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1.1 History, origin, and definition of Scotch Whisky
Whisky production in Scotland dates back several centuries, and it is likely that
similar distilled beverages were produced and consumed even further back in history.
The word “whisky” is an anglicised corruption of the Gaelic word “uisge beatha”,
which means “water of life”, and was also referred to as “aqua vitae”. It is believed
that whisky began its existence in Ireland during the latter half of the 12th century, and
was subsequently brought to Scotland by missionary monks (Bathgate, 2003). It is
currently unknown at what point the knowledge of whisky production was brought
from Ireland to Scotland, but the first historical recording of whisky in Scotland refers
to the Exchequer Role of 1494, which mentions the use of malted barley “wherein to
make aqua vitae” (Craig, 1994). As this would have been sufficient to produce as
many as 1500 bottles of whisky, it can be inferred that whisky production in Scotland
was active and wide-spread. Indeed, it is believed that there once were as many as
40,000 stills in Scotland used for the manufacture of whisky.

It was not until 200

years later, in 1690, that the existence of a whisky distillery in Scotland, was first
recorded that being the Ferintosh distillery on the Black Isle.
The Act of Union in 1707 brought about heavy taxation on distilled spirits, in order to
bring the production of whisky under control of the new government (Russell, 2003).
However, it was not until the opening of the first official distillery in 1824 that more
robust manufacturing practices were developed and illegal production and smuggling
of whisky were driven underground. Further innovations, such as the invention of the
continuous Coffey still and the use of other cereals (grain whisky production) began
in 1831. The massive production of grain whisky, and its blending with smaller
amounts of malt spirit provided cleaner, lighter whiskies, as well as industrial scale
production.

For the remainder of the 19th century, the now established whisky

industry prospered until 1914 and the outbreak of World War I. During the first half
of the 20th century, the Scotch whisky industry virtually disappeared, due to the
combined effects of both world wars, economic depression during the ‘20s and ‘30s,

and prohibition in the United States (Lyons, 1999). This did not change until the late
1960s, at which point the industry flourished and grew into the massive international
concern that it is today. Other countries noted for their whisky production include
Canada, Japan, and the USA.
The Scotch Whisky Act of 1988, and later The Scotch Whisky Order of 1990 (Office
of Public Sector Information), established a legally protected definition of Scotch
Whisky, and any deviation from this definition results in the exclusion of the resulting
product from being marketable as “Scotch Whisky”. In order for the product to be
commercially sold as “Scotch”, the following must be implemented during its
manufacture:

•

The spirit must be produced in a distillery in Scotland from water and malted barley
(to which only the whole grains of other cereals may be added), all of which have
been processed at that distillery into mash, converted into fermentable substrate only
by the activity of endogenous enzyme systems, and fermented by the addition of yeast
alone.

•

The strength of the resulting distillate must be such that the aroma and taste derived
from the raw materials is evident and distinct, and therefore must be less that 94.8%
ethanol by volume.

•

The distillate must be aged (matured) in Scotland in oak casks that hold no more
than 700 L, and for no less than 3 years.

•

Upon conclusion of maturation, the whisky must still exhibit the aroma and taste
derived from the production and processing of the raw materials (fermentation,
distillation, and maturation), and to which nothing other than water and spirit caramel
(from glucose heated to 200°C) has been added.
It is due to such stringent requirements that the primary differences observed between
Scotch whiskies from different distilleries, are down to factors such as origin and
amount of cereal used, length of fermentation, and the type of stills.

Figure 1.1. Map of the prominent whisky producing regions of Scotland
(http://www.hartbrothers.co.uk/images/map.png).
There is some discrepancy as to how many individual whisky-producing regions there
are in Scotland, although consensus indicates that the number is between four and six
(Figure 1.1).
Campbeltown.

The four primary regions are:

Highlands, Lowlands, Islay, and

It is generally accepted that the region of Speyside, which is widely regarded as the
home of Scotch whisky, and the Island region are part of the Highlands. As such,
Highlands is the largest region and contains most of the distilleries in Scotland. The
Lowlands consists of all distilleries south of old county lines running from the Clyde
estuary in the west, to the river Tay in the east. The Isle of Islay, located of the west
coast, south-west of Jura, is a distinct whisky-producing region in its own right, due to
the fact that the whiskies produced here have a unique smokiness and pungency. The
final, and probably least well known, region is Campbeltown, named after the town of
Campbeltown located on the Mull Of Kintyre.
The manufacture of Scotch whisky can be broken down into the following stages:
malting, mashing, fermentation, distillation, maturation (ageing), and packaging.

1.2. Production of Malt Whiskies
1.2.1. Malting
The first stage in the production of Scotch whisky is the malting of the barley (Figure
1.2), the primary purpose of which is to initiate the degradation of storage
carbohydrates in the barley germ into fermentable sugars.

For this to happen,

germination must be induced by steeping (soaking) the barley in water tanks for 2-3
days. After steeping, the water is drained, the barley is spread out and mechanically
turned, resulting in the initiation of amylolytic enzyme production. These enzymes
are vital to the malting process, as they are responsible for the hydrolysis of starch
stored in the barley into fermentable sugars. This is the essential fuel required for
ethanol production by yeast. It is also believed that enzymes endogenous to the
barley may influence flavour development during the fermentation stage, and thus
their importance in the production of malt whisky cannot be underestimated.

Figure 1.2.

Traditional floor malting at the Bowmore Distillery on Islay

(http://www.spokane7.com).
Heat is produced during the germination of barley. This can cause problems, as an
increase in ambient temperature (beyond around 16ºC) may increase the speed of the
germination process and result in the metabolism of the fermentable sugars produced
from starch. This is highly undesirable as it would negatively impact on the ethanol
yield of the finished product, and as such the ambient temperature during the
germination process must be kept at a constant of around 16ºC.
Heat is applied to halt the germination process and prevent further sugar metabolism.
Traditionally, this heat would be provided by the burning of peat, a process known as
kilning. Peat is the product of decaying plant matter that could not be broken down
into soil due to poor drainage, and its burning has a two-fold effect of the process of
whisky manufacture. Not only does the heat derived halt the germination process, but
it is also responsible for imparting a smoky characteristic to the distillate though the
liberation of phenolic compounds from the malt. This is generally considered a
desirable effect, and is most notable in the Islay whiskies, although there is typically a
peaty characteristic present in all malt whiskies to a greater or lesser extent. Today,
kilning is typically done through the action of indirect heat, as this is more
controllable, although in some cases small amounts of peat are still used for purely
organoleptic qualities.

The entire process of malting lasts for between 20 and 48 hours, and is done at
relatively low temperatures (<60ºC) so as not to adversely affect enzyme activity.
This low malting temperature contributes to the retention of the lactic acid bacteria
(LAB) microflora of the barley
Even though malting is rarely done at individual distilleries today, many distilleries
maintain a traditional architectural characteristic of a distinctive pagoda-style roof, a
feature of the old-fashioned malt kilns.

1.2.2. Mashing
The next stage in malt whisky production is mashing, the purpose of which is to
extract as much fermentable substrate as possible from the malted barley (Figure 1.3).
Once the barley has been malted, it is then ground (milled) and subsequently mixed
with hot water (60-65ºC). The resulting grist is then stirred for 30 to 90 minutes, at
which point the wort (sugary liquid) is removed and cooled to 25ºC. This mashing
stage is then repeated twice more with increasing temperatures, so as to extract the
maximum amounts of fermentable sugar from the malted barley. The third extraction
will contain very little in the way of usable substrate, and is typically used as the first
water for the mashing of the next batch of malt.

Figure 1.3.

Mashing at the Benromach Distillery in the Speyside region

(http://www.benromach.com/images/Mashing-The-Grist.jpg).
During the mashing stage, low-molecular weight oligosaccharides (from the
breakdown of starch during the germination phase of the malting process) are
extracted from the barley, and then broken down further into fermentable substrate by
the action of endogenous enzymes. The primary enzymes involved in this stage are
α- and β-amylases, as well as limit dextrinase. The two classes of amylase work
synergistically: α-amylase breaks down starch into oligosaccharides through the
random hydrolysis of α-1,4 bonds, allowing β-amylase to produce maltose (and small
quantities of maltotriose) by systematically cleaving every second α-1,4 bond of the
oligosaccharide produced by the α-amylase. Limit dextrinase hydrolyses the α-1,6
branching bonds of amylopectin and limit dextrins, resulting in linear carbohydrate
chains that can be further broken down by α- and β-amylases. α-Glucosidase is also
involved here in the breakdown of α-glucosides and small dextrins into glucose
(Bringhurst et al., 2003). The primary sugar in wort is maltose. However, small
amounts of maltotriose, maltotetraose, dextrins, and glucose (≤15% each) occur with
residual levels of sucrose and fructose.
Unlike in the production of beer, wort is not boiled prior to fermentation. This allows
for the activity of endogenous starch-hydrolysing enzymes to continue to work during
the fermentation stage, while also introducing low levels of LAB into the
fermentation (Makanjoula et al., 1992). Yeast is pitched into the wort after around
2000 L has been transferred to the washback.

1.2.3. Fermentation
The yeast Saccharomyces cerevisiae has been used in the production of alcoholic
beverages for millennia (McGovern et al., 2004; Hazelwood et al., 2008), and it is the
yeast used in the production of Scotch whisky. The S. cerevisiae used by the whisky
industry is typically composed of Distiller’s M-yeast and an ale strain from the
brewing industry. The reason for this diversity is that they both contribute different
metabolic processes, aside from the production of ethanol, to the fermentation stage;
the former makes use of maltotriose and other oligosaccharides, while the latter

contributes to the levels of fatty acids and thus has potential impact on the
development of estery notes in the distillate. However, due to the scarcity of excess
ale yeast, this tradition is not commonly followed today.

