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Introduction

Some believe that the incidence of spoilage microorganisms in wines has increased in recent years.
Though not all winemakers agree with this speculation, two issues of potential importance are
increases in must pH and a wider application of improved detection methods.

Winemakers have experimented with delaying fruit harvest as a means to favorably alter flavor and
tannin profiles. In many cases, wine quality has improved. However, one consequence of this practice
is that grapes frequently suffer from higher pH, a condition favorable to the growth of various
microorganisms (Davis et al., 1986a). The pH of musts also influences the effectiveness of SO, with
less amounts of the antimicrobial portion (molecular) present at higher pH. As such, some have
suggested that the increased “hang-time” prior to harvest can also adversely impact wine quality by
encouraging the potential for microbial spoilage.

Another issue has been application of improved methods to detect microorganisms in musts and wines.
Perhaps the most important are the so-called “real-time” molecular techniques. Based upon
determination of similarities at the gene level, these methods are being used to identify and, in some
cases, quantify microbiological populations. While these methods offer tremendous opportunities to
improve microbiological control during vinification, there are potential limitations to routinely using these
methods in wine analysis.

This paper summarizes the impact of selected spoilage microorganisms, namely Brettanomyces,
Pediococcus, and Lactobacillus, on wine quality as well as some methods for detection.

Brettanomyces

The yeasts Brettanomyces/Dekkera are well-known wine spoilage microorganisms whose growth can
result in haziness or production of off-odors sometimes described as ‘medicinal,” ‘mousiness,’” ‘Band-
aid®, ‘barnyard,” or others (Gilliland, 1961; Heresztyn, 1986; Fugelsang et al., 1993; Sponholz, 1993).
Previously described species of Brettanomyces isolated from wines have been reclassified several
times, with D. bruxellensis and D. anomala now believed to be the microorganisms associated with
wine spoilage (Grbin and Henschke, 2000).

While many wine microorganisms including Acetobacter, O. oeni, L. hilgardii, L. plantarum, L. brevis, P.
pentosaceus, P. damnosus, and Saccharomyces can synthesize 4-vinyl guaiacol or 4-vinyl phenol from
ferulic and p-coumaric acids (Figure 1), respectively, most are not able to reduce the vinyl
intermediates to 4-ethyl guaiacol or 4-ethyl phenol (Chatonnet et al., 1992; 1995; Shinohara et al.,
2000). Because of this observation, analysis of 4-ethyl phenol has been used as an indicator of
Brettanomyces infections. However, some microorganisms, most notably L. plantarum (Chatonnet et
al., 1992; 1995; Cavin et al., 1993) and Pichia guilliermondii (Dias et al., 2003), are reported to produce
either very small amounts of these ethyl phenols or do not survive in wine. The recent finding of
isolating Candida pararugosa and Pichia guillermondii from spoiled wines in Washington State not
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containing Brettanomyces (data not shown) suggests that other microorganisms may, in fact, be able to
produce volatile phenols in wines under certain conditions.
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Figure 1. Formation of 4-ethyl phenol from p-coumaric acid.

Controlling the growth of the spoilage yeast within a winery is not an easy task. In fact, Brettanomyces
appears to be relatively tolerant to sulfites so winemakers commonly add 0.4 to 0.6 mg/L molecular
sulfur dioxide to limit infections. However, little information is available regarding the toxicity of sulfites
towards this spoilage yeast.

Pediococcus

Pediococci are characterized as being spherical, Gram positive, non-motile, catalase negative, aerobic
to microaerophilic microorganisms (Garvie, 1986; Carr et al., 2002). Pediococcus is the only lactic acid
bacterium that divide in two planes, thereby appearing microscopically as tetrads or large clumps of
cells (Garvie, 1986; Axelsson, 1998). Currently approved species are P. acidilacti P. damnosus,
P.dextrinicus, P. halophilus, P. inopinatus, P. parvulus, P. pentosaceus, and P. urinae-equi (Garvie,
1986). The International Committee on Systematic Bacteriology has ruled that one species reported to
be present in wines, P. cerevisiae, was not validly described as it represented at least two different
species, P. damnosus and P. pentosaceus (Garvie, 1974; 1986; Raccach, 1987).

Ecology
Although P. damnosus has been isolated from grape musts (Lonvaud-Funel et al., 1991), little is known

regarding the ecology of other species. In a comprehensive study by Costello et al. (1983), a number of
lactic acid bacteria were isolated from musts and wines at different times during vinification including
Pediococcus spp., in agreement with others (Lafon-Lafourcade et al., 1983b; Fleet et al., 1984; Davis et
al. 1986a; 1986b; Sieiro et al., 1990). Species of Pediococcus isolated from wine include P. damnosus,
P. pentosaceus, P. parvulus and, to a lesser extent, P. inopinatus (Davis et al., 1986b; Garvie, 1986;
Edwards and Jensen, 1992; Manca de Nadra and Strasser de Saad, 1995). Pediococci are commonly
found in red wines during barrel aging (Edwards and Jensen, 1992).

