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Abstract The microbial ecology of wine is complex.

Microbes can play both positive and negative roles in the

quality of the final product. Due to this impact, the

microbial ecology of wine has been well studied. Tradi-

tional indirect methods, such as plating, have largely been

replaced by a number of molecular methods. These meth-

ods are typically either indirect methods used for identifi-

cation of cultured organisms, or direct methods used to

profile whole populations or identify specific microbes in a

mixed population. These molecular methods offer a num-

ber of advantages over traditional methods including speed

and precision. This review will examine both direct and

indirect molecular methods, provide examples of their

impact on the study of the microbial ecology of wine, and

also discuss their strengths and limitations.
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Introduction

Molecular methods can be used to detect and identify

microbes throughout the winemaking process in one of two

ways (Fig. 1). First, if a sample has been analyzed using

conventional methods such as plating or enrichment, which

require growth of the microbe, molecular methods can be

use to identify the organisms present in the sample at the

genus or species level and, even to the specific strain. So

we could not only tell you that a lactobacilli was growing

in your wine, which could be determined through tradi-

tional plating and biochemical analysis, but we could also

tell you that it was a specific strain of Lactobacillus hil-

gardii (this microbe is often misclassified using conven-

tional biochemical identification as L. brevis). However,

modern molecular methods such as a RAPD-PCR will

correctly differentiate the two species [105]. Since the

analysis of the microbial population in these cases is not

conducted on the original population, these methods are

considered to be indirect methods [72].

The second way of using molecular methods is to ana-

lyze the microbial population directly from the sample

itself. A classic example of direct analysis, which has been

used from the vineyard through bottling, would be dena-

turing gradient gel electrophoresis (DGGE) where DNA is

isolated directly from the fermentation or the grape,

amplified by PCR and analyzed by gradient gel electro-

phoresis without ever having to culture the microbes

present in the sample (Fig. 2).

In general, direct methods have two major advantages

over indirect methods. First, they can identify noncultur-

able microbes. These nonculturable microbes may be

injured, in a viable nonculturable state, or unable to grow

on the medium chosen for culturing [50, 71]. For example,

a study by du Toit et al. [28] demonstrated a difference

between Acetobacter pasteurianus populations observed by

epifluorescence microscopy and plating. Microscopy, a

direct method, demonstrated a higher microbial population

than plating in the absence of oxygen, an indirect method.

This difference, however, was dispelled by the addition of

oxygen to the wine. These results suggest that a noncul-

turable population may survive in wine, which would not

be noticed using conventional analyses. Additionally,
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Fugelsang and Zoecklein [38] found 4-ethyl phenol pro-

duction by D. bruxellensis even in the absence of a cul-

turable population.

The second advantage of direct analysis is speed. For

instance, detection of D. bruxellensis by plating can take as

long as 1–2 weeks to complete. Consequently, simple

enological decisions, such as antimicrobial additions, are

greatly delayed [89]. However, by using a direct analysis

method such as quantitative real-time PCR (QPCR)

(Fig. 3), D. bruxellensis contamination can be identified in

less than 1 day, thus allowing the winemaker to prevent a

potential problem [27, 89].

The major disadvantage of direct methods when com-

pared to traditional indirect methods is the inability of

many direct methods to differentiate viable from dead

cells, as both may contain DNA or RNA. While DNA is

very stable and will often persist long after the cell has

died, RNA may have a short half-life and, in some cases,

may be a useful marker for cell viability. However, this is

very dependant on the gene transcribed and the sample

environment. In fact, a study by Hierro et al. [47] examined

the persistence of both ribosomal RNA and DNA by

heating an S. cerevisiae culture for 20 min and following

the 26S ribosomal DNA and RNA using QPCR. They

found that both the rRNA and rDNA persisted for over

Fig. 1 Direct versus indirect

microbial analysis. Molecular

methods can be used to analyze

samples taken anywhere from

the vineyard to the bottle in two

different ways. In indirect

analysis the sample is plated,

the microorganisms are allowed

to grow, and then DNA is

isolated from the sample and

used most often for

identification. In direct

molecular analysis, either DNA

or RNA is isolated directly from

the sample and used for further

analysis. Indirect analyses are

typically more sensitive, being

able to identify organisms to the

strain level. While direct

methods are often faster, they

are typically less specific, being

able to provide the genus and

possibly species-level

information for identification.

They are however, useful for

rapid identification and profiling

of communities often being able

to detect nonculturable

organisms

Fig. 2 Overview of denaturing gradient gel electrophoresis (DGGE).

DNA from an environmental sample is amplified using a universal

primer set containing a GC clamp. As the DNA fragment runs through

the gel, the denaturant increases in concentration. At a certain

concentration of denaturant, the double-stranded DNA fragment melts

and stops migrating through the polyacrylamide gel. This melting is

determined by the GC content of the fragment and complete melting

or dissociation of the fragment is prevented by the GC clamp. Thus,

fragments differing in just a single nucleotide will stop migrating at

different concentrations of denaturant. The bands can be excised for

further analysis, often DNA sequencing, or compared to a standard

curve generated using PCR products from known organisms
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1 day. Further, Cocolin and Mills [18] using DGGE

(Fig. 2) found that Hanseniaspora rRNA persisted for

29 days in the absence of a culturable population.

The rest of this review will be a discussion of specific

indirect and direct molecular methods, how they work, and

also how they are used in the analysis of wine. Table 1

provides an outline of the methods discussed in this paper

and the discrimination level.

Hybridization methods

DNA hybridization is most often used as an indirect

method to identify various microorganisms and may

include simple probes or microarrays to examine similari-

ties in whole genomes. Hybridization is performed by

adding a labeled probe of single-stranded DNA, specific to

a gene or species in the case of total genomic DNA probes,

to a sample of DNA isolated from an unknown organism.

The mixture is then heated and the double helix of the

DNA unravels or denatures to form single strands. After

cooling, the helices will begin to reform and if there is

similarity, the labeled probe will bind to the unknown

DNA.

Early probes were labeled with radioactive material,

however, these labels were rapidly replaced by various

chemoluminescent systems, such as peroxidase enzymes,

which react with a substrate to create a color change or

even with fluorophores, which can be detected by moni-

toring for fluorescence.