Figure 1.4. Fermentation washbacks at the Glenfiddich Distillery in the Speyside
region
(http://lh6.ggpht.com./_4D9KjSNVpX8/R_V47HJ4FhI/AAAAAAAAAWA/wAQFw
j0UgCY/IMG_9249.JPG).
A typical pitching rate is approximately 2x106 cell ml-1 (Berry and Ramsey, 1983),
and yeast biomass will increase 30-50 fold over the course of the fermentation (De
Becze, 1964). Fermentations usually begin at a temperature of around 20˚C and are
concluded after 36-40 hours, at which point the temperature will have increased to
around 33˚C, and the ethanol concentration will be approximately 8%ABV
(Campbell, 2003).

The primary purpose of the fermentation stage is the production of ethanol. However,
small quantities of other organoleptically significant products are also produced.
These include higher alcohols, esters, phenols, and organic acids (lactic and acetic),
and thus the fermentation stage is widely considered to be one of the most important
stages in the development of flavour (Piggott and Paterson, 1989; Piggott et al., 1989;
Watson, 1993; Sakuma et al., 1996).
Many distilleries operate what is known as a ‘late lactic’ fermentation (Van Beek,
2001). During these fermentations, lactic acid bacteria are allowed to proliferate once
ethanol production has ceased. This is done by allowing the fermentation to continue
after 40 hours up to 100 hours. In well-operated distilleries, this can contribute in a
positive manner to the estery note of the whisky (Geddes and Rifkin, 1989; Van Beek,
2001)
Fermentation vessels (washbacks) were traditionally made of wood (Figure 1.4).
However, these are difficult and time consuming to clean and sterilise. As such,
many distilleries now use washbacks made of stainless steel or aluminium, although it
is believed by some that wooden washbacks will contribute to flavour development,
through the retention of LAB, and are thus still employed in some distilleries.

1.2.4. Distillation
Distillation of the malt whisky fermentation wash is done in copper pot stills (Figure
1.5).

As with the fermentation stage, distillation is crucial to the formation of

flavours, and there are many aspects of the distillation procedure that can impact on
flavour development. However, the primary purpose is to separate alcohols and other
volatiles from the rest of the wash.

Figure 1.5. Distillation Stills at a Distillery on Islay (http://lh5.ggpht.com/_34rTkvlj0A/RioxxOFOUZI/AAAAAAAAAho/kE7VTU5CRVA/DSC_0270.JPG).
With regard to Scotch whisky production, spirit is obtained through two distillations.
Firstly, the fermentation wash is heated and begins to boil at approximately 92ºC.
This must be carefully controlled so as to prevent the burning of yeast and excessive
foaming. This distillation results in a spirit known as ‘low wine’, which has an
ethanol concentration of around 20% (v/v) and is often cloudy in appearance with
residual oils and waxes primarily derived from the yeast. Low wine is then distilled,
resulting in the spirit that is later matured into Scotch whisky. The first fraction of
low wine distillation is known as ‘foreshots’. This has an ethanol concentration of
around 80% (v/v) and contains large quantities of volatile compounds that would
adversely affect the flavour of the spirit, and so are returned to the spirit still. The
spirit fraction (also known as the ‘middle cut’) is distilled for 2-3 hours and contains a
balance of flavour compounds and an ethanol concentration of 68-70% (v/v). Prior to
maturation, this cut is diluted to around 60% ethanol (v/v) with water. The quality of
the spirit is checked via a spirit safe before maturation. The final cut of low wine
distillation is known as the ‘feints’. This fraction is distilled for 3-4 hours and
contains approximately 30% (v/v) ethanol. Due to the fact that this is the final
fraction to be collected, it contains the least volatile, high molecular weight
compounds. As with foreshots, feints are not included in the spirit as they too would

adversely affect flavour, and are returned to the spirit still (Nicol, 1989; Piggott and
Conner, 1995).
The nature of the stills used is very important in the development of flavour.
Traditionally, stills were made of copper because it is a highly malleable metal,
although it was later found that copper also catalyses the formation of esters, while
removing unpleasant sulphur notes from the spirit (Piggott et al., 1989). The size and
shape of the stills and condensers, as well as the angles of the lyne arms (pipes
connecting stills to condensers) will also influence flavour formation. The level of
reflux (condensation vapour in the swan neck of the still, which then returns to the pot
still) also affects flavour. The more reflux there is, the fewer high molecular weight
compounds will end up in the spirit cut, thus resulting in a spirit with a lighter note.
Such is the sensitivity of flavour formation to distillation that each distillery will
produce whiskies with unique flavour characteristics.
Whatever remains in the pot still after distillation is often used, in combination with
the residue from the mashing stage, in the production of animal feed or fertiliser.

1.2.5. Maturation
Once the malt liquor has been distilled, it must be matured for a minimum of three
years in an oak cask in a warehouse located in Scotland (Figure 1.6). If any of these
conditions are not met, the resulting spirit cannot be commercially marketed as Scotch
whisky.

Figure 1.6.

Maturation casks at the Dunnage warehouse at Benromach

(http://www.gordonandmacphail.com/ images/WhiskyCasks.jpg).
Although three years is the minimum length legally required for maturation, most
Scotch whiskies are matured for between five and twelve years, and in some cases as
long as twenty years, during which time the strength and volume of spirit decreases
by 1-2% per year due to evaporation (known as the “Angel’s Share”). The nature and
condition of the oak cask used is the most important aspect of maturation, and is
arguably the most important stage in the development of flavour.

The most

commonly used casks are those which have previously been used to mature bourbon,
although old sherry casks are also used, and are often charred or toasted in order to
release degraded polymers from the wood that would add to the flavour. New oak is
never used, as its influence would overwhelm the flavour of the spirit. The primary
changes that occur during maturation involve a mellowing of flavour and a darkening
of colour, due to reactions between compounds within the spirit and compounds
leeched from the inner surface of the wooden cask, the evaporation of alcohol, and the
removal of sulphur compounds by the carbonised wood on the inside of the barrel
(Palmer, 1997; Conner et al., 2003). The physical location and local climate will also
affect the maturation process, due to the fact that the casks are permeable and air from
the surrounding environment will enter.

1.3. Lactic Acid Bacteria (LAB)
1.3.1. General Characteristics
As a phrase, “lactic acid bacteria” was coined around the early 1900s, and was
consolidated by the work of Orla-Jensen in his publications “The Lactic Acid
Bacteria” (1919) and “La classification des bactèries lactiques” (1924) (Kandler,
1983). Lactic acid bacteria consist of all of the bacteria of the order Lactobacillales,
which comprises of the following genera: Enterococcus, Lactobacillus, Lactococcus,
Leuconostoc, Oenococcus, Pediococcus, Streptococcus, and Symbiobacterium (see
Figure 1.7), as well as the following related genera: Aerococcus, Alloiococcus,
Carnobacterium, Dolosigranulum, Lactosphaera, Melissococcus, Tetragenococcus,
Vagococcus, and Weisella. They are Gram-positive rods and cocci, which have a low
G+C content, and are distinguished from other bacteria primarily due to their
production of lactic acid as a major end product of sugar metabolism. They are
catalase-negative, generally non-motile and non-sporulating.

However, there are

certain conditions under which some LAB will not conform to these definitions, and
therefore the most indicative features of LAB are their Gram-positive cell wall
structure, and their inability to synthesize porphyrin groups (Aarnikunnas, 2006) and
as such lack cytochrome systems and the associated respiratory pathways. It should
also be noted that, with exception of Streptococcus, they are not pathogenic, although
there are reports of opportunistic pathogenicity by some strains of Lactobacillus
(Land et al, 2005; and Liong, 2008).

Figure 1.7. Electron microscope images of, from left to right, Lactobacillus brevis,
Lactococcus lactis, and Streptococcus pneumoniae
(http://microbewiki.kenyon.edu/images/4/45/Lactobacillusbrevis.jpg;
http://mikroby.blox.pl/resource/l_lactis.jpg;
http://images.encarta.msn.com/xrefmedia/sharemed/targets/images/pho/t028/T028362
A.jpg).
LAB are used extensively in the manufacture of various foods and beverages (see
Figure 1.8) and as process organisms during industrial fermentations, such as the
production of various dairy, vegetable and meat products, as well alcoholic and
probiotic beverages.

Figure 1.8. Foods and beverages of which LAB are instrumental in production
(http://www.jgi.doe.gov/News/LABfoods.jpg).
As such, their genetics, physiology, and subsequent applications are among the most
studied of any bacteria (Konings et al, 2000). Indeed, they may be the bacteria with
which humans have most interaction (Makarova and Koonin, 2007).
LAB are nutritionally fastidious organisms and lack many of the biosynthetic
pathways that other bacteria have regarding the manufacture of amino acids and
vitamins. It is believed that the primary evolutionary feature of LAB is the loss of the
genes associated with nutrient metabolism, and that this is due to adaptation to
environments where nutrients are in abundance (Markova and Koonin, 2007). Such
environments typically consist of pre-existing organic systems such as animals’
intestinal tracts, decaying plant matter, and consequently in the production of
fermented foods and drinks. The involvement of LAB in food fermentations dates
back thousands of years, and have been employed as starter cultures for at least a
century (Stiles and Holzapfel, 1997).

