although the research has been limited (7, A feeding experiment utilizind>ekkera/Brettanomycesnd
18, 19). Spoiled grapes harboring AAB and fungi have been uniformly labeledL-lysine *3Ce-**N, showed that -lysine is

As little as 10 mg/L ofL-lysine can produce substantial
concentrations of ATHP bPekkerdBrettanomycedNo dose-
response relationship has been established betwhesime and
ETHP concentration, despite ETHP only being detected when
L-lysine is presentq7). A nonproportional relationship between
L-lysine concentration and ATHP production exists, in that this
biotransformation is not efficient. This suggests that the bio-
synthesis of these off-flavor compounds is not the primary
pathway ofL-lysine catabolism, at least under the conditions

found to stimulate the growth of LAB in wine9p). responsible for the synthesis of the tetrahydropyridine ring of
ETHP and ATHP. In these molecules, fi%éC and one'>N

FACTORS AFFECTING MOUSY OFF-FLAVOR were inCOprfated into ATHP and ETHP molecules. USing

PRODUCTION single 1°N-labeled L-lysine revealed that the-nitrogen of

) ) _ L-lysine was incorporated into the ATHP ring, indicating that
Although the biosynthetic pathway by whicBekkera/  theq-amino group was remove@7). The mechanism by which

Brettanomyceand LAB produce mousy off-flavor compounds  this occurs was not investigated. The removal of dhamino
in wine is unknown, the co_ndltlons necessary for its prodl_Jctlon group is unique in the reported catabolism.d§sine in nature.
have be(_an establls_hedLysme and.-ornithine are responsible The labeling experiments also show that the acetyl side chain
for the ring formations of the three mousy heterocycles, and of both ATHP and ETHP does not originate from the amino
ethanol and ac_etaldehyde have been shown to be responsblgcid L-lysine, as there were no labeled carbons present in the
for the acetyl side chain. The presence or absence of certamside chain. This is supported by previous wati (28, 33). A

mr(ce)tdal,llcltci)gﬁ and oxygen has a substantial effect on off-flavor simple retrosynthetic analysis of the ATHP molecule likewise
P ) does not support the lysine moiety as the side chain precursor.

Amino Acids. The presence of particular amino acids in wine ; ) o i
is essential to the production of mousy off-flavor compounds,  Whent-lysine was replaced witbrornithine in a chemically
defined mediumpP. anomalawas capable of producing APY.

particularly ATHP and APY. Tucknott (28) foundlysine to . - A
be essential for mousy off-flavor production by bacteria in an Th€ concentration ot-ornithine (1000 mg/L) required to

apple juice medium. Since this first report, several investigations Produce sensorily significant amounts of APY is higher than
have been undertaken to determine the role of amino acids inthat which is found in grape juice or wine. This indicates that
mousy off-flavor development by both LAB anBekkera/ Dekkera/Brettanomycegeasts are not responsible for the
Brettanomycesn wine. production of APY in wine. 'I_'he_refore, detecthn of APY in a
L-Lysine andL-omnithine, both of which occur naturally in ~ Mousy beverage may be an indicator of bacterial spoil&@g (
grape juice, are necessary for the formation of mousy off-flavor Further evidence for this is provided b)_/ an ea_lr_ller study that
by LAB. The addition ofi-lysine increases the production of ~Showed that LAB could produce sensorily significant levels of
ATHP; however, the addition of-ornithine increases the APY in wine in the presence af-ornithine (33).
production of APY but represses the production of ETHP and  L-Lysine has been shown to be responsible for th#l C
ATHP. When both amino acids are added together, the relative backbone oDekkera@Brettanomycegenerated ATHP, suggest-
concentrations of both APY and ATHP increase dramatically. ing that the biosynthesis of this compound may occur via a
Costello and Henschke38) concluded that-ornithine and Al-piperideine intermediate. It is possible that LAB-generated
L-lysine are responsible, at least for bacterial-produced mousy ATHP probably occurs by the same mechanism, as has been
off-flavor, for the ring formations in APY and ATHP, respec- previously suggeste®8). In a similar mannen,-ornithine may
tively (33). be found to be responsible for theXC backbone of LAB-
The amino acid -lysine is also essential for the production generated APY, which may occur viaAd-pyrroline intermedi-
of mousy off-flavor in wines affected witbekkera/Brettano- ate. Further studies are required to further elucidate this
myceg11,28,32,97).L-Lysine has a stimulatory effect on the relationship.