Early hybridizations were often conducted using total

DNA isolated from a reference strain as the probe. This

technique was used by Lonvaud-Funel’s group to identify

Leuconostoc oeni (since renamed Oenococcus oeni) and

other lactobacilli isolated from wine [104]. Newer methods

have often relied on probes for specific genes instead of

total genomic DNA, most often ribosomal RNA genes

(rDNA), as this is the only sequence available for many

organisms. These probes can, like the earlier total genomic

DNA probes, be used to identify specific yeasts and bac-

teria or they can be used to detect the presence of a par-

ticular group, such as lactic acid bacteria.

The probes are often used for fluorescence in situ

hybridization (FISH). This method uses fluorescently

labeled oligonucleotide probes that typically target the

rDNA of a species [11]. This technique uses the same

principle as DNA hybridization, but is done in situ,

meaning there is no DNA isolation before hybridization

occurs. This allows for quick and easy detection of species

in a mixed population sample without the need of plating.

The procedure is outlined in Fig. 4. A probe labeled with a

tag, usually digoxigenin (DIG), is added directly to cells

fixed on a slide and hybridizes to the DNA inside the cell.

Once hybridization is complete, the slide is covered with

antibodies to DIG that contain a fluorophore. After the

antibody treatment, the cells can be viewed under a

microscope, which allows for direct visualization of the

species present in the sample, as well as the analysis of

functional cell parameters such as structure. The cells may

also be used for flow cytometry, which is an optical system

that allows the estimation of cell numbers, as well as shape,

size, and cell viability through light measurements and

scattering [66]. This method can either be used as

Fig. 3 Real-time PCR. a An example of probe-base detection

systems such as Scorpion or Taqman. The target DNA is denatured

into single-stranded DNA and is hybridized with specific primers.

These primers have a fluorochrome (F) and a quencher (Q) attached to

them. Once the primers are hybridized, the DNA is elongated using

DNA polymerase. When the DNA elongates past the targeted DNA,

the quencher and the fluorochrome are separated and thus the

fluorochrome emits light. This light can be detected immediately and

thus give a real-time quantification of genes present in the DNA.

Different probes may be tagged with different fluorophore, thus

enabling assays to be multiplexed. b SYBR Green assays. The

double-stranded DNA is melted, which allows the primers to anneal

to the single-stranded DNA. Double-stranded DNA is created by

DNA polymerase, which allows the SYBR Green dye (SG) to bind

the DNA strands and fluoresce. The excitation wavelength for the dye

is 494 nm. Once SYBR Green is excited by light at 494 nm, it then

emits light at 521 nm, which is known as the emission wavelength
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described above to identify already cultured organisms, or

it can be used to identify microbes directly from the sample

without culturing.

Perry-O’Keefe et al. [86], developed a number of pep-

tide nucleic acid-based probes for wine-related yeasts and

bacteria. Peptide nucleic acid (PNA) molecules are

pseudopeptides that can pair in accordance to Watson–

Crick base pairing with DNA or RNA and have a poly-

amide backbone [79, 83, 107]. The uncharged nature of the

PNA backbone gives high specificity, strong affinity, and

rapid kinetics that improve hybridization to highly struc-

tured targets such as 26S rDNA, when compared to tradi-

tional DNA-based probes. Additionally, PNA probes allow

hybridization under more stringent conditions than tradi-

tional DNA probes, enabling greater specificity [79].

Perry-O’Keefe et al. [86] used PNA probes, designed to

rDNA, to detect both total bacteria and yeasts, as well as,

the wine-related yeasts D. bruxellensis, S. cerevisiae, and

Zygosaccharomyces bailii. They also designed probes to

the bacterium L. brevis among other non-wine-related

bacteria. Using these probes, in conjunction with mem-

brane filter concentration of a wine sample, which was then

enriched on appropriate media, they where able to detect,

identify, and enumerate wine-related microbes in one-third

of the time needed for traditional plating, as the probes

could be used before visible colonies were present. How-

ever, there was not a good correlation between colony

counts and the probe-based enumeration for D. bruxellensis

and Z. bailii [86]. Connell et al. [22] adapted this same

technique for the detection of D. bruxellensis in winery air.

Table 1 Molecular methods used in detection and identification of wine-related microbes

Type of method Identification

method

Level of discrimination References

Hybridization methods

Probes Indirect From groups of lactic acid bacteria

to genus and species

[86, 104]

Fluorescence in situ

hybridization (FISH)

Indirect/direct From groups of lactic acid bacteria

to genus and species

[7, 10, 21, 48, 86, 97, 112]

Flow cytometry Direct Genus and species [2, 42, 66, 103]

Complete genome hybridization Indirect From groups to specific strains [9, 29, 100, 111]

Sequencing methods

Ribosomal, actin-1 or rpoB
DNA sequencing

Indirect Species [25, 41, 51, 52, 91, 95]

Multilocus sequence typing Indirect Species and strain better discrimination

for bacteria than Saccharomyces
[3, 6, 12, 26, 33, 57, 64, 75, 82]

Whole genome sequencing Indirect Strain [9, 65]

Fingerprinting methods

ITS-RFLP Indirect Species only used for yeasts [1, 11, 14, 31, 32, 34, 44, 46, 58, 92]

26S rDNA-RFLP Indirect Species only used for yeasts [23]

16S rDNA-RFLP Indirect Species only used for bacteria [96, 98]

Karyotyping Indirect Strain only used for yeasts [74, 101]

REA-PFGE Indirect Strain [35, 41, 54, 73]

mt-RFLP Indirect Strain-yeast [49, 70, 75, 90, 101]

AFLP Indirect Strain [4, 13, 24, 30, 39, 43, 59, 84, 85, 100]

RAPD-PCR Indirect Strain [6, 11, 26, 39, 99, 101, 106, 109, 114]

d-sequence amplification Indirect Strain-yeast [15, 56, 101]

Microsatellite Indirect Strain-yeast [39, 101]

DGGE/TGGE Direct Typically species but may identify strains

depending on targets for PCR

[17, 19, 36, 37, 53, 60, 67–69, 72, 76,

77, 91, 94, 95]

PCR detection

Bacterial targets Direct Species to strain [5, 22, 40, 55, 113]

Yeast targets Direct Species to strain [18, 49, 61]

QPCR

Bacterial targets Direct Currently species but depending on the

target gene they may be strain specific

[45, 78, 106]

Yeast targets Direct Currently species [27, 45, 47, 89, 93, 108]
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Both papers consider this method to be a form of in situ

hybridization, however, in this case it is not a direct

detection method, as the probes are used on an enriched

culture grown on media. Even though the technique takes

less time than traditional indirect methods, growth of the

organism is still needed. Xufre et al. [112] also extended

the use of this technique. By using the D1/D2 domain of

the 26S rRNA they were able to detect S. cerevisiae,

Candida stellata, Hanseniaspora uvarum, H. guilliermon-

dii, Kluyveromyces thermotolerans, K. marxianus, Toru-

laspora delbrueckii, Pichia membranifaciens, and

P. anomala in both red and white wine must samples.

When compared to many of the newer, PCR amplification-

based techniques, hybridization methods are both cum-

bersome and time-consuming, as you need to wait for

growth of the organism, hence the switch to the faster in

situ hybridization techniques and a greater use of PCR-

based methods in the more recent literature [41].