1.3.2. Carbohydrate Metabolism
LAB are unable to synthesize porphyrin (e.g. heme) groups resulting in a lack of
catalase or cytochrome systems as well as associated respiratory chains. They must
obtain energy through carbohydrate fermentation linked to substrate-level
phosphorylation, through which they are able to degrade a wide variety of
carbohydrates (Axelsson, 2004). However, as with the majority of microorganisms,
they exhibit a preference for hexose sugars. LAB are classified into one of three
categories based on the particular metabolic pathways involved in the fermentation of
carbohydrates: obligate homofermenters, which generate lactic acid through
glycolysis (Embden-Mayerhof-Parnas pathway); obligate heterofermenters, which
metabolise carbohydrates through the 6-phosphogluconate /phosphoketolase (6PG/PK) pathway; and facultative heterofermenters, which are able to utilise both
pathways depending on environmental conditions (Figure 1.9).
Obligate homofermentation is practiced by Lactococcus, Pediococcus, Streptococcus,
and some Lactobacillus species, all of which are lacking in the enzyme
phosphoketolase.

During glycolysis under standard conditions, whereby hexose

sugars are not a limiting factor and oxygen concentration is minimal, a single
molecule of glucose is phosphorylated to fructose-1,6-diphosphate, which is then split
into dihydroxyacetonephosphate (DHAP) and glyceraldehyde-3-phosphate (GAP), the
former of which is then converted into GAP (resulting in two lactic acid molecules at
the end of the pathway). The two GAP molecules each undergo two substrate-level
phosphorylation stages resulting in two molecules of pyruvate, which are then
reduced to two molecules of lactic acid by NAD+-dependent lactate hydrogenase. In
this pathway, NADH is reoxidised, maintaining a redox balance in which lactic acid is
virtually the sole product (Axelsson, 2004).

Homolactic

Heterolactic

Figure 1.9. Homolactic and heterolactic fermentation
(http://www.brighton73.freeserve.co.uk/tomsplace/scientific/phd/Introduction/I

mage2.gif;
http://www.brighton73.freeserve.co.uk/tomsplace/scientific/phd/Introduction/Im
age3.gif).

Heterofermentative LAB are those which utilise the 6-PG/PK pathway exclusively
(Leuconostoc and some Lactobacillus species) or in addition to the EmbdenMayerhof-Parnas pathway (various Lactobacillus species), and are referred to as
obligate and facultative heterofermenters, respectively. In heterofermentation, lactic
acid is not the only product; carbon dioxide, as well as ethanol or acetic acid
(depending on oxygenation and alternative electron acceptors, such as pentoses) are
also produced. Glucose is firstly phosphorylated and then reduced twice to xylulose5-phosphate, and it is during this second reduction that a single molecule of CO2 is
produced. Phosphoketolase then cleaves xylulose-5-phosphate into GAP and acetylphosphate.

The single GAP molecule then undergoes two subtrate-level

phosphorylation events resulting in pyruvate, which is then reduced to a single
molecule of lactic acid in the same manner as homolactic fermentation, with the only
difference being that heterolactic fermentation produces a single molecule of lactic
acid, whereas homolactic fermentation results in two. The acetyl-phosphate produced
by the cleaving of xylulose-5-phosphate by phosphoketolase is reduced to ethanol by
the activity of alcohol dehydrogenase. However, if oxygen is present and/or pentose
sugars are being simultaneously as hexoses, acetyl phosphate will be converted into
acetic acid by acetate kinase (Axelsson, 2004).
Pyruvate is the central molecule in the metabolism of carbohydrates by LAB, and the
presence of a number of pathways centred on this molecule, each resulting in different
end-products, provides LAB with a certain degree of metabolic flexibility, and as
such the bacterium is capable of adapting to changes in various external conditions.
As stated previously, the primary biosynthetic pathway involving pyruvate is its
reduction to lactic acid, and in the case of homolactic fermentation, this is the only
pathway involved. However, during heterolactic fermentation, other compounds are
produced from pyruvate (Kandler, 1983): formate can be formed via the pyruvateformate lyase system; ethanol and acetic acid are products of the pyruvate
dehydrogenase

pathway,

via

reduction

by

alcohol

dehydrogenase

and

dephosphorylation by acetate kinase respectively; 2,3-butanediol is synthesized
through the diacetyl/acetoin pathway; finally, hydrogen peroxide and acetic acid can
be formed via the pyruvate oxidase pathway (Axelsson, 2004).
Transport of solutes across the cell membrane is linked to an electrochemical proton
gradient, known as the proton-motive force (PMF).

The PMF is created and

maintained by the metabolic activity of the cell, mediated in LAB by H+translocating
ATPase.

There are three modes of solute uptake exercised by LAB during the

metabolism of carbohydrates: primary transport, secondary transport, and the
phosphoenoylpyruvate-dependent phosphotransferase system (PEP-PTS). In primary
transport, sugars are transported into the cell by ATP-binding cassette transporters
(ABC transport systems), which use ATPase to hydrolyse ATP and the resulting
proton is pumped out of the cell (Neves et al., 2005). Secondary transport is similar
to primary transport, except that it doesn’t directly involve the membrane-bound
ATPase, although the PMF is involved, but instead relies on a system of specific
permeases coupled with the movement of a proton or sodium ion (Kandler, 1983;
Poolman, 2002).

In these two forms of transport, free sugars are allowed to

accumulate and are phosphorylated by ATP-dependent kinases (Axelsson, 2004;
Neves et al., 2005). The third mode of carbohydrate uptake is the PEP-PTS, which is
closely linked to the glycolytic pathway, and is thus generally absent from
heterofermentative LAB (Romano et al., 1979; Saier et al., 1996). The PEP-PTS is a
complex enzyme system that combines transport and phosphorylation of substrates in
a single mechanism: a chain reaction of phosphorylation and dephosphorylation of
various enzymes (IIC and IIB in the cell membrane, IIA, HPr, and EI in the
cytoplasm) results in the accumulation of pyruvate from PEP, and the resulting free
phosphate is used to drive the uptake and phosphorylation of subsequent sugars
(Axelsson, 2004).

1.3.3. The Genus Lactobacillus
The genus Lactobacillus comprises Gram-positive, non-sporulating, catalase negative
rods or coccobacilli. They are fermentative, microaerophilic chemo-organotrophs,
within the low G+C phylum of bacteria referred to as the Firmicutes. Their closest

relatives are bacteria belonging to the genera Paralactobacillus and Pediococcus,
with which they share the family Lactobacillaceae. This family is closely related to
the Leuconostocaceae family, which includes the genera Leuconostoc, Oenococcus,
and Weisella (Felis and Dellaglio, 2007).
Of all the bacteria classified as LAB, the genus Lactobacillus is by far the largest and
most diverse.

Currently comprising in excess of 100 known species (Felis and

Dellaglio, 2007), lactobacilli are virtually ubiquitous in the environment, and as such
have had a long history of interaction with human societies (McGovern et al., 2004).
The distribution of lactobacilli in the environment is extensive, with the principal
points of interaction with humans being as organisms in the development and
manufacture of various fermented foodstuffs and beverages, and subsequently as
commensals of the digestive system, where they are known to confer benefits to
health through out-competing potential pathogens for nutrients, and the production of
various antimicrobial compounds (Walter et al., 2000; Alterman et al., 2005).
Lactobacilli have been involved in the production of foodstuffs for centuries, albeit
not deliberately until relatively recently. They are instrumental in the manufacture of
cheeses, yoghurts, meat products such as salami, various bread products such as
sourdoughs, and are known to be present in the manufacture of various alcoholic
beverages such as whisky, wine, and beer (Stiles and Hozapfel, 1997).
The taxonomy of the Lactobacillus genus is generally regarded as unsatisfactory,
largely due to the highly heterogeneous nature of the genus (Canchaya et al., 2006).
This high degree of heterogeneity can be most readily seen in the organisms’ genome
G+C content. It is generally regarded that there should be no more than a 10%
discrepancy in the G+C content between individual species within a well-defined
genus (Stiles and Hozapfel, 1997).

However, the genome G+C content of the

Lactobacillus genus ranges from 32-55 mol%; twice that which is generally accepted
in a sufficiently delineated genus. This genome G+C content variety would appear to
be endemic in the lactobacilli, as even within one of the most studied groups, the L.
delbrueckii – L. acidophilus group, the G+C content still ranges from 32-50 mol%.

To cope with this heterogeneity, the genus was traditionally divided into further subgenera based on obligate homolactic, facultative heterolactic, or obligate heterolactic
fermentation (Table 1.1). Obligate heterofermenters are more commonly associated
with food spoilage than obligate homofermenters or facultative heterofermenters,
which typically used, and thus found, in fermented food products (Stiles and
Hozapfel, 1997).
Table 1.1. Grouping of the Lactobacillus genus based on fermentation characteristics
(Cachat, 2005).
Group I

Group II

Group III

Obligately

Facultatively

Obligately

homofermentative

heterofermentative

heterofermentative

Pentose fermentation

-

+

+

CO2 from glucose

-

-

+

CO2 from gluconate

-

+

+

FDP aldolase

+

+

-

Phosphoketolase

-

+

+

L. acidophilus

L. casei

L. brevis

L. crispatus

L. curvatus

L. buchneri

L. delbrueckii

L. paracasei

L. ferintoshensis

L. gallinarum

L. pentosus

L. fermentum

L. gasseri

L. plantarum

L. hilgardii

L. helveticus

L. rhamnosus

L. kefir

L. johnsonii

L. sake

Characteristics

L. parabuchneri

Sequencing of the 16S rRNA gene (see Figure 1.10), which has been adopted as the
definitive way to clarify bacteria to the species level, due to its highly conserved
nature, and has confirmed the heterogeneity of the genus. For example, some
lactobacilli bear closer resemblances to Pediococcus spp. and Paralactobacillus spp.
than other lactobacilli (Felis and Dellaglio, 2007; Pfeiler and Klaenhammer, 2007),
and some species, such as L. catenaformis and L. vitulans, could not even be included
in these studies due to the sheer distance with which they appear to be related to other
lactobacilli. At the other extreme, 16S rRNA gene sequencing may not be entirely

adequate in phylogenetically characterizing all species, as it does not differentiate
sufficiently between closely related taxa (Naser et al., 2007).