Downloaded by SLUB DRESDEN on October 31, 2009 | http://pubs.acs.org
Publication Date (Web): August 8, 2006 | doi: 10.1021/jf0528613

6470 J. Agric. Food Chem., Vol. 54, No. 18, 2006

OY\ EjY\
N N
H
o} e}

Figure 4. Tautomeric forms of 2-propionyltetrahydropyridine.
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Figure 5. Deuterated forms of (a) 2-acetyltetrahydropyrdine and (b)
2-acetylpyrroline.

Ethanol. Ethanol is a necessary precursor for mousy off-
flavor to occur in wine (1128, 32). In the absence of ethanol,
mousy off-flavor is not producedl(, 38, 99, 100 and this
explains why mousy off-flavor occurs in wines infected with
LAB post-alcoholic fermentation.

The additions of various alcohols to a medium containing
Lactobacillushave been investigated to assess their effect on
the formation of mousy off-flavor. With the addition of ethanol,
strong mousy off-flavor is produced;propanol produces a low
level of off-flavor, but 2-propanoln- or iso-butanol, 2- or
3-butanol, andh-hexanol did not produce ang8), suggesting

Reviews

Aldehyde. Acetaldehyde is also a precursor to the side chain
of LAB-produced ATHP. The production of APY and ATHP
by L. hilgardii is stimulated with the addition of acetaldehyde
in a chemically defined medium. However, the elimination of
acetaldehyde has only a slight effect on APY and ATHP
production. When propionaldehyde or butyraldehyde were
added, there were no detectable amounts of C-3 or C-4
substituted homologues of ETHP, ATHP, or APY produced.
When dj-acetaldehyde was introduced, minor quantities of
ATHP containing three deuterium atoms in the acetyl side chain
were producedKigure 5a). This suggests that acetaldehyde
plays a part in the formation of the side chain of the ATHP
molecule. The deuterated form of acetaldehyde had no effect
on the formation of ETHP or APY33). No studies have been
conducted examining the effect of acetaldehydeDakkera/
Brettanomyces-produced mousy off-flavor.

Metal lons. The presence and/or absence of certain metal
ions in wine has an effect on the formation of mousy compounds
by LAB. The elimination of F&" (as FeS@7H,0), Mg?* (as
MgSQOy-7H,0), Mr?* (as MnSQ-H,0), and C&" (as CaC}:
2H,0), originally present at levels of 25, 25, 43, and 1660 mg/L
respectively, from a chemically defined medium prevented the
formation of APY and reduced the formation of ATHP by 96%
and ETHP by more than 50%. In particular, the elimination of
Fe#™ substantially decreased the concentration of APY and
ATHP (94%), whereas the elimination of ¥ Mg?*, or C&"
caused only a small reduction in their concentrations. The

the alcohol present has to be a short chain primary alcohol. In gimination of Fé&+ also decreased the production of ETHP

the presence of-propanol, bottD. bruxellensisandL. hilgardii
produced 2-propionyltetrahydropyridine (ATHP’s propionyl
analogue)Figure 4) and ATHP (1,28, 33). ATHP is expected

to occur as the yeast, and heterofermentative bacteria have the

ability to produce ethanol through glucose metaboli).(This

suggests that ethanol is responsible for the acetyl side chain o

ATHP and indicates an acetylation step is possibly involved in

the biosynthesis. To further support the hypothesis that ethanol

is responsible for the acetyl side chain of ATHP, it was found
that L. hilgardii produced a deuterated form of ATHP in the
presence ofls-ethanol (Figure 5a), incorporating three deute-
rium atoms into the acetyl side chain.

When ethanol at 5% (v/v) was replaced witipropanol in a
medium containing.. hilgardii, no propyl homologue for APY
(2-propionyl-1-pyrroline) or ETHP (2-propyltetrahydropyridine)
was produced and neither was APY or ETHE) indicating
that ethanol is not responsible for the side chain in these
molecules or that the same mechanism is not valid for higher
alcohols. However, a deuterated isotope of ARFg(re 5b)
was produced wittde-ethanol incorporating three deuterium

atoms into the side chain of the molecule, indicating ethanol as

the precursor to the acetyl side chain. In light of this, why no
propyl analogue of APY was produced whespropanol was
present is unknown.