FISH has not only been used to identify already isolated

microbes but also for the direct identification of microbes

from fermentation samples, including wine. This method

saves substantial time, as you do not need to wait for

growth of the organism. Blasco et al. [8] designed oligo-

nucleotide probes that target the 16S rDNA subunit to

directly detect L. brevis, L. collinoides, L. coryniformis,

L. farciminis, L. mali, L. casei/paracasei, L. zeae, O. oeni,

P. damnosus, and P. parvulus, from wine samples. Hir-

schhäuser et al. [48] used the 5S rDNA as a target to dis-

tinguish O. oeni from closely related lactic acid bacteria

species. The 5S rDNA subunit of O. oeni is highly con-

served and has a different sequence than other phyloge-

netically related lactic acid bacteria. Thus, it makes an

excellent target for FISH analysis. It was shown, however,

that using only one probe with this method resulted in rapid

bleaching of the fluorophore, while using multiple probes

showed an increase in fluorescent yield. Overall, three

probes for the 5S rDNA target were designed and utilized

for detection of O. oeni [48].

Other organisms examined with this technique include

the Dekkera and Brettanomyces species, which are known

for giving off-flavors to wine and are usually undetected

until spoilage has already occurred. Röder et al. [97]

developed probes for all five known species: D. anomala,

D. bruxellensis, B. custersianus, B. nanus, and B. naar-

denensis. These probes target the D1/D2 domain of the

large subunit (26S) rDNA. To improve probe hybridiza-

tion, ‘side’ probes, which are partially complementary or

directly adjacent to the probe, were used to enhance the

accessibility of highly structured RNA, a common problem

with rDNA-targeted probes [48, 97].

While accurate and rapid, the use of FISH for the direct

detection of microbes from wine is not common in the

industry. It requires an expensive fluorescent microscope

and has the limits of any microscopy-based method. Typ-

ically, microbes present at levels below 103 cfu ml-1 will

not be observed and the procedure is prone to operator

fatigue [62].

Flow cytometry

Flow cytometry is a technique using instrumentation that

examines particles such as a yeast or bacterial cells, sus-

pended in a fluid stream. The fluid is passed across a

focused beam of light so that a single cell can be measured.

The systems may detect a combination of light scattering

and fluorescent measurements depending on the types of

detectors available. Typical instruments may detect up to

100,00 cells per second and have been used in the wine

industry to examine cell viability and physiology. For

example, Graca da Silveira et al. [42] used flow cytometry

and the fluorescent dyes carboxyfluorescein and propidium

iodide to examine the membrane integrity of ethanol

adapted and non-adapted O. oeni cells. They found that the

population with intact membranes (staining only with

carboxyfluorescein) was larger in the ethanol-adapted cells.

This example illustrates what may be the best use of this

technology for the wine industry, checking the viability of

Fig. 4 Fluorescent in situ hybridization overview. An unknown

population is fixed to a slide and hybridized with labeled DNA

probes. A secondary antibody is applied to the sample and binds to the

labeled probe. This antibody is attached to a fluorophore that will emit

a specific wavelength of light upon excitation. The cells can then be

viewed either through microscopy or flow cytometry and will

fluoresce the color of the DNA probe that hybridized with it. This

allows easy differentiation of species in a mixed population sample
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starter cultures before inoculation. The method is rapid and

with the dyes used, able to distinguish viable, dead, and

injured cells in minutes, allowing the winemaker better

control of the fermentation process [2].

The primary use of flow cytometry in the wine industry,

however, has been to detect spoilage organisms [66, 103].

Most often, methods use the 16S or 26S rDNA genes as a

target for FISH analysis, as discussed above. However, in a

few cases, antibodies to specific organisms are available

and these can be used in place of DNA or PNA probes. The

method is rapid and takes less technical skill than methods

such as QPCR, discussed below. However, the lack of

commercial antibodies for many of the yeasts and bacteria

present in wine means that probes need to be designed for

detection of most spoilage microbes. Serpaggi et al. [103]

were able to detect Dekkera grown in Pinot noir at a

concentration of 102 cfu ml-1 using FISH-based flow

cytometry. However, phenolic compounds interfered with

initial methods for permeabilizing the cells and the method

developed took over 24 h to complete. Malacrino et al. [66]

used fluorescent dyes to estimate the populations of yeasts

and bacteria in wine. They were able to detect viable yeasts

at 103 cfu ml-1 and bacteria at 104 cfu ml-1. However,

when Pinot noir samples were tested directly without any

pretreatment, they had difficulty distinguishing the bacteria

from other debris present in the wine. For a more com-

prehensive review of flow cytometry in the food industry,

see Comas-Riu and Rius [21].

Complete genome hybridization

Another hybridization method is complete genome

hybridization (CGH). It is useful for comparing strains of

bacteria or yeasts using a whole or partial genomic array. In

essence, the genome of one microbe is hybridized to probes

representing a whole or partial genome of the same

organism. The method is sensitive and can detect both small

nucleotide polymorphisms and gene-deletion events [72].

The discriminatory power of CGH is very high. For

example, Salinas et al. [100] were able to differentiate

between S. cerevisiae strains LV CB, L-957 and the

commercial strain EC118 using CGH, while both AFLP

and RAPD-PCR (discussed below) considered them to be

the same strain. To date, two other studies have used CGH

to study S. cerevisiae strains. Dunn et al. [29] used the

method to compare four commercial S. cerevisiae strains to

a laboratory strain. Winzeler et al. [111] compared 14

different strains isolated from Tuscany and found that there

were geographical differences among the species, and that

the wild strains and laboratory strains formed distinct,

separate clusters.

Currently, only one study of wine bacteria has employed

CGH, which is surprising given the far greater number of

relevant bacterial genomes that have been sequenced [65].