Figure 1.10. 16S rRNA gene
(http://www.microbiologybytes.com/introduction/malaria/Molecular1.gif).
Analysis of the 16S rRNA genes from the majority of the species currently identified
as belonging to the genus Lactobacillus has resulted in the categorisation of the genus
into eight different phylogenetic species groups (Figure 1.11): L. acidophilus, L.
alimentarius, L. buchneri, L. casei, L. plantarum, L. reuteri, L. sakei, and L.
salivarius.

Figure 1.11. Phylogenetic tree of the Lactobacillus genus (red outlines refer to most
recent sequencing, January 2008) (Goh and Klaenhammer, 2009).
In order to rectify some of these difficulties, other genes have recently been used for
further taxonomic analysis. Two of these genes, which have recently been identified
as providing accurate species delineation, due to their fast rate of evolution, are the
housekeeping genes pheS and rpoA, which code for the alpha subunits of
phenylalanyl-tRNA synthase and RNA polymerase respectively (Naser et al. 2007).
The sequencing of these genes has been successfully applied in the phylogenetic
characterization of the genus Enterococcus, and more recently regarding the species
groups of the Lactobacillus genus (Naser et al., 2007). Indeed, analysis of pheS and
rpoA of representative species defined by 16S rRNA gene sequencing, confirmed the
validity of these groupings, but provided further delineation within these groups than
was previously recognised. Sequencing of pheS in particular, revealed that members
of the L. acidophilus, L. buchneri, and L. salivarius groups each clustered into two
distinct separate clades. Such discrimination was not possible with 16S rRNA gene
sequence analysis alone (Naser et al., 2007).

1.4. Industrial Applications of LAB and the Effect of LAB on Scotch Whisky
Manufacture
1.4.1. Historical, Current, and Future Uses of LAB in Industry
Throughout human history, civilisations across the world have been using
fermentation to produce foods and beverages, the evidence for which dates back
thousands of years, and spans the entire globe. In Neolithic China, beverages made
from fermented rice, honey, and fruit (McGovern et al., 2004) were being produced;
wine and beer were produced and consumed by the ancient Egyptians (Guasch-Jané et
al., 2005); and in Peru, excavation of a settlement dating between 600 and 1000 A.D.
revealed the presence of a substantial brewery (Moseley et al., 2005).

The

development of fermented foods and beverages was encouraged by the near ubiquity
of the microorganisms (particularly LAB) that carry out such reactions, and their
close association with humans. These fermented foods and beverages have had a
significant impact on the development of human culture and society (McGovern et

al., 2004), especially in societies where the preservation of foodstuffs is crucial (Scott
and Sullivan, 2008).
As previously stated, LAB are used extensively in industry as fermentation starter
cultures for the production of cheeses, various meat and vegetable products,
sourdoughs, alcoholic beverages, and silage (Stiles and Holzapfel, 1997). As a result
of such exposure to LAB, a great deal of knowledge has been acquired regarding their
metabolism and physiological characteristics.
LAB are highly influential in the development of various flavour compounds during
the manufacture of cheeses and other dairy products, where they are present as both
starter cultures, typically Lactococcus lactis, Lactobacillus spp., Streptococcus
thermophilus, and Leuconostoc mesenteroides, and natural microflora of the milk
environment, comprising mostly mesophilic lactobacilli (Smit et al., 2005). LAB are
highly desirable in cheese ripening due to the end products of carbohydrate
metabolism, producing lactate, acetate, diacetyls, and aldehydes in the case of the
former, while contributing to accumulation of alcohols, aldehydes, acids, esters, and
sulphur compounds through the proteolytic enzyme degradation of casein (Smit et al.,
2005). Moreover, LAB play an important role in sourdough fermentations with
regard to their methods of carbohydrate, lipid, and protein metabolism (van der
Meulen et al., 2007). Population dynamics of sourdough fermentations are similar to
those of malt whisky fermentations: at the beginning of fermentations there is a
relatively high degree of diversity, indicated by the presence of Enterococcus,
Lactococcus, and Leuconostoc sp. giving way to the dominance of Lactobacillus upon
conclusion of fermentation (van der Meulen et al., 2007). Finally, LAB, particularly
Oenococcus oeni, are instrumental in the production of flavour compounds in wine
through malo-lactic fermentation, known to increase desirable fruity and buttery
notes, while simultaneously reducing the vegetal aroma, due to the production of
volatiles such as vanillin (Bloem et al., 2007).
One of the most well known ways in which such knowledge has been recently
exploited is in the development of the probiotic industry. Probiotics can be defined as
“live organisms which, when administered in adequate amounts, confer a health
benefit on the host” (Reid et al., 2003). This takes advantage of the fact that LAB,

particularly, Lactobacillus spp, are known comensals of the human intestinal tract.
They are highly effective at outcompeting other bacteria for nutrients, likely due to
the production of lactic acid and the associated drop in pH, as well as the production
of bacteriocins (Konings et al., 2000), and thus act as a barrier to potential pathogens,
as well as enhancing immune responses native to the host organism (Klaenhammer et
al., 2005). However, extensive use of Lactobacillus as a probiotic should be treated
with caution, as there are reported cases of sepsis associated with probiotic treatment
of an immunocompromised patient (Land et al., 2005), and the recovery of probiotics
from infection sites in other immunocompromised patients (Liong, 2008). Neither
should the potential for the acquirement of pathogenicity by probiotics, via such
mechanisms as horizontal gene transfer, be underestimated.
Due to the increasing importance of the probiotic industry, research into LAB is now
more extensive than ever, and from this, a wide range technological developments can
be attributed. Their simple metabolic pathways make them excellent candidates for
the study of multidrug resistance; the production of bacteriocins, such as nisin, can be
exploited to treat infections that do not respond to conventional antibiotics; the
characterisation of LAB osmoregulation can be applied to as to decrease the
harshness of many forms of food preservation, such as high salt or sugar
concentration; and their auxotrophy for multiple amino acids allows for the
development of genetically modified LAB that can be used to generate differing
organoleptic properties in fermented foodstuffs (Konings et al., 2000).

1.4.2. The Occurrence of LAB in Scotch Whisky Manufacture
LAB are present during malt whisky fermentations, which are essentially mixed
fermentations of yeast and LAB. They are constitute a small part of the natural
microflora of barley grain (Booysena et al., 2002), and due to their heat tolerance, are
able to survive the malting and mashing stages of whisky production to become the
dominant bacterial flora in the fermentation.

Their tolerance of acidic pH and

micoraerophilic conditions, ensure that they dominate the later stages of the malt
whisky fermentation (Van Beek and Priest, 2000; Figure 1.12).

Figure 1.12.

Fluorescence microscopy of the later stages of malt whisky

fermentation. Living bacterial cells stain green, while dead cells appear red (Van
Beek and Priest, 2002).
Of the LAB present in malt whisky fermentations, those belonging to the genus
Lactobacillus are dominant, although the presence of Bacillus coagulans,
Leuconostoc mesenteroides, Saccharococcus thermophilus, and Streptococcus
thermophilus has been reported. The range of LAB present in the distillery is typically
stable, but is subject to fluctuations in malt supply and distillery hygiene practices
(Simpson et al., 2001).
The evolution of the bacterial community in the malt whisky fermentation can be
broken down into three stages (Figure 1.13). Initially, bacterial diversity is high, and
as fermentations proceeds, this diversity declines (Van Beek and Priest, 2003).

During the initial stage of fermentation, which proceeds from the point of yeast
pitching at 0 h and concludes between 30-40 h, bacterial growth is inhibited by
rampant yeast growth (Thomas et al., 2001; Van Beek and Priest, 2002). During this
stage of fermentation, the bacterial flora is primarily comprised of heterofermentative
LAB including both cocci, such as Leuconostoc, Saccharococcus, and Streptococcus,
and rods dominated by members of the genus Lactobacillus, of which L. brevis and L.
fermentum are most prevalent (Van Beek and Priest, 2002). Leuconostoc spp. are less
tolerant of high levels of ethanol, and so do not persist in the fermentation much
beyond the initial stages (De Oliva-Neto and Yokoya, 2001). The second phase of the
fermentation begins at around 30-40 h after the pitching of yeast and lasts until
approximately 70 h. It is characterised by the yeast population entering the stationary
phase of growth and beginning to decline at which point ethanol production is
between 80 and 90% complete.

As the yeast population dies, LAB begin to

proliferate, followed by the accumulation of lactic acid and acetic acid, both of which
hasten the yeast decline. The dominating LAB species here are almost exclusively
lactobacilli, with heterofermentative L. fermentum and homofermentative L.
paracasei being dominant (Van Beek and Priest, 2002). The third and final stage
begins after approximately 70 h and continues until fermentation is brought to an end.
During this stage, bacterial populations, comprising primarily of homofermenters
such as L.acidophilus, L. delbrueckii, and L. paracasei, peak, followed by a loss of
viability. Due to the fact that almost all fermentable sugars have been exhausted by
this stage, these bacteria are believed to survive on nutrients liberated from dying
yeast cells. Lactate continues to accumulate at this point, but not acetate, due to the
homolactic nature of the dominating LAB (Van Beek and Priest, 2000).