Besides pH, the growth of Pediococcus in wine is influenced by a variety of conditions including SO,,
ethanol, and lysozyme. Edwards and Jensen (1992) reported that pediococci isolated from wines
produced in Washington tended to grow slower in 30 mg/L total SO, and that only one of the ten strains
analyzed grew in 14% ethanol. Work by Davis et al. (1988) with lactic acid bacteria isolated from

WWW.INFOWINE.COM - INTERNET JOURNAL OF VITICULTURE AND ENOLOGY, 2007, # 4



EDWARDS, SPOILAGE MICROBES AND THEIR DETECTION: WHAT IS NEW AND WHAT HAS CHANGED ?, P.3

Australia red wines indicated that strains of L. oenos (O. oeni) were less tolerant to sulfur dioxide than
strains of P. parvulus. Davis et al. (1988) further suggested that wines with high total SO, concentration
may be more likely to support the growth of Pediococcus than L. oenos, in disagreement with Hood
(1983) who reported that pediococci were less tolerant to bound SO, than lactobacilli or leuconostocs.
Pediococcus spp. are also sensitive to lysozyme but more resistant than other bacteria. As an example,
Delfini et al. (2004) noted that P. parvulus survived concentrations of 500 mg/L, generally higher than
those of Lactobacillus (200 to 500 mg/L) or Oenococcus (50 to 100 mg/L).

Wine spoilage

Pediococcus spp. in wine has been generally considered to be undesirable due to the production of off-
aromas and flavors like ‘excessive butter’, ‘bitterness’, or even ‘dirty socks.” Pediococci are capable of
producing diacetyl, a compound reminiscent of ‘butter’ that adversely affects wine quality at high
concentrations (Sponholz, 1993). Some species are also capable of degrading glycerol to acrolein, a
compound that reacts with phenolics to produce a bitter taint in wine (Davis et al., 1988; Sponholz,
1993; Du Toit and Pretorius, 2000).

Besides producing off-flavors, Pediococcus spp. have been implicated in the production of extra-
cellular polysaccharides. These homoglucans are produced from glucose and consist of a trisaccharide
repeating unit having a (1->3)-linked backbone and a (1->2)-linked branch of one of the D-
glucopyranosyl groups (Llauberes et al.,, 1990). While visually unappealing, these polymers cause an
increase in viscosity of the wine (Manca de Nadra and Strasser de Saad, 1995). Pediococci associated
with this ‘ropiness’ defect are thought to have higher tolerances to ethanol than other strains (Du Toit
and Pretorius, 2000).

P. damnosus is the bacterium primarily implicated in the production of polysaccharides in wine,
although P. pentosaceus may also be involved (Manca de Nadra and Strasser de Saad, 1995;
Lonvaud-Funel, 1999). As strains of P. damnosus that produce polysaccharides contain a unique 4 Kb
plasmid, Lonvaud-Funel et al. (1993) developed a DNA probe for detection. More recently, Gindreau et
al. (2001) reported use of a direct polymerase chain reaction (PCR) detection method to detect these
strains.

Although growth of certain Pediococcus spp. in wines is undesirable, Edwards and Jensen (1992)
isolated pediococci from several high quality commercial wines. Later work by Edwards et al. (1994)
noted that some of these strains (P. parvulus) altered the bouquet of a Cabernet Sauvignon wine that
had not undergone MLF but without spoilage. In addition, Silver and Leighton (1981) noted that strain
B44-40, initially thought to be Leuconostoc oenos (Oenococcus oeni) but now believed to be
Pediococcus (Kelly et al., 1989), catalyzed MLF in wines without formation of off-odors or flavors. It is
therefore possible that the growth of certain pediococci in wine may add desirable flavors and aromas
under specific circumstances.

Interactions with Oenococcus

Because of the increase in pH after MLF, the secondary fermentation can encourage the growth of
other lactic acid bacteria like Pediococcus in wine (Davis et al., 1986a). However, Edwards et al. (1994)
observed a definite antagonism by O. oeni against Pediococcus was noted in Cabernet Sauvignon and
Merlot wines that had undergone MLF (Figure 2). Here, the viability of all strains of pediococci declined
from an initial population of 10° to between <300 and 10* CFU/mL shortly after inoculation. For
example, while the viability of WS-29A decreased ca 1 log, C5 could not be isolated in the MLF (+)
Cabernet Sauvignon wine less than one hour after inoculation. The fact that the viability of P. parvulus
decreased in MLF (+) wines after inoculation supports the contention that MLF can impart
microbiological stability to wines. In agreement, Walling et al. (2005) noted that wines that had
undergone MLF were more resistant to ropiness caused by pediococci. However, it is also clear that
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the apparent biological “stability” imparted by MLF was not necessarily permanent because most
strains of pediococci eventually grew to populations approaching or exceeding 10° CFU/mL.
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Figure 2. Growth of Pediococcus parvulus strain WS-9 (A), WS-29A (B), and C5 (C) inoculated into Merlot wines
without MLF (open circles) or with MLF (closed circles) induced by Oenococcus oeni. Redrawn from
Edwards et al. (1994).

Other reports detailing the complicated interactions between wine lactic acid bacteria have been

published. Although O. oeni can inhibit Pediococcus (Edwards et al., 1994), Davis et al. (1986a) noted
that growth of P. parvulus was antagonistic to the survival of O. oeni after MLF in some red wines from
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Australia. In addition, Lonvaud-Funel and Joyeux (1993) observed strong inhibition of O. oeni by a
strain of P. pentosaceus. These authors theorized that the effect was due to accumulation of small
(less than 1 kD) compounds, quite possibly peptides or proteins.