The study by Borneman et al. [10] compared ten com-

mercial strains of O. oeni using an O. oeni PSU-1-based

array. They found that each strain lost up to 7% of the open

reading frames present in PSU-1. This demonstrates one of

the issues with CGH. If a strain contains a large deletion, it

is impossible to determine if it is truly a deletion or a

divergent orthologous sequence, which does not hybridize

to the probes designed to the reference sequence. Although

in this case, the authors did find that the CGH produced

accurate data for characterizing the genomic profile of

bacterial strains when compared to whole genome

sequencing [10]. Additionally, while the method is rapid

and, thanks to ever-improving bioinformatics, the analysis

is fairly straightforward, it is expensive and limited by the

availability of a genome sequence. However, as more

genome sequences become available, it is likely that CGH

will be used more often in wine-related ecological studies.

Sequencing methods

Ribosomal DNA (rDNA) sequencing

The most commonly used method to identify wine-related

microbes is rDNA sequencing. It is a powerful tool for

rapid and accurate microbial identification and is even used

in conjunction with many direct analysis techniques such

as DGGE. However, it is still common to isolate DNA

from a colony on a plate and sequence a gene from that

DNA. The resulting gene sequence is then compared to

other genes in a database to identify that colony.

Sequencing is more accurate than traditional biochemical

identification methods as it is not dependant on the growth

state or previous environment of the microbe. Because we

are examining the genome of the organism directly, the

technique is not dependent on an enzyme being expressed

to metabolize certain sugars or other compounds.

Currently, the most-sequenced genes are the variable

rDNA regions typically, the 16S rDNA in bacteria and the

26S rDNA in yeasts [41, 52]. These genes have been

chosen as they have a long history in the identification of

microbes, and for large numbers of yeast and bacteria these

are the only sequences present in a database. In fact,

sequences are even available for microbes we are unable to

culture [81]. This region, however, is not always the best

choice, as it can provide limited resolution. Using the D1/

D2 domain of the 26S rDNA in yeast, typically a 600-bp

fragment, provides species-level information, with differ-

ent strains of a species having no more than three different

nucleotides, while a separate species will have no more

than six differences [51]. Because of this limit, other genes

have also been used in the identification of both bacteria
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and yeasts. These genes may, in some cases, provide

greater resolution, such as the actin-1 gene or internal

transcribed spacer (ITS) regions in yeast, or the rpoB gene

in bacteria [25, 51, 91, 95].

While these genes may provide greater resolution

between taxa, for example sequencing of the actin genes

provides better resolution than sequencing of the D1/D2

region, they do have a number of limitations when com-

pared to rDNA sequencing [25]. First, it is more difficult, if

not impossible, to develop universal primers for many

genes, while the rDNA has well-defined, highly conserved

regions that allow a single primer pair to work for all yeasts

[51] or all bacteria [60]. Second, the available databases for

alternative genes, while growing, remain much smaller

than those available for the rDNA genes, thus making

identification of unknown organisms more difficult.

Multilocus sequence typing (MLST)

While rDNA sequencing is useful for genus and species

identification, it does not have enough resolution to dif-

ferentiate strains of an organism. MLST, however, may be

used to differentiate strains. MLST compares the sequence

of 6–8 genes in an organism. The approach was originally

devised by Maiden et al. [64] and is used extensively in the

typing of pathogenic bacteria. The method is highly dis-

criminative, reproducible, and little subjectivity is needed

for analysis of organisms, such as Candida albicans, which

have well-established procedures. In fact, standardized

sequencing targets and online databases (http://pubmlst.org

and http://www.mlst.net) have allowed comparison of

many strains of pathogenic bacteria and yeasts between

laboratories [82].

Typically, the target genes used for bacterial typing are

housekeeping genes, while the genes used in yeast typing

vary [63, 82]. Ayoub et al. [3] tested 26 loci before settling

on seven genes, including a number of housekeeping genes

and unknown loci, to type 84 strains of S. cerevisiae

including both commercial starter cultures strains and

strains found in wineries from Lebanon and Asia. They

found that MLST was less discriminatory than microsat-

ellite or d-sequence typing (discussed below). Munoz et al.

[75] analyzed only five loci and also found the method to

be less discriminatory than restriction analysis of mito-

chondrial DNA (mt-RFLP) with MLST showing 13 dif-

ferent genotypes, while mt-RFLP gave 17 different

restriction patterns for the 18 yeasts analyzed. This sug-

gests that the proper MLST scheme for analysis of Sac-

charomyces remains to be developed, as the method can

discriminate 99.9% of C. albicans strains [82]. Of note,

Fay and Benavides [33] and Legras et al. [57] used MLST

and multilocus microsatellite typing, respectively, to

examine the domestication of Saccharomyces with Legras

et al. [57], demonstrating that 95% of the world’s wine

yeast clustered together.

The same limited discriminatory powers are not

observed when MLST is used to type wine-related bacteria.

In fact, a study by Bilhere et al. [7] suggested that the use

of eight housekeeping genes provided better discriminatory

power than pulsed-field gel electrophoreses (PFGE) strain

typing for 43 strains of O. oeni. Similarly, Calmin et al.

[13] were able to differentiate 19 strains of P. parvulus and

P. damnosus using only five different loci for comparison.

de Las Rivas et al. [26] also found better discrimination by

MLST than RFLP analysis when examining O. oeni.

Fingerprinting methods

Fingerprinting, in general, examines the whole genome of

an organism, often creating a banding pattern by digesting

or amplifying regions of the genome, which can be com-

pared between organisms. The fingerprinting methods,

such as amplified ribosomal DNA restriction analysis, can

be used to differentiate species. However, most finger-

printing methods are only able to differentiate between

strains of a particular organism. Although new methods

such as MLST, whole genome arrays, and genome

sequencing are available, many studies comparing strains

still rely on some type of fingerprinting, as they can pro-

vide rapid and less-expensive alternatives.

For instance, the difference between S. pastorianus and

S. bayanus cannot be determined by sequencing the 26 S

rDNA gene as the sequences are identical [88]. It would

also be difficult to determine differences in the strains of

O. oeni found in a winery using rDNA sequencing. Thus, to

differentiate microbes at the strain level, a variety of dif-

ferent techniques are used. These include: AFLP and

RAPD-PCR in both yeast and bacteria and, of course,

pulse-field gel electrophoreses (PFGE), also known as

karyotyping, in yeasts. PFGE has long been considered the

gold standard for strain identification and is extensively

used for strain typing of bacteria responsible for food-borne

illness outbreaks [87].