Figure 1.13. Microbial Succession in Whisky Fermentation
(http://www.mbaa.com/meeting/2004/workshops/WII_Cachat.pdf).
Many distilleries take advantage of the natural LAB present in malt whisky
fermentations by operating what is known as a “late lactic” fermentation, which
involves continuing the fermentation process beyond the length of time needed for
yeast to produce the required amount of ethanol (Figure 1.14). This allows LAB to
flourish, which is thought to contribute to the positive ester note in the resulting spirit
(Van Beek and Priest, 2000). This is most likely due to the production of weak
organic acids such as lactate and acetate, and their reaction with ethanol to produce
ethyl lactate and ethyl acetate respectively.

Late lactic fermentations will also

contribute to the LAB mediated development of flavours associated with phenolic
compounds, due to the conversion of cinnamic acid derivatives, such as p-coumaric
acid, into 4-ethyl derivatives, such as 4-ethylphenol (Van Beek and Priest, 2000).

Figure 1.14. Typical Fermentation Progress
(http://www.mbaa.com/meeting/2004/workshops/WII_Cachat.pdf).

As yeast and LAB are often found to inhabit the same ecosystems, they will often
compete for nutrients (Narendranath et al., 1997), and as a result, yeast and LAB can
be considered antagonistic towards each other (Thomas et al., 2001). This is very
much the case in malt whisky fermentation and high initial levels of LAB are known
to be detrimental to ethanol production by yeast, which directly translates into a loss
of revenue for the manufacturers (Makanjoula et al., 1992). Moreover, the presence
of a large bacterial population at the start of fermentation can result in the production
of negative flavour characteristics (Van Beek and Priest, 2002). The primary method
by which LAB inhibit ethanol production by yeast is through the production of lactic
acid, and to a lesser extent acetic acid. The effect of lactic acid production on ethanol
biosynthesis is two-fold: firstly, it diverts fermentable substrate away from alcohol
production, as each sugar molecule used by LAB to produce lactic acid results in the
loss of two ethanol molecules that may otherwise have been produced by yeast.
Secondly, the accumulation of lactic acid in the fermentation lowers the pH of the
medium, resulting in an increasingly toxic environment for the yeast. This second
effect is compounded if acetic acid is present, as lactate and acetate, while toxic to
yeast on their own, exhibit a synergistic inhibitory effect on yeast growth and
metabolism when present together (Narendranath et al., 1997). There is also some
evidence for the production of toxic fatty acids by LAB as inhibitory compounds
(Thomas et al., 2001), which will be discussed later.

1.5. The Production of γ-Lactones in Malt Whisky and their Effect on Flavour
Lactones are potent flavour compounds synthesized from hydroxyl fatty acids, and
are commonly found in fruits, dairy and fermented products (Schrader, 2007). There
are two types of lactones, referred to as γ-lactones and δ-lactones (alkan-4-olide, and
alkan-5-olide respectively (Endrizzi et al., 1996), of which the former is typically
found in plant based products, while the latter is more common in animal produce
(Wanikawa et al., 2000a). Both are associated with positive flavour and aroma notes,
such as peach and coconut, the quality of which is affected by the number of carbons
in both the ring structure and the lateral chain, degree of unsaturation, and chirality
(Endrizzi et al., 1996).

One of the most commercially important lactones is γ-decalactone (4-decanolide).
This lactone imparts a strong peach-like aroma, and is produced industrially from
ricinoleic acid (12-hydroxy-9-octadecenoic acid), the primary fatty acid in castor oil,
via four cycles of yeast mediated β-oxidation and subsequent lactonization through
acidification (Schrader, 2007). The market price of γ-decalactone currently stands at
approximately US$300 per kilogram. However, during the 1980s the market attached
a value to this compound of as much as US$10,000 per kilogram, due to the rarity of
the product and the fact that industrial production of the compound had yet to be
adequately developed (Schrader, 2007).

Even now, industrial production of γ-

decalactone can be problematic, with reconsumption of γ-decalactone by the
synthesizing yeasts, as well as low levels of oxidation of the substrate methyl
ricinoleate, accounting for typically low industrial yields (Waché et al., 2001).

1.5.1. Lactone Biochemistry and Production via Yeast Peroxisomal β-oxidation in
Yeast
Lactones are compounds produced by the intramolecular esterisation of hydroxyl fatty
acids, and can be characterised by the presence of a carbon ring that incorporates a
single oxygen atom in its structure, formed by an ester link between hydroxyl and
carboxylic groups of the substrate fatty acid (Figure 1.15). The position of the
hydroxyl group along the fatty acid length determines which type of lactone will be
formed, and is not influenced by the position of any double bonds: hydroxyl groups
on even numbered carbons will result in γ-lactones, where the lactone ring contains
four carbons and one oxygen; while hydroxyl groups on odd numbered carbons will
form δ-lactones, which have a lactone ring containing five carbons and a single
oxygen (Endrizzi et al, 1996). In both cases, the R enantiomer is dominant in nature
over the S configuration.

Figure

1.15.
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(http://www.inchem.org/documents/jecfa/jecmono/v52je23.gif).
Lactones can be produced by yeasts through either de novo synthesis or
biotransformation. The yeast Sporobolomyces odorus synthesises lactones via de
novo synthesis. The lactones tend to accumulate during the stationary growth phase
as secondary metabolites. This is concurrent with reduction in levels of long chain
fatty acids, indicating a substrate – product relationship between fatty acids and
lactones (Endrizzi et al., 1996).
The direct precursors of lactones are hydroxyl fatty acids. However, it has been
shown that some yeasts, such as Sp. odorus, are able to produce γ-decalactone directly
from decanoic acid, while Mortierella sp. can produce γ-octalactone from caprylic
acid.

This ability to directly metabolise alkanes, a process that occurs via

peroxisomal oxidation, combined with the fact that β-oxidation in yeasts is
exclusively peroxisomal, leads to the conclusion that peroxisomes are involved in the
production of lactones by yeast (Endrizzi et al., 1996).
Fatty acids are translocated across yeast membranes into the cell through the action of
inducible permeases, and in the case of yeasts such as Saccharomyces sp. fatty acids

are taken up by facilitated diffusion, which becomes simple duffusion as the
concentration of fatty acid in the medium rises. Once inside the cell, fatty acids
undergo β-oxidation in the peroxisomes.

Peroxisomes are organelles used by

eukaryotes in the breakdown of fats using molecular oxygen species. They contain
enzymes that produce hydrogen peroxide, hence the name ‘peroxisomes’, and are
separated from the rest of the cytoplasm by a single phospholipid membrane.
Peroxisomal β-oxidation would appear to have a detoxifying rather than catabolising
role, where the toxicity of free fatty acids is negated by the action of acyl-CoA
synthetase, converting the fatty acid into a thioester of coenzyme-A (Endrizzi et al.,
1996).

However, because peroxisomal β-oxidation does not proceed via

channelisation, as it does in the mitochondria, intermediates, such as hydroxyl fatty
acids are allowed to accumulate (Waché et al., 2001), and such accumulation will
result in the blocking of the β-oxidation pathways, which would be highly detrimental
to the cell. This problem is compounded by the fact that under standard conditions,
hydroxyl fatty acids and their corresponding lactones are at an equilibrium which
favours the hydroxyl fatty acid due to its higher stability, with a drop in pH shifting
the equilibrium in favour of lactone accumulation. It is thought that lactonisation can
occur both intracellularly and extracellularly. Due to the fact that in vivo, hydroxyl
fatty acids are complexed with coenzyme-A or glycerol to form an ester, intracellular
lactonisation would require an enzyme capable of both hydrolysing the linear ester
link and replacing it with a cyclic one. External lactonisation would appear to be
dependent on the synergistic effects of acidic pH and the enzymatic activity (Endrizzi
et al., 1996). It is likely that both internal and external pathways are involved in
lactone formation in malt whisky fermentations.

1.5.2. The Effect of LAB on the Production of γ -Lactones in Malt Whisky
There are a wide variety of flavour compounds found in malt whisky, of which the
major classes are higher alcohols, esters, organic acids, phenolics, and lactones
(Palmer, 1997; Wanikawa et al., 2000a). The majority of these compounds are
produced by yeast, with the majority of phenolics being derived from peat burning in
the kilning process (Harrison et al., 2006). LAB are responsible for increased levels
of organic acids (lactate and acetate) and corresponding esters, as well as residual

phenolics (Van Beek and Priest, 2000). Moreover, LAB are thought to influence the
production of γ-lactones through the hydroxyllation of unsaturated fatty acids, which
are precursors to γ-lactone production.
The lactones that are of interest to the whisky industry are the γ-lactones, specifically
γ-decalactone and γ-dodecalactone, of which both are believed to contribute desirable
“sweet and fatty” notes in malt whisky; their low sensory threshold meaning that only
a small amount of the substance is required to impart a notable flavour characteristic
(Wanikawa et al, 2000b).
γ-decalactone and γ-dodecalactone are formed from palmitoleic and oleic acids
respectively, via hydroxyllation and subsequent β-oxidation, and are expected to form
via the same pathway (Figure 1.16).

These fatty acids are only found in low

quantities in malt wort, but are believed to be derived from yeast membranes during
the latter stages of fermentation, during which the yeast die and autolyse (Wanikawa
et al., 2000a).

Figure 1.16. Proposed pathway of γ-dodecalactone and γ-decalactone formation by
yeast metabolising 10-hydroxylstearic acid and 10-hydroxylpalmitic acid produced by
LAB from oleic acid and palmitoleic acid (Wanikawa et al., 2000a).

It is at this point where γ-lactones are thought to form. Rampant yeast growth during
the initial 40 hours of fermentation suppresses LAB growth, until the levels of
fermentable carbohydrates are decreased and ethanol production is concluded, at
which point the yeast cells begin to undergo autolysis, promoting the growth of LAB.
It is theorised that leakage of fatty acids, such as oleic acid, from the membranes of
dying yeast cells is the point at which LAB convert palmitoleic and oleic acids into
10-hydroxylpalmitic

and

10-hydroxylstearic

acids

(10-HPA

and

10-HSA,

respectively) (Wanikawa et al., 2000b). These hydroxyllated fatty acids accumulate
towards the end of fermentation, and are known to be precursors of γ-lactones.
However, the pathways behind their formation are not currently understood, nor are
the reasons behind such formation.