Besides other lactic acid bacteria, it is also possible that the growth of Pediococcus may impact other
wine microorganisms such as Brettanomyces. It is well known that Brettanomyces produces 4-ethyl
guaiacol and 4-ethyl phenol, compounds that originate from ferulic acid and p-coumaric acid,
respectively. The reaction is a two step process with an initial decarboxylation of the hydroxycinnamic
acids catalyzed by cinnamate decarboxylase and the reduction of the vinyl phenol intermediates by
vinyl phenol reductase (Figure 1). While many wine microorganisms like Acetobacter, O. oeni, L.
hilgardii, L. plantarum, L. brevis, P. pentosaceus, P. damnosus, and Saccharomyces can synthesize 4-
vinyl guaiacol or 4-vinyl phenol from ferulic and p-coumaric acids, respectively, most are not able to
reduce the vinyl intermediates to 4-ethyl guaiacol or 4-ethyl phenol (Chatonnet et al., 1992; 1995;
Shinohara et al., 2000; Dias et al., 2003).

Although the specific co-enzyme involved in the second reaction has not been identified, one possible
benefit to Brettanomyces would be reoxidation of NADH. Under anaerobic conditions such as those
found in wines, the availability of NAD" can be limited such that carbohydrate metabolism is inhibited.
As such, Brettanomyces could theoretically reduce vinyl phenols synthesized by other wine
microorganisms, and thereby benefit from the growth of other microbes during aging (e.g.,
Pediococcus).

Lactobacillus

Species of Lactobacillus isolated from grapes and wines worldwide include L. brevis, L. buchneri, L.
casei, L. cellobiosus, L. curvatus, L. delbrueckii, L. hilgardii, L. jensenii, L. kunkeei, L. leichmanni, L.
nagelii, L. plantarum, and L. trichodes (Douglas and Cruess, 1936; Vaughn, 1955; Fornachon, 1957;
Du Plessis and van Zyl, 1963; Pilone et al., 1966; Chalfan et al., 1977; Maret and Sozzi, 1977; 1979;
Costello et al.,, 1983, Lafon-Lafourcade et al., 1983b; Davis et al., 1986a; 1986b; Dicks and van
Vuuren, 1988; Sieiro et al., 1990; Edwards et al., 1993; 1998a; 2000). L. cellobiosus is regarded as a
biotype of L. fermentum while L. leichmanni is now referred to as L. delbrueckii subsp. lactis (Kandler
and Weiss, 1986). L. trichodes, commonly known as “Fresno mold” (Amerine and Kunkee, 1968), is
considered a synonym of L. fructivorans (Weiss et al., 1983). L. vermiforme, a species also found in
wines (unpublished data), is believed to be incorrectly classified and should belong to L. hilgardii. The
actual relationship between L. vermiforme and L. hilgardii has not been resolved.

While Lactobacillus can induce the secondary fermentation of wines, the malolactic fermentation, most
species are considered to be spoilage microorganisms (Vaughn, 1955; Gini and Vaughn, 1962; Lafon-
Lafourcade et al., 1983a; Davis et al., 1985; 1986b; Wibowo et al., 1985). For instance, some
lactobacilli can produce diacetyl and acetoin (EI-Gendy et al., 1983; Benito de Cardenas et al., 1985;
Montville et al., 1987) or substituted tetrahydropyridines (Heresztyn, 1986), compounds which can
impart undesirable characteristics to wines. Growth of lactic acid bacteria in bottled wines can result in
haze formation, sediment, gassiness, off-odors, excessive volatile acidity and/or lactic acid (Rankine
and Bridson, 1971; Splittstoesser and Stoyla, 1987). Although lactobacilli can not generally grow at
alcohol concentrations >15% (v/v) or at pH levels less than 3.5 (Wibowo et al., 1985), strains of L.
trichodes have been isolated from spoiled dessert wines containing as much as 20% alcohol
(Splittstoesser and Stoyla, 1987). Furthermore, L. plantarum can also tolerate pH levels below 3.5
(Edwards et al., 1993).

Stuck alcoholic fermentations
A serious problem encountered sporadically by a winemaker are sluggish or stuck alcoholic
fermentations. In such a wine, there is premature cessation of yeast growth and alcoholic fermentation
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which produces a wine with unfermented sugars and an ethanol concentration lower than expected
(Fleet and Heard, 1993). From a commercial standpoint, sluggish or stuck wines are a problem due to
their sweeter taste, inferior sensory quality, and the potential for bacterial spoilage. Although various
factors can contribute to a sluggish or stuck alcoholic fermentation, the exact cause(s) of a particular
occurrence can not always be identified. Traditionally, factors shown to produce this problem are
nutritional deficiencies, the presence of inhibitory substances, and technological practices.