Amplified ribosomal DNA restriction analysis

(ARDRA)

One less-expensive and equally effective alternative to 26S

rDNA sequencing for the rapid identification of yeasts is

restriction fragment length polymorphism analysis of the

internal transcribed spacer region (ITS-RFLP). It has been

successfully applied for the identification at the species

level to almost all yeasts found in wine, and used in con-

junction with other techniques to identify yeasts from

various regions around the world, ranging from vineyards
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in China and Slovenia to Jura fermentations in France [15,

58, 92]. It has also been used to examine the succession of

yeasts during wine fermentations as well as the effects of

various winemaking practices, such as cold maceration,

have on the yeast population [46].

In this technique, the region in between the 18S and 26S

rRNA genes, which contains the internal transcribed spacer

regions flanking the 5.8S rRNA gene, is amplified by PCR.

This PCR product is then digested with three restriction

enzymes to produce a banding pattern, which when run on

an agarose gel, typically gives between two and four bands.

This banding pattern is compared to the banding patterns

for the type strains of the suspected yeast species, a number

of patterns are available in the literature [1, 31].

Yeasts can also be speciated by comparing the total size

of the PCR product. For instance, Guillamon et al. [44]

found the PCR amplification of this region in Metschnik-

owia pulcherrima generated a 390-bp product while

Hanseniaspora uvarum generated a 760-bp product and

S. cerevisiae, S. bayanus, and S. pastorianus generated

880-bp fragments. Interestingly, when this technique was

applied to ‘flor’ yeasts in sherry, a 24-bp deletion in the

region was found when compared to other S. cerevisiae

strains [15, 32, 34]. This is unusual, as this technique

typically does not differentiate yeast strains but only spe-

cies. However, this 24-bp deletion and the resulting

banding patterns, after restriction enzyme digests, would

only differentiate S. cerevisiae flor strains from non-flor

strains [15, 32, 34]. The results obtained by comparing

product length are, however, normally confirmed through

comparison of the restriction enzyme banding patterns.

As stated above, the PCR product is typically digested

with three restriction enzymes [44]. Depending on the

species being examined, a number of the enzymes may be

used for digestion of the fragment in order to better dif-

ferentiate species in specific yeasts genera. For example,

Cadez et al. [12] found digestion with only DdeI and HinfI

allowed for differentiation between all Hanseniaspora and

Kloeckera species.

While ARDRA typing has typically been performed to

identify yeast species using the ITS regions discussed

above, Balerias Couto et al. [5] used restriction enzyme

analysis of the 26S rDNA to characterize non-Saccharo-

myces yeasts in wine. Additionally, restriction analysis of

the 16S rDNA region in bacteria has also been used to

identify both Lactobacilli and acetic acid bacteria associ-

ated with wine [96, 98].

In comparison to the sequencing methods described

above, this method performs well and a large number of

restriction patterns are available for wine yeasts [1, 31].

However, if the microbe of interest is not in the database,

the larger available databases for rDNA sequencing will be

needed.

Finally, while the sequencing of a single gene and

ARDRA remain widely used techniques due to their speed

and available infrastructure, they are often used in con-

junction with other techniques that allow greater resolution

to the subspecies and strain level. Thus, when ARDRA is

used in conjunction with RAPD-PCR a complete picture of

not only the yeast species involved in the fermentation, but

also the strains of the species involved, becomes clear.

Pulse-field gel electrophoresis (PFGE)

PFGE is a technique that examines the whole chromosome

of a microbe. For yeast, this method is called karyotyping.

A single yeast colony is grown in liquid media and com-

bined with melted agarose to form an agar plug. The yeast

cells are lysed in the agar matrix and the plugs are inserted

into an agarose gel and subjected to the alternating appli-

cation of two electric fields. This allows for the separation

of large DNA fragments. The only difference when this

technique is applied to bacterial strain identification, is the

chromosome in the agar plug is subjected to digestion with

restriction enzymes. This variation is referred to as

restriction endonuclease analysis PFGE (REA-PFGE).

Both REA-PFGE and karyotyping have been exten-

sively used to identify yeast and bacteria isolated from

wine. The method provides a high level of discrimination.

For example, Schuller et al. [101] compared a number of

different typing methods for identification of S. cerevisiae

strains, and karyotyping had the highest resolution, being

able to discriminate 22 of the 23 strains analyzed. The

authors suspected that the two commercial strains ana-

lyzed, which could not be differentiated, were in fact the

same S. cerevisiae strain, as they were originally isolated

from the same geographical region [101]. Karyotyping

alone may not always be sufficient to differentiate strains

of certain yeast species. Dekkera/Brettanomyces bruxell-

ensis strains typically have a small number of chromo-

somes thus creating ambiguity when undertaking

traditional karyotyping [74]. To overcome this, Miot-Ser-

tier and Lonvaud-Funel [73] developed an REA-PFGE

method for strain typing D. bruxellensis that provided

better resolution than the PCR-based methods used in the

past [74]. Selection of appropriate restriction enzymes is

important in the study of bacterial strains. Larisika et al.

[54] found that the commonly recommended restriction

enzyme, ApaI, gave poor resolution of their 65 O. oeni

strains, while another enzyme, SfiI, provided better

discrimination.

PFGE has been used to identify strains of both yeast and

bacteria in many different wine and grape-related studies,

and has been found to be reproducible, easy to interpret,

and highly discriminative [35, 41]. The technique, how-

ever, is also laborious, expensive, and requires a high level
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of training. These deficiencies have lead to the develop-

ment of a number of faster, simpler, and less labor-inten-

sive methods as those discussed below.

Restriction analysis of mitochondrial DNA (mt-RFLP)

This method is used extensively in the analysis of wine-

related S. cerevisiae strains. In a simplified and widely used

version of the method, developed by Querol et al. [90], the

total DNA is isolated from yeast and digested with a

restriction enzyme typically, HinFI or HaeIII. These

enzymes degrade the chromosomal DNA into small frag-

ments, while the mitochondrial DNA is cleaved less often,

thus resulting in the banding pattern used to differentiate

the S. cerevisiae strains. The method is rapid, easy to use,

and inexpensive. Schuller et al. [101] found the method to

be comparable in its discriminatory power to microsatellite

and d-sequence analysis, being able to differentiate 21 of

23 strains of Saccharomyces and Munoz et al. [75] found

the method to be superior to MLST typing.

Restriction analysis of mitochondrial DNA has rarely

been used to follow strains of non-Saccharomyces yeasts.