Although ETHP was found not to form when ethanol was
substituted wit-propanol byDekkera/Brettanomyceg41) or
form a deuterated equivalent in the presencesadthanol, trace
quantities of ETHP and a compound tentatively identified as
2-propyltetrahydropyridine were found to form, by LAB, in the
presence of 2-propand3d). Neither ATHP or APY was formed
in the presence of this alcohdg).

(90%). The exclusion of MAT or Mg?t did not have a
significant effect on ETHP production; however, the omission
of C&" doubled the production of the compourBj.

This information suggests that a sufficient amount of ferrous

fjons is one of the major physicochemical factors necessary for

mousy off-flavor development in wines. However, its actual role
in biosynthesis is unclear. The idea that a sufficient amount of
“active” iron is necessary for mousy off-flavor to occur in wines

is not new: It has been speculated since the 193@s101).
There have been no investigations of the effect of metal ions
on the production of mousy off-flavor bipekkera/Brettano-
myces, and further studies are necessary to fully elucidate the
role of trace elements in the biosynthesis of mousy compounds.

Oxygen.Oxygen can cause wine to become mousy; however,
the mechanism by which this occurs is unknown. It has been
hypothesized that oxygen may have a direct effect on the
oxidation state of the mousy off-flavor molecules themselves
(32). The majority of the work oekkera/Brettanomycesnd
LAB associated mousy off-flavor has been in the presence of
air. Tucknott (28) was the first to suggest that oxidation is an
important factor in the production of mousy off-flavor by LAB
andDekkerdBrettanomyceshowever, the relationship was not
investigated.

Aeration has been shown to stimulate the growtbekkera/
Brettanomyce wine (93). Additionally, a unique characteristic
of Dekkera/Brettanomyces that alcoholic fermentation is
stimulated by molecular oxygen but inhibited under strict
anaerobic conditions. This is termed the “Custers effel@2].

Oxygen has a stimulatory effect upon the production of both
ATHP and ETHP byD. bruxellensis (42). The relative

Ethanol appears to be the precursor to the side chain of bothconcentrations of these two molecules were produced at levels

APY and ATHP by LAB andekkeraBrettanomycesAlthough
experiments indicate that it is not directly responsible for the
side chain of ETHP, it further suggests that ETHP is formed as
a result of ATHP metabolism. Interestingly, 2-propanol stimu-
lates the production of ETHP.

significantly higher in air-saturated conditions than under air-
limiting conditions when grown in grape juice medium.
However, the biomass produced was greater in the air-saturated
treatment also 42); therefore, this could account for the
difference. The production of ATHP by. bruxellensisunder
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air-saturated conditions was higher than that of ETHP. However, Heterolactic Pathway
under air-limited conditions, more ETHP was detected than
ATHP. Although the reason for this trend could be due to the L-Lysine Bgrlggfoss% / L-Ornithine
presence of oxygen, it could also be due to the duration of the I COLH
experiment being sufficiently long enough to allow for a slow NH EgQH } NH, NHz
metabolic transformation of ATHP into ETHP (42). 2 N = CO,
In a D. anomalahigh-density whole cell assay system, the \ j o Lactae /
anaerobic incubation of anaerobically precultured cells was Acetyl-phosphate
shown to repress ATHP formation. However, if the anaerobic \ “Mcetate /
precultured cells were transferred to an aerobic incubation
condition, ATHP production was stimulated. This suggests that Acetyl-CoA
oxygen may be influencing off-flavor production directly, not { } /( 4 >\ { O}
just by stimulating growth and biomass formation. Thus, oxygen N7 Acetaldehyde N
may be directly involved in the biosynthesis of off-flavor
compounds via an oxygen-dependent enzyme system or an Acylation ’ Acylafion
oxidative chemical mechanism. When coupled with the require-
ment of LAB for the presence of ferrous ions for mousy-off Ethanol
flavor formation, these two factors must be viewed as extremely
significant. However, off-flavor production was not strongly
repressed under aerobic preculturing followed by anaerobic Q( P
incubation. The reason for this is unknown. It was suggested N 5 N 0

that aerobic preculturing could influence the cell physiolo
P g PRy 9y Figure 6. Proposed pathway by Costello and Henschke (33) for the