More recently, some winemakers have observed rapid wine spoilage by microorganisms dubbed the
“ferocious” lactobacilli (Boulton et al., 1996). Boulton et al. (1996) characterized this spoilage as being
very swift with abundant bacterial growth during the early stages of vinification and a premature
stoppage of alcoholic fermentation. Although interactions between yeasts and lactic acid bacteria in
wines have been extensively studied (Beelman et al., 1982; King and Beelman, 1986; Lemaresquier,
1987; Edwards et al, 1990; Cannon and Pilone, 1993), the first confirmed report that Lactobacillus can
actually inhibit yeast was that of Huang et al. (1996). In their study, early inoculation of strains YH-15,
YH-24, and YH-37 resulted in slowed laboratory-scale Chardonnay fermentations catalyzed by
Saccharomyces cerevisiae Epernay 2. Inoculation of YH-15 also slowed fermentations inoculated with
S. cerevisiae EC1118. The rapid growth of YH-15 in unsulfited grape juice observed by Huang et al.
(1996) fit the description of “ferocious” lactobacilli given by Boulton et al. (1996) in that the strain
achieved a peak population of >10° CFU/mL two days after inoculation. Inhibition of yeast by
Lactobacillus had been previously observed in other foods (Nakamura and Hartman, 1961; Noda et al.,
1980; Barbour and Priest, 1988; Essia Ngang et al., 1990; Leroi and Pidoux, 1993).

Using 16S rRNA sequencing techniques, Edwards et al. (1998a) identified strain YH-15 as a novel
species of Lactobacillus and named the strain Lb. kunkeei. Interestingly, strains YH-24 and YH-37 also
isolated by Huang et al. (1996) were later determined to be wild types of O. oeni (Edwards et al.,
1998b). More recently, another strain of Lactobacillus was found to inhibit yeast based on results from
an agar well assay. This strain, LUE4o, has been identified as another novel species and was named
Lb. nagelii (Edwards et al., 2000).

Mechanism of yeast inhibition

Boulton et al. (1996) indicated that enough acetic acid could be produced by “ferocious” lactobacilli in
two or three days to inhibit yeast metabolism. Acetic acid is well known to be inhibitory to yeasts
(Doores, 1993), influencing both growth and fermentative abilities (Pampulha and Loureiro, 1989;
Ramos and Madeira-Lopes, 1990; Kalathenos et al., 1995). In agreement, Rasmussen et al. (1995)
reported that addition of 4 g/L midway through grape juice fermentations slowed the fermentations.

Huang et al. (1996) reported that slow/stuck fermentations inoculated with L. kunkeei contained high
amounts of volatile acidity, approximately 3 g/L. In agreement, Edwards et al. (1999b) noted that the
acetic acid concentration in musts inoculated with L. kunkeei or with both S. cerevisiae and L. kunkeei
approached 5 g/L. Thus, the high volatile acidities present in wines inoculated with L. kunkeei observed
by Huang et al. (1996) were probably a result of bacterial production of acetic acid rather than being
synthesized by yeast. However, it was not known whether this amount of acetic acid would inhibit yeast
growth and induce slow/stuck fermentations. Later work revealed that sequential addition of acetic acid
to a fermenting must in the same concentrations produced by L. kunkeei resulted in a slower alcoholic
fermentations (Edwards et al., 1999b). This finding supported the concept that bacterial production of
acetic acid can slow alcoholic fermentations but other mechanisms are probable.

From a winemaking standpoint, it should be noted that SO, remains the best method to control
Lactobacillus infections (Hood, 1983; Liu and Gallander, 1983; Wibowo et al., 1985; Edwards et al.,
1999a). Like other wine microorganisms, lactic acid bacteria possess varying tolerances to the additive
(Beelman et al., 1977; Wibowo et al., 1985; Davis et al. 1986a; 1986b; 1988; Britz and Tracey, 1990;
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Edwards et al., 1991; 1993). Bound or free SO, is not highly inhibitory to wine microorganisms; rather,
it is the molecular form of SO, that is antimicrobial. The amount of molecular SO, present in a wine is
dependant on the concentration of free SO, and the must/wine pH (Zoecklein et al., 1995). As a
general, 0.8 mg/L molecular SO, is considered to be completely inhibitory to lactic acid bacteria
(Zoecklein et al., 1995). Although lactobacilli and pediococci can be thought of as being more sensitive
to SO, than O. oeni, some studies (Costello et al., 1983; Davis et al., 1986a; 1988; Edwards et al.,
1993) have observed growth of species of these microorganisms in wines containing >30 mg/L total
SO.,. Fortunately, it appears that some of the lactobacilli implicated in sluggish fermentations are very
sensitive to SO, (Edwards et al., 1999a).

Detection Methods

Methods used for detection of microbial spoilage include both chemical (e.g., volatile acidity, 4-ethyl
phenol, biogenic amines, etc.) and microbiological (e.g., plating on specific media, biochemical
methods, etc.). Perhaps one of the more important methods applied in wineries has been the use of a
phase contrast microscope. Here, the microscopic appearance of individual cells is used for preliminary
identification using established guides (Edwards, 2005). Although prone to human error in recognizing
cell morphologies, this method is rapid and relatively inexpensive.

In an effort to improve accuracy and precision, techniques involving qualitative and quantitative
analysis of DNA are also being utilized (Fugelsang and Edwards, 2007). In general, these methods rely
on primers which react with selected portions of DNA from microorganisms like the Scorpions™
technique (Arvik, 2006). Besides detection of specific microorganisms, these methods have been used
to quantify the number of microbes present (more DNA in the wine = higher population of
microorganisms). However, detection and quantitation relies on the assumption that DNA from
microorganisms remains detectable in a wine for only a short period of time, an assumption that has
been questioned (Mills, 2006). Furthermore, it is important that these methods be able to detect all
microbial species known to be present in wines (not all methods have the necessary primers).