Martorell et al. [70] used the method to differentiate strains

of D. bruxellensis and Pichia guilliermondii. With 63

D. bruxellensis strains exhibiting only three mt-RFLP

patterns, the authors further differentiated the largest strain

pattern using RAPD-PCR. This low variability and limited

usefulness for mt-RFLP with regard to Dekkera was also

noted by Ibeas et al. [49]. The P. guilliermondii strains,

however, were broken into seven patterns, with these pat-

terns correlating with the level of 4-ethylphenol production

[70].

Amplified fragment length polymorphism (AFLP)

AFLP is a technique most often used in relation to wine for

the genotyping of grapes and molds [30, 43, 84, 85]. It has

seldom been applied for the strain typing of wine-related

bacteria, although Cappello et al. [14] found it to be a

reliable method for the strain typing of O. oeni. With

regard to strain typing of yeasts, few studies have been

conducted. Azumi et al. [4] used the method to study

laboratory and industrial strains of Saccharomyces sensu

stricto and found that S. cerevisiae, S. bayanus, S. carls-

bergensis, and S. paradoxus all had species-specific

banding patterns with some strain variation. Curtin et al.

[24] used the method to identify eight different genotypes

of D. bruxellensis from 31 winemaking regions in Aus-

tralia. Other studies have examined Saccharomyces strains

from different geographical origins [59, 100].

While useful, this technique is laborious, and typically

requires automated DNA sequencers, making it expensive.

However, older versions of the technique, which relied on

other less-expensive detection methods, usually involving

radiation, may also be used. DNA from the microbe of

interest is digested with a restriction enzyme and adaptors

are bound to the fragments. The fragments are then PCR

amplified using primers, which target the adaptors and the

restriction sites. The fragments are then separated using an

automated DNA sequencer to detect a pattern.

PCR-based finger printing methods

A number of different PCR-based techniques are used to

identify strains of both yeast and bacteria from wine. The

most commonly used of these methods is random amplified

polymorphic DNA-PCR or RAPD-PCR. This technique

has been used in many instances to follow the succession of

specific yeast and microbial strains in wine. For example,

work by Urso et al. [109] used RAPD-PCR to follow

Saccharomyces strains during the alcoholic fermentation of

Picolit, an Italian sweet wine, and found that the inoculated

S. cerevisiae starter culture actually perform the alcoholic

fermentation in only one of the two fermentations studied.

RAPD-PCR is fairly simple to perform, hence its

extensive use in strain identification. It uses a single small

primer to conduct PCR at a low annealing temperature. The

small primer and low annealing temperature allow for

random hybridization to the genome. When two primers

land close to each other, a band will form. This allows for a

survey of the polymorphisms found around a given gen-

ome, which are typically specific to a given strain of yeast

or bacteria. Cadez et al. [12] noted that the method was not

useful for discrimination of species, in their case Hanse-

niaspora and Kloeckera species, but it was useful for

revealing relationships between strains of a species.

The method has also been used to study O. oeni strains

in wine. Zavaleta et al. [114] were the first to use RAPD-

PCR to study O. oeni and found that the strains studied

formed two main groups. This result was also seen by

Bihere et al. [7] using MLST. Ruiz et al. [99] used RAPD-

PCR to determine which of 22 strains isolated from a

Spanish winery were best able to implant and conduct

malolactic fermentation (MLF). Finally, Solieri et al. [106]

isolated and sequenced a band created via RAPD-PCR to

create a QPCR method to follow a specific O. oeni strain

during the course of the fermentation. The method works

well for bacteria, but as mentioned earlier, MLST appears

to be more discriminatory [26].

While the technique is rapid, amenable to high-

throughput analysis, and has the advantage of not needing

any previous sequence information to compare strains, it

does have a number of drawbacks. The most important of

these is the difficulty in reproducing the banding patterns

for a specific strain among laboratories. The procedures

must be carefully standardized, as small variations in the
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DNA isolation or even the type of thermocycler can change

the banding pattern. We have even seen differences in our

laboratory in banding patterns generated for the same

organism by different researchers.

Similar methods have been developed for yeasts, which

target specific repetitive chromosomal regions. For exam-

ple, d-sequence amplification, which targets the d regions

flanking the 100 or so Ty1 retrotransposons in S. cerevi-

siae, has been used extensively to type S. cerevisiae strains.

An optimized protocol was developed by Legras and Karst

[56] with the d2 and d12 primers being the most discrimi-

natory. However, the technique has similar inter-laboratory

reproducibility issues to those of RAPD-PCR, although

current work has helped, including standardizing both the

DNA concentration and increasing the annealing temper-

ature to remove ghost bands [16, 101].

Other targeted regions for yeasts include the mini- and

micro-satellites, which are repetitive regions found

throughout the S. cerevisiae genome. Using this method,

Gallego et al. [39] was able to differentiate 20 of 27

S. cerevisiae strains, while AFLP typing was only able to

differentiate 19 of 27 and RAPD-PCR 12 of 27 strains.

Schuller et al. [101] found that microsatellite typing,

d-sequence analysis, and mt-RFLP analysis were able to

differentiate 21 of 23 S. cerevisiae strains examined, which

was only one less than karyotyping, suggesting that these

methods may be used interchangeably. In practice, how-

ever, researchers often use a number of methods in order to

confirm their findings.

Denaturing gradient gel electrophoresis (DGGE)

While the methods described above may be used to com-

pare species and specific strains, DGGE is typically used to

compare microbial communities directly from the envi-

ronment. According to Cocolin et al. [20], the method is

relatively sensitive, being able to detect yeast populations

in wine, which represent at least 0.01% of the dominant

Saccharomyces population. This, however, will vary with

the DGGE assay used in analysis.

DGGE is based on separation of DNA fragments of the

same length by polyacrylamide gels containing a linearly

increasing gradient of denaturants such as urea and form-

aldehyde [77, 94]. Small sequence variations in the DNA

fragments change each fragment’s electrophoretic mobil-

ity. The chemical gradient causes them to denature and

stop at a different point along the gradient [76]. Complete

denaturation of the fragments is prevented by using primers

with a GC-clamp. Figure 2 outlines the DGGE procedure.

For identification, the separated fragments are typically

compared to a DNA ladder made of PCR products from

already identified control strains suspected to be present in

the environment. This identification method can, however,

be a problem if a new or novel organism is present in the

sample [37]. To overcome this limitation, researchers may

also excise the fragments from the gel, sequence these

fragments, and compare them to sequences in a database, a

method particularly useful if rDNA sequences are the tar-

gets [18].