Nevertheless, given that accumulation of

hydroxyl fatty acids is thought to block peroxisomal β-oxidation in yeasts (Endrizzi et
al., 1996), it is possible that LAB produce these hydroxyl fatty acids as a means to
antagonise the yeast.
The formation of hydroxyl fatty acids in malt whisky fermentation would appear to be
influenced by both the species and strains of LAB present in the wort, the timing of
late lactic fermentation, as well as types of yeasts used, and the concentration of
sugars such as glucose (Wanikawa et al., 2000b).

A mixture of brewer’s and

distiller’s yeast was found to increase the levels of hydroxyl fatty acids, due to the
fact that brewers yeast dies more readily, resulting in the liberation of fatty acids into
the wort at an earlier point in the fermentation

(Wanikawa et al., 2000b).

Furthermore, increased levels of 10-HSA were formed when glucose levels were
reduced, indicating preferential metabolism of glucose by LAB, compounded by
potential catabolite repression of lipid oxidation.

1.5.3. 10-HSA Biochemistry
There are a variety of microbe-mediated transformations involving oleic acid, of
which the most common are: hydration or epoxidation of the double bond, reduction
of the carboxylic group, and hydroxyllation at various points along the saturated chain
length, including those allylic to the double bond (El Sharkawy et al., 1992). The

hydroxyllation of oleic acid is not uncommon in the microbial world (Hou, 1994), and
is exploited industrially, as hydroxyllated (and ketolated) fatty acids are useful as
lubricants, surfactants, plasticizers, and as components of detergents, coatings and
paints, and in the synthesis of resins (El Sharkawy et al., 1992; Yang et al., 1993).
Production of hydroxyl fatty acids from oleic acid has been observed in Bacillus,
Flavobacterium, Micrococcus, Mycobacterium, Nocardia, and Staphylococcus
(Wanikawa et al., 2000b), as well as in resting cells of Saccharomyces cerevisiae (El
Sharkawy et al., 1992; Yang et al., 1993).
The conversion of oleic acid to 10-HSA involves the stereospecific uptake of a single
hydrogen atom at carbon 9 of oleic acid (Schroepfer Jr, 1966). There is evidence for
cis-configuration specific enzyme involvement in this reaction, and that the same
reaction catalyses the formation of 10-HPA from palmitoleic acid (Niehaus Jr et al,
1970). There is also the possibility that 9,10-epoxystearic acid is an intermediate of
10-HSA formation from oleic acid, and that it is subsequently reduced to form 10HSA (Niehaus Jr et al, 1970).
The stereospecificity of microbially produced 10-HSA is dependent on the microbe
used. However, it would appear that the R conformation is dominant over the S
conformation. Pseudomonas sp. tend to produce the R conformation at close to
100%, while at the other end of the spectrum, Rhodococcus rhodochrous produces the
R conformation at just 11.7% (Yang et al., 1993).

1.6. Aim of this Study
The aim of this study was to isolate LAB from various malt whisky distilleries across
Scotland. The strains were characterised initially using RAPD-PCR and identified by
16S rRNA gene sequencing.

Their ability to convert oleic acid into the γ-

dodecalactone precursor 10-HSA was evaluated. Strains with a high bioconversion
activity were selected and assessed for their ability to modify the flavour of malt
whisky through the production of γ-lactones.

These LAB were inoculated into

laboratory-scale fermentations, which were then distilled in a pilot plant, and the
resulting distillate analysed for the influence of LAB on the organoleptic properties,

such as the presence of esters, higher alcohols, organic acids, and lactones, of the final
spirit.

CHAPTER 2. MATERIALS AND METHODS

CHAPTER 2. MATERIALS AND METHODS
2.1. Isolation of Bacteria
Late fermentation wash samples (100 ml) were obtained from distilleries from the
following regions:
Highlands:
• Aberfeldy
• Clynelish
• Glen Ord
• Pulteney
Islands:
• Talisker

Lowlands:
• Glenkinchie
Speyside:
• Aberlour
• Benrinnes
• Cardhu
• Clynelish
• Cragganmore
• Craigellachie
• Dailuaine
• Glen Elgin
• Knockdhu
• MacAllan
• Mortlach
• Strathisla

Samples were stored overnight and supplemented with 50 µg ml-1 cycloheximide at
4˚C to allow yeast cells to sediment out, leaving largely bacterial cells in suspension.
Wash (1 ml) was inoculated into 9 ml MRS (de Man, Rogosa, Sharpe, 1960) broth
supplemented with 1% BHI (brain-heart infusion) and 0.5% maltose (modified MRS),
and incubated at 30˚C until turbid (typically overnight). Dilutions (10-2, 10-3, and
10-4) were prepared using MRS broth, and 100 µl of each was cultured on modified
MRS agar at 30°C until the appearance of colonies. 100 µl of each wash sample was
also plated directly onto modified MRS agar and incubated at 30°C until the
appearance of colonies. Single colonies of varying morphology were picked off and
streaked for single colony isolation. Further sub-culturing of individual colonies was
done two to three times to ensure purity of culture. Cultures were stored at -70°C in
MRS broth supplemented with 20 % (v/v) glycerol. For routine purposes, bacteria
were grown in MRS broth or agar at 30°C.

2.2. Characterisation of Strains by Random Amplification of Polymorphic DNA
– Polymerase Chain Reaction (RAPD-PCR)
A single colony from a plate was washed in 0.5 ml of 1% saline solution, and
centrifuged at 10,000 x g for 10 min. The pellet was resuspended in 0.5 ml of a 1:10
(v/v) dilution of NH4 reaction buffer, and heated to 100ºC for 10 min. The samples
were immediately put on ice for a further 10 min. 5 µl of this boiled cell extract was
mixed with the following: 2.5 µl 10x NH4 buffer (Bioline); 2 µl 10 µmol dNTPs
(dATP, dCTP, dGTP, and dTTP); 1.5 µl KS3 primer (5’-GGC ATG ACC T-3’,
100 pmol µl-1); 1.5 µl 50 mmol MgCl2; 1.5 µl sterile Millipure H2O; and 0.2 µl Taq
polymerase (after the first PCR cycle). The mixture was placed in a thermocycler and
the following protocol was used: 95ºC for 5 min (Taq polymerase enzyme was added
after this stage); 95ºC for 1 min, 30ºC for 1 min, and 72ºC for 2 min (this stage was
repeated 35 times); and 72ºC for 10 min. The resulting PCR product was then stored
at 4ºC.
PCR product (5 µl) was electrophoresed in a 1% agarose gel prepared in Tris Borate
EDTA (TBE) buffer and electrophorsed in 0.5 x TBE buffer for 2-3 h at 70 V. 5x
TBE stock solution was made using 54 g Tris base, 27.5 g boric acid, 20 ml 0.05 M
EDTA (pH 8), and H2O was added to make 1 litre. RAPD-PCR patterns were
compared by eye and strains from the same wash sample with different patterns were
retained.

2.3. DNA Extraction and Purification
DNA was extracted using the Puregene Gentra Systems kit. 1 ml of turbid cell
suspension (o/n culture) was added to a 1.5 ml microfuge tube on ice, which was
centrifuged at 10,000 x g for 10 min. The supernatant was removed and the cell pellet
was resuspended in 300 µl cell suspension solution. 1.5 µl lytic enzyme solution and
8 µl (10 mg in 200 µl) lysozyme were added. The tube was inverted 25 times to mix

and incubated at 37˚C for 1 h to digest cell walls.
occasionally during incubation.

The sample was inverted

After incubation, the sample was centrifuged at

10,000 x g for 1 min. Supernatant was removed and 300 µl cell lysis solution was
added to the cell pellet, which was then mixed by gentle pipetting. The sample was
heated for 5 min at 80˚C to complete lysis, resulting in a cell lysate. RNase A solution
(1.5 µl) was added to the cell lysate, mixed by inverting 25 times, and incubated for 1
h at 37˚C. The sample was allowed to cool to room temperature and 100 µl protein
precipitation solution was added. The tube was vigorously vortexed at high speed for
20 s in order to uniformly mix protein precipitation solution with the cell lysate. The
sample was then placed on ice for 1 min and centrifuged at 10,000 x g for 3 min. The
supernatant was transferred to a clean 1.5 ml microfuge tube containing 300 µl
isopropanol (2-propanol), and mixed by inverting gently 50 times. The sample was
centrifuged at 10,000 x g for 2 min, after which the DNA was visible as a very small
white pellet. The supernatant was poured off and the tube was briefly drained onto
clean absorbent paper. 300 µl of 70% (v/v) ethanol was added and the tube was
inverted several times to wash the DNA pellet. The sample was then centrifuged at
10,000 x g for 1 min and the ethanol supernatant was carefully poured off. The tube
was then inverted and drained onto clean absorbent paper and allowed to air-dry for
10-15 min.
DNA hydration solution (60 µl) was added to the tube and incubated for 1 h at 65˚C
or o/n at room temp. The tube was periodically tapped in order to aid dispersion of
the DNA. The DNA was stored at 4˚C.