Acknowledgements

The author thanks Lallemand (Montréal, Quebec), the Washington Wine Advisory Committee, and the
Northwest Center for Small Fruits Research for financial assistance and yeast/bacteria strains obtained in support
of the enological research effort. Finally, sincere appreciation is extended to Gianni Trioli and Vinidea for the
invitation and support to speak at Enoforum 2007.

References

Amerine, M.A., and R.E. Kunkee. Microbiology of wine-making. Ann. Rev. Microbiol. 22: 323-358 (1968).

Arvik, T. Rapid detection of wine spoilage microorganisms using Scorpions™ technology. In: Proceedings of the
International Wine Microbiology Symposium. CATI publication #060702. Tenaya Lodge, Yosemite, CA,
April 4-5 (2006).

Axelsson, L. Lactic acid bacteria: classification and physiology. In: Lactic Acid Bacteria. Microbiology and
Functional Aspects. S. Salminen and A. von Wright (Eds.), pp. 1-72. Marcel Dekker Inc., New York, NY
(1998).

Barbour, E.A. and F.G. Priest. Some effects of Lactobacillus contamination in Scotch whisky fermentations. J.
Inst. Brew. 94: 89-92 (1988).

Beelman, R.B., R.M. Keen, M.J. Banner, and S.W. King. Interactions between wine yeast and malolactic bacteria
under wine conditions. Dev. Ind. Microbiol. 23: 107-121 (1982).

WWW.INFOWINE.COM - INTERNET JOURNAL OF VITICULTURE AND ENOLOGY, 2007, # 4



EDWARDS, SPOILAGE MICROBES AND THEIR DETECTION: WHAT IS NEW AND WHAT HAS CHANGED ?, P.8

Benito de Cardenas, |.L., O.V. Ledesma, A.A. Pesce de Ruiz Holgado, and G. Oliver. Effect of lactate on the
growth and production of diacetyl and acetoin by lactobacilli. J. Dairy Sci. 68: 1897-1901 (1985).

Boulton, R.B., V.L. Singleton, L.F. Bisson, and R.E. Kunkee. Principles and Practices of Winemaking. 604 pp.
Chapman and Hall, New York (1996).

Britz, T.J. and R.P. Tracey. The combination effect of pH, SO,, ethanol and temperature on the growth of
Leuconostoc oenos. J. Appl. Bact. 68: 23-31 (1990).

Cannon, M.C., and G.J. Pilone. Interactions between commercial wine yeast and malolactic bacteria. In: The New
Zealand Grape and Wine Symposium. Vol. 8. D.T. Jordon (Ed.). pp 85-95. The New Zealand Society for
Viticulture and Oenology, Auckland, New Zealand (1993).

Carr, F.J., D. Chill, and N. Maida. The lactic acid bacteria: a literature survey. Crit. Rev. Microbiol. 28: 281-370
(2002).

Cavin, J.F., V. Andioc, P.X. Etievant, and C. Divies. Ability of wine lactic acid bacteria to metabolize phenol
carboxylic acids. Am. J. Enol. Vitic. 44: 76-80 (1993).

Chalfan, Y., I. Goldberg, and R.l. Mateles. Isolation and characterization of malolactic bacteria from Israeli red
wines. J. Food Sci. 41: 939-943, 968 (1977).

Chatonnet, P., D. Dubourdieu, J.-N. Boidron, and M. Pons. The origin of ethylphenols in wines. J. Sci. Food Agric.
60: 165-178 (1992).

Chatonnet, P., D. Dubourdieu, and J.N. Boidron. The influence of Brettanomyces/Dekkera sp. yeasts and lactic
acid bacteria on the ethylphenol content of red wines. Am. J. Enol. Vitic. 46: 463-468 (1995).

Costello, P.J., G.J. Morrison, T.H. Lee, and G.H. Fleet. Numbers and species of lactic acid bacteria in wines
during vinification. Food Technol. Aust. 35: 14-18 (1983).

Davis, C.R., D. Wibowo, R. Eschenbruch, T.H. Lee, and G.H. Fleet. Practical implications of malolactic
fermentation: a review. Am. J. Enol. Vitic. 36: 290-301 (1985).

Davis, C.R., D.J. Wibowo, T.H. Lee, and G.H. Fleet. Growth and metabolism of lactic acid bacteria during and
after malolactic fermentations of wines at different pH. Appl. Environ. Microbiol. 51: 539-545 (1986a).

Davis, C.R., D.J. Wibowo, T.H. Lee, and G.H. Fleet. Growth and metabolism of lactic acid bacteria during
fermentation and conservation of some Australian wines. Food Technol. Aust. 38: 35-40 (1986b).

Davis, C.R., D. Wibowo, T.H. Lee, and G.H. Fleet. Properties of wine lactic acid bacteria: their potential enological
significance. Am. J. Enol. Vitic. 39: 137-142 (1988).

Delfini, C. M. Cersosima, V. Del Prete, M. Strano, G. Gaetano, A. Pagliara, and S. Ambro. Resistance screening
essay of wine lactic acid bacteria on lysozyme: efficacy of lysozyme in unclarified grape musts. J. Agric.
Food Chem. 52: 1861-1866 (2004).

Dias, L., S. Dias, T. Sancho, H. Stender, A. Querol, M. Malfeito-Ferreira, and V. Loureiro. Identification of yeasts
isolated from wine-related environments and capable of producing 4-ethylphenol. Food Microbiol. 20:
567-574 (2003).