It is therefore important to select an appropriate gene for

analysis. The DNA fragments must be relatively small, up

to around 500 bp, and should possess well-conserved

regions that can be used in primer design [76]. For most

bacteria, the gene encoding the beta subunit RNA poly-

merase (rpoB) has become the target of choice, although

the 16S rDNA gene is still used [91, 94, 95]. For yeasts, the

target gene is almost always the D1/D2 loop of the 26S

rDNA gene [72].

One aspect of primer design that is important to consider

in analysis of the DGGE gels is the bias introduced by

PCR. For example, Laforgue et al. [53] used DGGE of the

b-tubulin gene to examine the fungal and yeast populations

present on grapes. The assay was unable to detect some

yeast species identified through traditional methods. This

disparity was attributed to a PCR bias due to either a lack

of accessibility of the b-tubulin region or differential lysis

of fungi and yeast.

Another issue is a possible masking effect of non-spe-

cific targets with certain DGGE primer sets. For example,

several common primer sets used for bacterial analysis

were found to amplify yeast, fungal, or plant 18S rDNA. In

fact, L. plantarum was only detectable in Chardonnay

samples when Vitis vinifera DNA was not present [60].

Thus, several authors have identified new primer sets that

eliminate this problem, and many researchers now use the

rpoB primers for bacterial identification [91, 95].

In the most comprehensive use of DGGE to date,

Renouf et al. [94] monitored the microbial population

through the entire winemaking process from berry to wine.

Fifty-two different yeast species were found on the surface

of grapes sampled from eight different vineyards. DGGE

analysis demonstrated that the yeast population declined

significantly through the process in three distinct phases.

Phase 1. The total population increased during initial fer-

mentation to about 108 cfu ml-1 with S. cerevisiae being

dominant. Phase 2. After the first racking, the population

declined. Phase 3. During aging, the population rose again

to around 103–4 cfu ml-1 and stabilized with D. bruxell-

ensis dominating the population [94].

A similar technique, known as temperature gradient gel

electrophoresis (TGGE), can also be used to distinguish

mixed populations. It employs the same basic principle as

DGGE, except a temperature gradient is employed instead

of increasing concentrations of a denaturant. Fernandez-

Gonzalez et al. [36] used TGGE to characterize Saccha-

romyces and non-Saccharomyces species from wine must
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during fermentation. Of the isolates used, 58% were shown

to be the genus Saccharomyces using restriction enzyme

analysis. TGGE was used to distinguish the genus of the

non-Saccharomyces isolates: Candida, Kluyveromyces, and

Hanseniaspora [36]. Manzano et al. [68] were able to study

the ecology of the genus Saccharomyces directly in wine at

the strain level. Again using the ITS1 and ITS2 regions as

PCR targets, TGGE analysis showed seven different strains

of S. paradoxus, all with similar migration patterns [69].

This technique was also able to distinguish those strains

from samples of S. cerevisiae. TGGE patterns were iden-

tical for samples drawn directly from musts and those

obtained from plated colonies, demonstrating the effec-

tiveness of the technique for direct identification. This

method has also been shown to be effective at verification

of dry yeast strains before they are used for fermentation

[67].

PCR detection

Traditional PCR has also been used to detect target popu-

lations. The targeted gene for the assay can differ greatly

among species, but is generally chosen because it is unique

to that species. Zapparoli et al. [113] used the gene

encoding the malolactic enzyme, mle, of O. oeni as the

PCR target. This method was able to detect O. oeni at

107 cfu ml-1 in grape must and at 104 cfu ml-1 in wine.

Bartowsky and Henschke [6] also detected O. oeni using

the mle gene and found similar results in wine samples with

103–4 cfu ml-1 being detectable.

A targeted gene can help ensure specificity, but PCR can

also be used with just a small random DNA sequence that

is unique to the species. Ibeas et al. [49] was able to design

a two-step PCR protocol to detect low levels of Dekkera in

sherry, using an isolated DNA fragment to develop prim-

ers. This sequence amplified Dekkera strain OSB101 very

well, but was also closely related to the DNA repair protein

RAD4 found in S. cerevisiae. Therefore, a second set of

primers was designed for the same region. This nested

primer protocol proved successful at detecting only

D. bruxellensis and synonymous strains, with no detection

of S. cerevisiae. After the first amplification, a detection

limit of 1,000 copies was reached and the second ampli-

fication allowed detection of a single organism.

Cocolin et al. [19] developed a method similar to the one

of Ibeas et al. [49] for the detection of B. bruxellensis and

B. anomalus using primers to the 26S rDNA gene. In this

study it was determined that RNA and DNA persisted in

the samples for both wine species, even though little to no

growth was detected on plating media. Lopez et al. [61]

used oligonucleotide primers homologous to the flanking

region of S. cerevisiae COX1 introns to differentiate starter

strains. In order to assure implantation of a dominant

starter strain, this method was employed directly on wine

samples. In testing the primers on 13 commonly used dry

yeast strains of S. cerevisiae, it was determined that in a

single PCR reaction, all strains were easily differentiated,

not only from each other but also from three reference

strains. Small-scale fermentations combining four strains at

different ratios were also performed to test the sensitivity

of the assay. It was determined that the primers were able

to detect strains comprising 30% or more of the population.

The same results were shown for several samples of must.

PCR methods have been used to determine the cause of

many types of taint. Gindreau et al. [40] developed

primers to detect exopolysaccharide-producing strains of

P. damnosus, and were able to detect as few as

100 cfu ml-1. Le Jeune et al. [55] developed primers for

the histidine decarboxylase (HDC) gene present in many

lactic acid bacteria. HDC produces the biogenic amine

histamine. This assay was then used by Coton et al. [23] to

survey wines from southwestern France. Of 118 samples

screened, it was determined that almost half of them con-

tained the HDC allele.

The two major limitations of using PCR for detection

are that it is qualitative not quantitative (it only provides

presence or absence information) and it may not differen-

tiate between viable and nonviable microbes.

Real-time PCR

Real-time polymerase chain reaction (QPCR) (Fig. 3) is

similar to traditional PCR but it incorporates a fluorescent

dye, and after each PCR cycle, the fluorescence increases.

The PCR cycle at which the fluorescence crosses a pre-

determined threshold value is counted as positive and is

known as a cross threshold or Ct value. DNA amplification

is linked to fluorescence in one of two ways, either through

the addition of a DNA binding dye such as SYBR Green or

by the addition of a probe labeled with a fluorophore.