by predisposing or adapting the yeast for taint production, which .
then occurred in the presence of the appropriate precursorsformatlon of the mousy heterocyles, APY (2) and ATHP (3), by the

irrespective of the subsequent anaerobic incubation Ccmdition'heterofermen‘tative lactic acid bacterium, L. hilgardi DSM 20176.
It was suggested that oxygen might be the “switch” for mousy Compounds in bold type (p-glucose, p-fructose, ethanol, acetaldehyde,
off-flavor biosynthesis by yeast (42) L-lysine, and L-ornithine) are considered key substrates. The reaction was
Oxidative metabolism may play. a role in providing a also dependent upon the presence of ferrous ions. Reprinted with
metabolic process that facilitates the biosynthesis of compounds.'oermISSIon from ref 33. Copyright 2002 American Chemical Society.

Further work is needed on the influence of oxygen to elucidate
the relationship. No work has been undertaken into the effect @OOH » [ O ]
of oxygen and LAB-generated mousy off-flavor. NH, “NH, #

From the information gathered pertaining to the factors Liysine
necessary for LAB to produce the mousy heterocycles ATHP Ethanol
and APY, Costello and Henschk&3) were able to propose a ¢
pathway of formationKigure 6). The authors have stated that [Reduction]
further work must be undertaken to confirm this pathway. There Q/ - < <
have been insufficient data collected to propose a pathway of N NZ
formation for LAB-produced ETHP. Thus, a pathway has been
proposed for DekkerdBrettanomyceproduced ATHP and ©
ETHP (Figure 7). ETHP ATHP

Figure 7. Proposed pathway for the formation of the mousy heterocycles

OTHER FORMS OF MOUSY OFF-FLAVOR? ATHP and ETHP by DekkeralBrettanomyces in wine.

Of%n()ec;ﬂoga:clf_i\gd;n%e s_lrj]gg%\s/:]se:]hz;\t ;ﬁ.ﬁnmag A%e_ %h dercfé)(;msthe growth of the bacteria is being encouraged to aid MLF,
mousyl/J o);f-flavorv it \I/va\;wdis.covered t)k(1at tlhcla I%vel ofpoff-flljavor careful strain selection, preliminary trialing, and constant
fluctuated during the growth of the microorganisms, with monitoring should be undertaken. Research is currently being

maximum taint detected during the early stages of incubation undertaken examining possible methods of remova_l of_the
. oL o mousy off-flavor molecules once they have formed in wine

and the intensity diminishing toward the er36). This indicates (104)

that there may also be a transient, strain-dependent form of '

mousy off-flavor that can occur during the course of MLF.

It has been noted anecdotallj03) that there appears to be
a transient form of mousy off-flavor that can occur in wine with AAB, acetic acid bacteria; APY, 2-acetylpyrroline; ATHP,
different sensory characteristics to currently known mousy 2-acetyltetrahydropyridine; ETHP, 2-ethyltetrahydropyridine;
heterocycles. This form, however, does not appear to be relatedGC, gas chromatography; GC/MS, gas chromatography/mass
to either LAB orDekkera/Brettanomyces. spectrometry; LAB, lactic acid bacteria; MLF, malolactic

In conclusion, it can be speculated that the mechanism by fermentation; rH, redox potential.
which LAB andDekkeraBrettanomyceform mousy off-flavor
in wine is similar. However, more research needs to be AckNOWLEDGMENT
undertaken before this can be ascertained.

To prevent the biosynthesis of the mousy off-flavor-forming We thank Leigh Schmidtke and Professor Steve Tyerman for
compounds, elimination or strict control of the causative yeast the valuable comments they gave during the preparation of this
and bacteria must be maintained. This can be achieved bymanuscript. Dr. Vladimir Jiranek is thanked for his assistance
implementing microbial control strategies in the winery. When with Czech translation, and Dr. Natasha Zaitseva is thanked
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copy of A Treatise on Wineby J. L. W. Thudichum (1894),

A. B. Grbin is thanked. Furthermore, we acknowledge the work
of O. G. Tucknott whose landmark investigation in the 1970s
lead to the uncovering of a large body of work that had been
undertaken in Russia in the 1950s.

NOTE ADDED AFTER ASAP PUBLICATION

A sentence has been added to the Introduction after the

original posting of August 8, 2006. Several typographical errors
have also been corrected in the posting of August 16, 2006.
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