Dicks, L.M.T., and H.J.J. van Vuuren. Identification and physiological characteristic of heterofermentative strains
of Lactobacillus from South African red wine. J. Appl. Bacteriol. 64: 505-513 (1988).

Doores, S. Organic acids. In: Antimicrobials in Foods. pp. 95-136. Marcel Dekker, Inc., New York (1993).

Douglas, H.C. and W.V. Cruess. A Lactobacillus from California wine: Lactobacillus hilgardii. Food Res. 1: 113-
119 (1936).

Du Plessis, L.D.W. and J.A. van Zyl. The microbiology of South African winemaking. Part IV. The taxonomy and
incidence of lactic acid bacteria from dry wines. S. Afr. J. Agric. Sci. 6: 261-273 (1963).

Du Toit, M. and |.S. Pretorius. Microbial spoilage and preservation of wine: using weapons from nature's own
arsenal - a review. S. Afr. J. Enol. Vitic. 21: 74-96 (2000).

Edwards, C.G. lllustrated Guide to Microbes and Sediments in Wine, Beer, and Juice. WineBugs LLC, Pullman,
WA (2005).

Edwards, C.G. and K.A. Jensen. Occurrence and characterization of lactic acid bacteria from Washington state
wines: Pediococcus spp. Am. J. Enol. Vitic. 43: 233-238 (1992).

Edwards, C.G., R.B. Beelman, C.E. Bartley, and A.L. McConnell. Production of decanoic acid and other volatile
compounds and the growth of yeast and malolactic bacteria during vinification. Am. J. Enol. Vitic. 41: 48-
56 (1990).

Edwards, C.G., K.A. Jensen, S.E. Spayd, and B.J. Seymour. Isolation and characterization of native strains of
Leuconostoc oenos from Washington State wines. Am. J. Enol. Vitic. 42: 219-226 (1991).

Edwards, C.G., J.R. Powers, K.A. Jensen, K.M. Weller, and J.C. Peterson. Lactobacillus spp. from Washington
State wines: isolation and characterization. J. Food Sci. 58: 453-458 (1993).

WWW.INFOWINE.COM - INTERNET JOURNAL OF VITICULTURE AND ENOLOGY, 2007, # 4



EDWARDS, SPOILAGE MICROBES AND THEIR DETECTION: WHAT IS NEW AND WHAT HAS CHANGED ?, P.9

Edwards, C.G., J.C. Peterson, T.D. Boylston, and T.D. Vasile. Interactions between Leuconostoc oenos and
Pediococcus spp. during vinification of red wines. Am. J. Enol. Vitic. 45: 49-55 (1994).

Edwards, C.G., K.M. Haag, M.D. Collins, R.A. Hutson, and Y.C. Huang. Lactobacillus kunkeei sp. nov., a spoilage
organism associated with grape juice fermentations. J. Appl. Microbiol. 84: 698-702 (1998a).

Edwards, C.G., K.M. Haag, and M.D. Collins. Identification and characterization of two lactic acid bacteria
associated with sluggish/stuck fermentations. Am. J. Enol. Vitic. 49: 445-448 (1998b).

Edwards, C.G., K.M. Haag, M.J. Semon, A.V. Rodriguez, and J.M. Mills. Evaluation of processing methods to
control the growth of Lactobacillus kunkeei, a micro-organism implicated in sluggish alcoholic
fermentation of grape musts. S. Afr. J. Enol. Vitic. 20: 11-19 (1999a).

Edwards, C.G., A.G. Reynolds, A.V. Rodriguez, M. Semon, and J. Mills. Implication of acetic acid in the induction
of slow/stuck grape juice fermentation and inhibition of yeast by Lactobacillus sp. Am. J. Enol. Vitic. 50:
204-210 (1999b).

Edwards, C.G., M.D. Collins, and A.V. Rodriguez. Lactobacillus nagelii sp. nov., an organism isolated from a
partially-fermented wine. Int. J. Sys. Evol. Microbiol. 50: 699-702 (2000).

El-Gendy, S.M., H. Abdel-Galil, Y. Shahin, and F.Z. Hegazi. Acetoin and diacetyl production by homo- and
heterfermentative lactic acid bacteria. J. Food Prot. 46: 420-425 (1983).

Essia Ngang, J.J., F. Letourneau, E. Wolniewicz, and P. Villa. Inhibition of beet molasses alcoholic fermentation
by lactobacilli. Appl. Microbiol. Biotechnol. 33: 490-493 (1990).

Fleet, G.H., S. Lafon-Lafourcade, and P. Ribéreau-Gayon. Evolution of yeasts and lactic acid bacteria during
fermentation and storage of Bordeaux wines. Appl. Environ. Microbiol. 48: 1034-1038 (1984).

Fleet, G.H., and G.M. Heard. Yeast: growth during fermentation. In: Wine Microbiology and Biotechnology. G.H.
Fleet (Ed.). pp 27-54. Harwood Academic Publishers, Switzerland (1993).

Fornachon, J.C.M. The occurrence of malo-lactic fermentation in Australian wines. Aust. J. Appl. Sci. 8: 120-129
(1957).

Fugelsang, K.C. and C.G. Edwards. Wine Microbiology: Practical Applications and Procedures. Second edition.
Springer Science and Business Media, NY (2007).