SYBR Green-based QPCR assays work very simply

(Fig. 3b). The SYBR Green dye binds to double-stranded

DNA. During the course of PCR, a double-stranded prod-

uct is created after each elongation step and the dye binds

to this product and fluoresces. As the gene is amplified

during each PCR cycle, the fluorescence increases.

A number of probe-based QPCR assays (Fig. 3a) such as

Scorpions or Taqman probes exist and each works in a

slightly different manner (for review see Hanna et al. [45]).

In general, a probe is designed to a region between the two

QPCR primers, giving the assay greater specificity than a

SYBR Green assay, as a third region of DNA (the probe)

will be specific to the organism in question. The probe

contains both a fluorophore and a quencher, and because it

binds between the two primers, it will be associated with the
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single-stranded DNA during the PCR elongation step. In its

simplest form, as the DNA polymerase elongates the DNA

fragment, the probe is degraded causing the fluorophore to

separate from the quencher, thus creating fluorescence.

In both the SYBR Green and probe-based assays, as DNA

amplification continues, the amount of light emitted from

the fluorophore and the sample will be considered positive

once it passes the Ct. By comparing the Ct values for each

sample to a standard curve, the sample can be quantified.

Samples with small amounts of DNA will have higher Ct

values than those with high amounts of DNA. Thus if a large

number of microbes are present in a sample, they will have a

large amount of DNA, and hence a lower Ct value.

This application is useful for the detection and enu-

meration of spoilage organisms. In fact, the first application

of QPCR to wine was by Phister and Mills [89] for the

detection D. bruxellensis. Other assays by Delaherche et al.

[27] were developed not only to D. bruxellensis but also to

‘ropy’ P. damnosus in samples of spoiled wine. The

P. damnosus assay targeted the dps gene, which is specific

for exopolysaccharide production. Neeley et al. [78] used

this technique to quantify wine-related LAB as a group. A

primer set, WLAB1-2, was created to detect L. plantarum

and O. oeni at cell densities as low as approximately

100 cfu ml-1, even in the presence of S. cerevisiae,

G. oxydans, or A. aceti. The method has since been used to

follow just about every microbe related to wine. Care must

be taken, however, as a number of compounds present in

wine may interfere with the assay [110]. Tessonniere et al.

[108] examined six different DNA isolation methods in

developing a QPCR assay for D. bruxellensis and found

that polyvinyl polypyrrolidone was able to eliminate most

of the PCR inhibitors.

QPCR is rapid, taking a few hours, and is also sensitive.

In some cases it can detect as few as ten organisms per

milliliter, where other methods such as DGGE or micros-

copy generally require at least 1,000 organisms per milli-

liter [18, 62]. QPCR can even be multiplexed to detect a

number of organisms in one assay [102]. The major dis-

advantage outside of cost and personnel training is centered

around the method’s inability to differentiate viable and

nonviable microbes.

One of the few studies to address this issue was con-

ducted by Hierro et al. [47]. They designed a real-time PCR

assay to detect and quantify the total yeast population of a

wine sample. While the assay itself was useful, the limit of

detection for yeast grown in YEPD media was 102 and

103 cfu ml-1 in wine. The most informative part of the

study used reverse transcriptase PCR (RT-PCR) to measure

the viability of the cells.

In theory, RNA is often considered an indicator of

viability, as it is thought that RNA degrades more quickly

than DNA, and thus would only be found in metabolically

active cells [72]. This, however, depends upon the gene

used for the assay, with some RNA molecules persisting

for long periods. Heirro et al. [47] examined the stability of

rRNA by heating an S. cerevisiae culture for 20 min and

following the 26S ribosomal DNA and RNA using their

QPCR assay. They found that both the RNA and DNA

persisted for over 1 day. In comparison, a study by Bleve

et al. [9], examining the stability of actin mRNA, found

complete degradation after 20 min using end-point PCR.

These studies suggest that mRNA may make a better

target for differentiating viable and nonviable cells than

rRNA or DNA. It should be pointed out, however, that the

persistence of DNA and RNA in wine remains to be

studied, as both previous studies examined persistence of

RNA after heating in media, which is a very different

environment. The only published study examining persis-

tence of RNA and DNA in wine was conducted by Cocolin

et al. [18], using DGGE. They found persistence of

Hanseniaspora 26S rRNA for over 29 days in a wine fer-

mentation in the absence of a culturable population. So it is

important that any target, whether DNA, rRNA, or mRNA,

be evaluated for its persistence in wine.

Ethidium monoazide (EMA) PCR

One possible solution to this issue may be found in the use

of EMA, which is a fluorescent photoaffinity label that

covalently couples to nucleic acids upon exposure to light.

Further, EMA can only enter cells with compromised cell

walls and cell membranes [80]. Therefore, it is believed to

be a good indicator of cell viability, as only viable cells

will have intact membranes, thus keeping the dye out. Once

a sample is treated with EMA, real time-PCR can then be

performed and only the viable cells will be quantified.

Rawsthorne and Phister [93] used an EMA assay to dis-

tinguish viable cells of Z. bailii in different fruit juices. It

was determined that the assay could detect as few as 12.5

viable cells in the presence of 105 cfu ml-1 of heat-killed

Z. bailii cells. It was also shown that the EMA protocol was

more consistent at determining viable cell number than

conventional plating and fluorescent microscopy. While the

application of EMA in wine is rather new, it holds much

promise for examining questions such as those posed by

Fugelsang and Zoecklein’s [38] work on D. bruxellensis

production of 4-ethyl phenol in the absence of a culturable

population.

Future directions

A number of advances in molecular detection techniques

hold promise for applications in the identification of wine-

related microbial communities. Microarrays, for example,
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could be applied to enological studies to provide simulta-

neous detection of multiple microorganisms. Microarrays

have been developed that contain 16S rDNA gene

sequences that can discriminate between multiple micro-

organisms with only one hybridization event [72]. How-

ever, as discussed above, microarrays, even for detection of

multiple organisms, rely on existing knowledge about an

organism, making it difficult to use when working with a

new sequence.

Another emerging method, which could find application

in studying the ecology of wine and would overcome this

deficiency, is known as deep sequencing or pyrosequenc-

ing. Additionally, it is thought this method will also iden-

tify organisms present at lower levels in an environment

when compared to traditional methods, thus giving a more

complete picture of the ecology of any niche. Currently,

this method is similar to rDNA sequencing. The rDNA

from an environmental sample is amplified using universal

primers and these are then sequenced using one of the new

technologies. The method compares well with microarrays

and little previous sequence knowledge is needed, only the

rDNA sequence [17].
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