2.4. 16S rRNA Gene Sequencing
Strains were identified initially using partial 16S rRNA gene sequences. Bacteria
were grown in MRS broth at 30°C until turbid. Culture (0.5 ml) was washed in 1%
saline and boiled in 0.5 ml of a 1:10 dilution of NH4 reaction buffer. Boiled DNA
extract (5 µl) or purified DNA (5 µl) was added to the following: 10 µl dNTPs, 2.5 µl
50 mmol MgCl2, 2.5 µl (5 pmol µl-1) 27f primer (5‘-AGA GTT TGA TCM TGG CTC
AG-3‘), 2.5 µl (5 pmol µl-1) 1492r primer (5‘-TAC GGY TAC CTT GTT ACG ACT

T-3‘), and 30.5 µl sterile Millipure H2O. Taq polymerase (0.2 µl) was added after
first thermocycle cycle. The thermocycle protocol used was as follows: 95°C for 5
min, after which point the Taq polymerase was added; 95°C for 1 min, 56°C for 1
min, 72°C for 2 min (this cycle was repeated 30 times); and 72°C for 10 min. The
resulting PCR product was then stored at 4°C.

PCR product (5 µl) was

electrophoresed in a 1% Tris Acetic Acid EDTA (TAE) agarose gel in TAE buffer.
50x TAE stock solution was made using 242 g Tris base, 57.1 ml acetic acid, 100 ml
0.5 M EDTA (pH 8) and H2O was added to make 1 litre.
PCR product was purified prior to sequencing using polyethylene glycol (PEG8000).
30 µl of 20% PEG8000 in 2.5 M NaCl was added to 25 µl PCR product, mixed, and
incubated at room temperature for 3-4 h, or at 4°C overnight.

The sample was

centrifuged at 10,000 x g for 20 min and the supernatant removed. The DNA pellet
was washed twice with cold (-20°C) 70% ethanol (500 µl) and centrifuged at
10,000 x g for 10 min. The precipitate was dried and resuspended in 20 µl millipure
H2O, of which 5 µl was electrophoresed on a 1% TAE agarose gel, to ensure that
DNA was still present.
The purified DNA was sent to MWG with 27f (5‘-AGA GTT TGA TCM TGG CTC
AG-3‘) and 685r3 (5’-TCT ACG CAT TTC ACC GCT AC-3’) primers (5 pmol µl-1)
for partial sequencing; for full sequencing, 926f (5’-AAA CTC AAA GGA ATT
GAC GG-3’), and 1100r (5’-GGG TTG CGC TGC TTG-3’) primers (5 pmol µl-1)
were sent in addition to 27f, 685r3, and 1492r. Alleles were sequenced in both
directions, and resulting sequences were assembled and edited using the ‘STADEN’
package (GAP4). Analysis involved comparison of the single reads from each primer
reaction and the generated overlap. The consensus sequence was saved and compared
with existing sequences in the NCBI database using the ‘BLAST’ (Basic Local
Alignment Search Tool) algorithm.

2.5. Bioconversion of Monounsaturated Fatty Acids to 10-Hydroxyl Fatty Acids
detected by High Performance Thin Layer Chromatography (HPTLC)

Strains were grown in 5 ml MRS broth overnight at 30°C. 50 µl of this suspension
was transferred to 5 ml MRS broth that had been supplemented with fatty acids
(0.01% (v/v) oleic acid and 0.01% (v/v) palmitoleic acid) and incubated at 30°C for
16 h. 1.5 ml of this culture was centrifuged at 10,000 x g for 10 min to precipitate the
cell pellet, which was washed and centrifuged twice in 1.5 ml sterile 0.85% saline
solution. The washed cell pellet was resuspended in 1.4 ml of 0.5 M phosphate buffer
pH 6.5 supplemented with 0.01% (v/v) Tween 80 and 100 µl of the substrate fatty
acid (1% in ethanol) solution, and incubated in a 30°C water bath for 20 h with gentle
shaking (40 oscillations min-1). Before incubation, N2 gas was blown over the surface
of the bacterial suspension to eliminate O2.
After this bioconversion stage, the samples were acidified to pH 2 by adding 50 µl
concentrated HCl. 100 µl of 0.2% (v/v) heptadecanoic acid in ethanol was added to
each sample as an internal standard for use in subsequent GC-MS analysis. 2 ml of
ethyl acetate/methanol (9:1 v/v) was added to the acidified bioconversion medium and
shaken vigorously (700 oscillations/min) for 15 min. The suspension was centrifuged
for 5 min at 1000 x g at 4°C, resulting in an upper solvent layer, containing the
extracted fatty acids, and an organic layer below, consisting of the remaining
bioconversion mixture. The solvent layer was removed, the extraction was repeated
with fresh ethyl acetate/methanol (9:1 v/v), and the second solvent layer was added to
the first. Anhydrous Na2SO4 was added to the solvent extracts until a solid mass of
Na2SO4 no longer formed, leaving only the hydrophobic fatty acids in the solvent.
The solvent was then evaporated and the fatty acids were resuspended in 100 µl
benzene/methanol (7:2 v/v) and stored at -20°C.
For HPTLC analysis, 1 µl of the fatty acid preparation was spotted onto an HPTLC
plate (Merck, 5 x 10 cm Silica gel 60 F254).

The plates were developed in n-

hexane/diethyl ether/acetic acid (8:7:1 v/v/v). After 20 min the plates were heated
until the smell of the solvent was gone. Visualisation was done by dipping the
HPTLC plates into p-anisaldehyde in acid alcohol consisting of: 90% (v/v) methanol;
5% (v/v) sulphuric acid; 5% (v/v) acetic acid, and further heating, resulting in the
fatty acid spots becoming visible.
hydroxyllation activity.

This provided qualitative detection of

R13-36 control strain (Lactobacillus fermentum from the Oban distillery) has positive
hydroxyllation activity and was used to measure relative activity of the isolates. A
bioconversion and extraction involving no bacteria was used as a negative control.

2.6.

Semi-Quantitative

Assay

for

Bioconversion

Activity

by

Gas

Chromatography Mass Spectrometry (GC-MS)
For GC-MS analysis, samples were prepared as described in Section 2.5. Samples
were methylated by adding 200 µl 2 M trimethylsilyldiazomethane (TMSDM) in
hexane to 100 µl fatty acid preparation, and left for 30 min at room temp. 100 µl was
analysed using GC-MS using a DB-1 column 30 m x 0.25 mm. Split ratio was 20:1,
and heating protocol was as follows: 50°C for 2 min increasing to 220°C at 3°C per
min. Standard mix consisted of: 0.5 ml 1% ethanolic oleic acid, 0.5 ml 1% ethanolic
palmitoleic acid, 0.5 ml 1% methanolic 10-hydroxylstearic acid, 1 ml 0.2% ethanolic
heptadecanoic acid, and 7.5 ml benzene/methanol (7:2 v/v). GC-MS analysis was
carried out with the assistance of Sean McMenamy

2.7. Viability of LAB Strains in Distiller’s Wort
Distiller’s wort with a specific gravity (SG) of 1060 was obtained from the Scotch
Whisky Research Institute (SWRI), and diluted to an SG of 1053.5 using sterile
distilled water. The wort was then sterilised by boiling for 10 min and clarified using
Whatman 110 mm qualitative filter papers. Sterile clarified wort (5 ml) was decanted
into sterile (121˚C for 15 min) universal bottles, and a loopful of stock LAB culture
was inoculated into the bottle. Bottles of inoculated wort were incubated for 24 h in
water baths set at 20, 25, 30, 35, and 40˚C. Growth was assessed by measuring OD at
650 nm.

2.8. Laboratory-scale Fermentations and Distillations
Milled malt (18 kg barley variety Optic) was mashed with 56 litres of liquor for 30
min at 63.5ºC. The wort was separated using a Meura 2001 Pilot mash filter. A total
of 90 litres of wort was collected with an SG of 1060. The wort was decanted into 2
litre bottles and frozen at -20ºC until required.
Selected LAB were grown o/n in 200 ml MRS broth at 30˚C to a cell density of 5x106
to 1x107 cells ml-1. Cultures were centrifuged at 2000 x g for 30 min at 4˚C to obtain
a cell pellet, the supernatant was discarded and cell pellet resuspended in 2.1 L
distiller’s wort prepared to a specific gravity of 1060 resulting in LAB cell densities
in the range of 5x105 to 1x106 cells ml-1. The wort was transferred to a 3 L roundbottomed flask, with 8 g M-yeast pitched into the wort. Flasks were placed in a water
bath at 19°C, programmed to rise to 33°C after 24 h to replicate distillery conditions.
The flasks were then fitted with fermentation locks, gently shaken and left to ferment
for 96 h. Wash samples (20 ml) wash were removed once every 24 h for assessment
of bacterial growth, along with measurements of ethanol, lactic acid, sugars, and
ester/higher alcohol concentrations. Each LAB inoculated fermentation was done in
duplicate, and a control containing no inoculated LAB was done in triplicate.
For fermentations involving the inclusion of the wild yeast Torulaspora delbrueckii
16A, a loopful of stock culture was inoculated into 4 ml yeast peptone-dextrose
(YPD) broth, and incubated o/n with shaking at 30˚C. Turbid culture was transferred
to 100 ml malt extract (MX) broth and grown at 30˚C for 3 days. Cells were
harvested by centrifuging at 4˚C for 10 min at 1000 x g. 0.8 g (wet weight) of wild
yeast was used for each fermentation plus 7.2 g M-yeast (Neri, 2006).
After 96 h, the fermentation flasks were attached to a glass lyne arm filled with 10 g
copper wire. The lyne arm was attached to a condenser cooled to 4°C. Several glass
beads were added to the flask to prevent bumping. The flasks were heated using
Bunsen burners, which were regulated so as to prevent excess foaming and to control
the rate of distillation. 750 ml of low wine was distilled at a rate of 5 ml min-1 and

stored at 4°C. 50 ml of low wine was used for alcohol strength measurements. The
remaining 700 ml was transferred to a 1 L round-bottomed flask, to which glass beads
added to prevent bumping, and the flask attached to a lyne arm filled with 10 g copper
wire as described above. Distillation was controlled at a rate of 2.85 ml min-1 (20 ml
/ 7 min). 5 ml foreshot was distilled and discarded. 155 ml spirit and 250 ml feints
were distilled and stored separately at 4°C.