Fugelsang, K.C., M.M. Osborn, and C.J. Muller. Brettanomyces and Dekkera: Implications in wine making.
American Chemical Society Symposium Series. 536: 110-129 (1993).

Garvie, E.I. Genus Pediococcus. In: Bergey’s Manual of Systematic Bacteriology. P.H.A. Sneath, N.S. Mair, M.E.
Sharpe, and J.G. Holt (Eds.), pp. 1075-1079. The Williams and Wilkins Co., Baltimore, MD (1986).

Garvie, E.I. Nomenclatural problems of the pediococci. Request for an opinion. Int. J. Sys. Bacteriol. 24: 301-306
(1974).

Gilliland, R.B. Brettanomyces. |. Occurrence, characteristics, and effects on beer flavour. J. Inst. Brew. 67: 257-
261 (1961).

Gindreau, E., E. Walling, and A. Lonvaud-Funel. Direct polymerase chain reaction detection of ropy Pediococcus
damnosus strains in wine. J. Appl. Microbiol. 90: 535-542 (2001).

Gini, B. and R.H. Vaughn. Characteristics of some bacteria associated with the spoilage of California dessert
wines. Am. J. Enol. Vitic. 13: 20-31 (1962).

Grbin, P.R. and P.A. Henschke. Mousy off-flavor production in grape juice and wine by Dekkera and
Brettanomyces yeasts. Aust. J. Grape Wine Res. 6: 255-262 (2000).

Heresztyn, T. Formation of substituted tetrahydropyridines by species of Brettanomyces and Lactobacillus
isolated from mousy wines. Am. J. Enol. Vitic. 37: 127-132 (1986).

Hood, A. Inhibition of growth of wine lactic-acid bacteria by acetaldehyde-bound sulphur dioxide. Aust. Grape.
Wine. 232: 34-43 (1983).

Huang, Y.-C., C.G. Edwards, J.C. Peterson, and K.M. Haag. Relationship between sluggish fermentations of
grape juice and the antagonism of yeast by lactic acid bacteria. Am. J. Enol. Vitic. 47: 1-10 (1996).
Kalathenos, P., J.P. Sutherland, and T.A. Roberts. Resistance of some wine spoilage yeasts to combinations of

ethanol and acids present in wine. J. Appl. Bacteriol. 78: 245-250 (1995).

Kandler, O. and N. Weiss. Genus Lactobacillus. In: Bergey's Manual of Systematic Bacteriology, P.H.A. Sneath,
N.S. Mair, M.E. Sharpe, and J.G. Holt (Ed.), p. 1209. The Williams and Wilkins Co., Baltimore (1986).

Kelly, W.J., R.V. Asmundson, and D.H. Hopcroft. Growth of Leuconostoc oenos under anaerobic conditions. Am.
J. Enol. Vitic. 40: 277-282 (1989).

Lafon-Lafourcade, S., E. Carre, A. Lonvaud-Funel, and P. Ribéreau-Gayon. Induction de la fermentation
malolactique des vins par inoculation d’'une biomasse industrielle congelée de L. oenos aprés
réactivation. Connaiss. Vigne Vin. 17: 55-71 (1983a).

WWW.INFOWINE.COM - INTERNET JOURNAL OF VITICULTURE AND ENOLOGY, 2007, # 4



EDWARDS, SPOILAGE MICROBES AND THEIR DETECTION: WHAT IS NEW AND WHAT HAS CHANGED ?, P.10

Lafon-Lafourcade, S., E. Carre, and P. Ribéreau-Gayon. Occurrence of lactic acid bacteria during the different
stages of vinification and conservation of wines. Appl. Environ. Microbiol. 46: 874-880 (1983b).

Lemaresquier, H. Inter-relationships between strains of Saccharomyces cerevisiae from the Champagne area
and lactic acid bacteria. Lett. Appl. Microbiol. 4: 91-94 (1987).

Leroi, F. and M. Pidoux. Characterization of interactions between Lactobacillus hilgardii and Saccharomyces
florentinus isolated from sugary kefir grains. J. Appl. Bacteriol. 74: 54-60 (1993).

Liu, J.R., and J.F. Gallander. Effect of pH and sulfur dioxide on the rate of malolactic fermentation in red table
wines. Am. J. Enol. Vitic. 34: 44-46 (1983).

Llaubéres, R.M., B. Richard, A. Lonvaud, D. Dubourdieu, and B. Fournet. Structure of an exocellular 3-D-glucan
from Pediococcus sp., a wine lactic bacteria. Carb. Res. 203: 103-107 (1990).

Lonvaud-Funel, A. Lactic acid bacteria in the quality improvement and depreciation of wine. Antonie van
Leeuwenhoek 76: 317-331 (1999).

Lonvaud-Funel, A. and A. Joyeux. Antagonism between lactic acid bacteria of wines: inhibition of Leuconostoc
oenos by Lactobacillus plantarum and Pediococcus pentosaceus. Food Microbiol. 10: 411-419 (1993).

Lonvaud-Funel, A., A. Joyeux, and O. Ledoux. Specific enumeration of lactic acid bacteria in fermenting grape
must and wine by colony hybridization with non-isotopic DNA probes. J. Appl. Bacteriol. 71: 501-508
(1991).

Lonvaud-Funel, A., O. Guilloux, and A. Joyeaux. Isolation of a DNA probe for identification of glucan-producing
Pediococcus damnosus in wines. J. Appl. Bacteriol. 74: 41-47 (1993).

Manca de Nadra, M.C., and A.M. Strasser de Saad. Polysaccharide production by Pediococcus pentosaceus
from wine. Int. J. Food Microbiol. 27: 101-106 (1995).

Maret, R. and T. Sozzi. Flore malolactique de modts et de vins du Canton du Valais (Suisse). |. Lactobacilles et
pédiocoques. Ann. Technol. Agric. 27: 255-273 (1977).

Maret, R. and T. Sozzi. Flore malolactique de modts et de vins du Canton du Valais (Suisse). Il. Evolution des
populations de lactobacilles et de pédiocoques au cours de la vinification d'un vin blanc (un Fendant) et
d'un vin rouge (une Dole). Ann. Technol. Agric. 28: 31-40 (1979).

Mills, D.A. Molecular methods to characterize wine microorganisms. In: Proceedings of the International Wine
Microbiology Symposium. CATI publication #060702. Tenaya Lodge, Yosemite, CA, April 4-5 (2006).

Montville, T.J., M.E. Meyer, and A.H.M. Hsu. Influence of carbon substrates on lactic acid, cell mass, and
diacetyl-acetoin production in Lactobacillus plantarum. J. Food Prot. 50: 42-46 (1987).

Nakamura, L.K. and P.A. Hartman. Lactobacillus:yeast interrelationships. J. Bacteriol. 81: 519-523 (1961).

Noda, F., K. Hayashi, and T. Mizunuma. Antagonism between osmophilic lactic acid bacteria and yeasts in brine
fermentation of soy sauce. Appl. Environ. Microbiol. 40: 452-457 (1980).

Pampulha, M.E. and V. Loureiro. Interaction of the effects of acetic acid and ethanol on inhibition of fermentation
in Saccharomyces cerevisiae. Biotech. Lett. 11: 269-274 (1989).

Pilone, G.J., R.E. Kunkee, and A.D. Webb. Chemical characterization of wines fermented with various malolactic
bacteria. Appl. Microbiol. 14: 608-615 (1966).

Raccach, M. Pediococci and biotechnology. CRC Crit. Rev. Microbiol. 14: 291-309 (1987).

Ramos, M.T. and A. Madeira-Lopes. Effects of acetic acid on the temperature profile of ethanol tolerance in
Saccharomyces cerevisiae. Biotech. Lett. 12: 229-234 (1990).

Rankine, B.C. and D.A. Bridson. Bacterial spoilage in dry red wine and its relationship to malo-lactic fermentation.
Aust. Wine, Brew. Spirit Rev. 90: 44, 46, 48, 50 (1971).

Rasmussen, J.E., E. Schultz, R.E. Snyder, R.S. Jones, and C.R. Smith. Acetic acid as a causative agent in
producing stuck fermentations. Am. J. Enol. Vitic. 46: 278-280 (1995).

Shinohara, T., S. Kubodera, and F. Yanagida. Distribution of phenolic yeasts and production of phenolic off-
flavors in wine fermentation. J. Biosci. Bioeng. 90: 90-97 (2000).

Sieiro, C., J. Cansado, D. Agrelo, J.B. Velazquez, and T.G. Villa. Isolation and enological characterization of
malolactic bacteria from the vineyards of northwestern Spain. Appl. Environ. Microbiol. 56: 2936-2938
(1990).

Silver, J. and T. Leighton. Control of malolactic fermentation in wine. 2. Isolation and characterization of a new
malolactic organism. Am. J. Enol. Vitic. 32: 64-72 (1981).

Splittstoesser, D.F. and B.O. Stoyla. Lactic acid spoilage in wine. Wines Vines 68: 65-66 (1987).

Sponholz, W.R. Wine spoilage by microorganisms. /n: Wine Microbiology and Biotechnology. G.H. Fleet (Eds.).
pp 395-420. Harwood Academic Publishers, Chur, Switzerland (1993).

Vaughn, R.H. Bacterial spoilage of wines with special reference to California conditions. Adv. Food. Res. 6: 67-
108 (1955).

WWW.INFOWINE.COM - INTERNET JOURNAL OF VITICULTURE AND ENOLOGY, 2007, # 4



EDWARDS, SPOILAGE MICROBES AND THEIR DETECTION: WHAT IS NEW AND WHAT HAS CHANGED ?, P.11

Walling, E., M. Dols-Lafargue, and A. Lonvaud-Funel. Glucose fermentation kinetics and exopolysaccharide
production by ropy Pediococcus damnosus IOEB8801. Food Microbiol. 22: 71-78 (2005).

Weiss, N., U. Schillinger, and O. Kandler. Lactobacillus trichodes and Lactobacillus heterohiochii, subjective
synonyms of Lactobacillus fructivorans. System. Appl. Microbiol. 4: 507-511 (1983).

Wibowo, D., R. Eschenbruch, C.R. Davis, G.H. Fleet, and T.H. Lee. Occurrence and growth of lactic acid bacteria
in wine: a review. Am. J. Enol. Vitic. 36: 302-313 (1985).

Zoecklein, B.W., K.C. Fugelsang, B.H. Gump, and F.S. Nury. Wine Analysis and Production. 621 pp. Chapman
and Hall Publishers, New York (1995).

WWW.INFOWINE.COM - INTERNET JOURNAL OF VITICULTURE AND ENOLOGY, 2007, # 4