2.9. Analysis of Wash during Fermentation
2.9.1. Bacterial and Fungal Growth during Fermentation
Samples of wash (0.1 ml) were taken every 24 h from 0-96 h for assessment of
bacterial, and in the case of mixed fermentations involving LAB and wild yeast,
fungal growth. Serial dilutions of wash were plated onto modified MRS agar plates
supplemented with 50 µg ml-1 cycloheximide to inhibit yeast growth, and YPD agar
plates supplemented with 50 µg ml-1 tetracycline to inhibit bacterial growth. Plates
were incubated at 30ºC until the appearance of colonies.

2.9.2. pH Analysis of Wash during Fermentation
pH measurements of wash were conducted on wash samples that had be clarified of
yeast by centrifugation at 2000 x g for 30 min at 4˚C, using an Hanna Instruments
pH210 Microprocessor pH Meter.

2.9.3. Specific Gravity Analysis of Wash during Fermentation
Measurements of wash specific gravity were conducted on wash samples that had
been clarified of yeast by centrifugation at 2000 x g for 30 min at 4˚C, using a Stanton
Redcroft Paar DMA46 Density Meter. Measurements were taken at the start and end
of fermentation.

2.9.4. Headspace Analysis of Wash during Fermentation
Samples were analysed using a headspace autosampler (Perkin Elmer HS49XL), from
which the equilibrium headspace vapour was sampled and analysed by gas
chromatography (Hewlett-Packard 5890 series II GC with a Chrompack CP-Wax-57CB 60 m*0.25 mm*0.4 µm column) with vicinal diketones (butanedione and
pentanedione) being measured by electron capture detector and all other components
by flame ionization detector. Internal standard solution (50 ml of 200 mg l-1 3heptanone and 18.1 mg l-1 hexanedione in absolute ethanol) was used per 5 ml
sample, with each measurement being carried out in duplicate. Samples were heated
at 60˚C for 90 min in the autosampler prior to injection. Injection volume was 200 µl
GC split ratio was 1:1 and heating protocol was as follows: 43˚C for 2 min increasing
to 86˚C at 1.5˚C per min, then 86˚C to 180˚C at 40˚C per min, with holding at final
temp for 5 min. Each measurement was done in duplicate and data were analysed
using Hewlett-Packard Chemstation Data Handling System software, with results
being expressed in mg l-1.

2.9.5. Ethanol Analysis of Wash during Fermentation
The ethanol concentration was measured by gas chromatography (Chrompack
CP9000 GC with a Chrompack CP-SIL-5CB 10 m*0.32 mm*1.2 µm column) and
detected with a flame ionization detector. Samples were degassed and centrifuged
(500 x g for 2 min). After appropriate dilution, equal volumes of sample and internal
standard (5% 1-butanol) were mixed with 1 µl of the mixture being injected.
Measurements were done in duplicate. GC split ratio was 133:1. Data were analysed
using a Hitachi – Merck D2000 Integrator with results being expressed as %ABV.
2.9.6. Lactic Acid Analysis of Wash during Fermentation
The lactic acid concentration was determined by means of high performance liquid
chromatography (HPLC) analysis. Two columns were used, both of which were
separately pre-treated with 2 ml methanol and 4 ml distilled water. Sample (0.5 ml)
was applied to an SI-1 500 mg, 6 ml column (Strata, Phenomenex), then eluted from
with 10 ml deionised water. The eluate was then passed through a SAX 500 mg, 3 ml

column (Bond elut, Varian). The column and vial previously used were washed with
3 ml water. Hydrochloric acid (1.5 ml 1 M) was used to elute the acids from the SAX
column. Eluted sample (475 µl) was mixed with 25 µl propionic acid (internal
standard). Analysis was then conducted on a Synergi 4u hydro-RP 80A 250x4.6 mm
column (Phenomenex) at a rate of 0.5 ml per min acetonitrile:water (50:50 (v/v)).
Measurements were done in duplicate. A water 484 Tunable Wavelength Detector
was used, and data were analysed using CSW 32 Data Handling (HP3365) with
results being presented as mg l-1.

2.9.7. Ethyl Lactate Analysis of Wash during Fermentation
The ethyl lactate concentration of the wash was analysed using the previously
described headspace analysis with the following modifications: internal standard
solution (200 mg l-1 3-heptanone and 18.1 mg l-1 hexanedione in absolute ethanol)
was diluted 1:10 (v/v) with deionised water prior to use; samples were heated at 70˚C
for 90 min in the autosampler prior to injection, and 5 ml of sample was injected.

2.9.8. Sugar Profiling of Wash during Fermentation
High performance anion exchange (HPAE) chromatography was used to analyse
wash for the following sugars: glucose, D-fructose, sucrose, maltose, and maltotriose.
Internal standard solution (180 µl of 6.0 mg l-1 cellobiose in water) was added to 900
µl sample. Samples were analysed using a Dionex PAD (Pulsed Electrochemical
Detector) with a gold electrode, combined with a Dionex Carbopac PA-100 4x250
mm column. Each measurement was done in duplicate and the data were analysed
using Hewlett-Packard Chemstation Data Handling System, HP3365 software, with
results being expressed in mg l-1.

2.10. Analysis of New-Make Spirit
2.10.1. Ethanol Analysis of Spirit

The ethanol concentration of new-make spirit was analysed using an Anton-Paar 5000
Density Meter. Deionised water was flushed through several times before and after
spirit alcohol strength was taken. Measurements were made in duplicate.

2.10.2. Congener Analysis of Spirit
Congeners of new-make spirit were analysed using the same headspace GC
methodology as for headspace analysis of wash samples. Spirit samples were diluted
to 5% (v/v) ethanol prior to analysis. Each measurement was done in duplicate and
data were analysed using Hewlett-Packard Chemstation Data Handling System
software, with results being expressed in mg l-1.

2.10.3. Sensory Analysis of Spirit
Spirits were assessed using Quantitative Descriptive Analysis (Jack, 2003), which
involves trained panellists scoring the intensities of a range of pre-determined
characteristics.
Duplicate/ triplicate samples were combined to give a total of 6 spirits. These spirits
were diluted to 20%ABV and 20 ml of this presented in 130 ml clear nosing glasses.
Panellists assessed the aromas of the samples, giving scores for the following 16
attributes:

Pungent – Alcohol burn
Peaty – Burnt, smoky, medicinal
Feinty – Leathery, tobacco, sweaty, fishy
Cereal – Malt, mash-like, cereals, toasted
Green/ grassy – Herbal, leafy
Floral – Fresh flowers, perfumed, fragrant

Fruity/ estery – fresh fruit
Solventy – Paint thinners, nail varnish remover
Soapy – Unperfumed soap
Sweet – Vanilla
Oily – Nutty, buttery, fatty, rancid
Sour – Vinegary, cheesy, sickly
Sulfury – Rubbery, gassy, onion, vegetable, meaty, stagnant
Meaty – Cooked meat, bovril, marmite, beefy
Stale – Earthy, musty, cardboard, metallic
Clean – Free from off notes (no off-notes = high score)
These are known to be the key flavour characteristics of Scotch new – make whisky,
based on the Institute’s experience in the assessment of such spirits. This vocabulary
has been extracted from the flavour attributes found on the Scotch Whisky Research
Institute’s Flavour Wheel (Jack, 2003), which covers all of the desirable and off-note
characteristics that can be encountered in new-make spirit and mature Scotch whisky.
The SWRI Sensory Panel is trained to be able to recognise and score the intensity of
each of these flavours and is experienced in the assessment of Scotch new-make. A
scale of 0-3 was used for scoring. Assessments were split over three sessions, with a
minimum of 14 members of the Panel taking part in each session. Test room
conditions were regulated, providing a comfortable temperature and humidity, free
from any extraneous aromas. Assessments were carried out in individual booths, and
under red light to overcome any bias relating to sample colour or turbidity. Samples
were coded using 3-digit random numbers, so that the panellists had no clues to their
identities. A computerised data collection system was used (Compusense 5 V3.8,
Compusense Inc., Guelph, Canada). Data were then exported into two other software
packaging for further analyses; Microsoft Excel 2000 (Microsoft Corporation) and
Unistat (Unistat Ltd., London).
A two way Analysis of Variance was carried out to determine which, if any of the
attributes showed significant differences between samples. A p value of <0.05 was
taken to be a significant difference. Average scores for each attribute were also
calculated across the panel.

2.10.4. γ-Lactone Analysis of Spirit
Assessment of γ-decalactone and γ-dodecalactone concentrations of new-make spirit
was done using GC-MS. To 5 ml spirit, 50 µl of 20 mg l-1 γ-undecalactone (internal
standard) and 45 ml deionised water was added and mixed gently. Mixture was
applied to a solid-phase extraction cartridge (Oasis HLB 30 mg ml-1: Waters), and
conditioned by the passage of 5 ml dichloromethane (CH2Cl2), 5 ml methanol, and 10
ml deionised water by aspiration. System was washed using 5 ml deionised water
twice through aspiration. Na2SO4 cartridge was used to dehydrate the CH2Cl2 layer,
which was concentrated to 1 ml by evaporation then to 200 µl under N2 flow. Heating
protocol was as follows: 130ºC for 2 min increasing to 200ºC at 3ºC per min, then
200ºC to 230ºC at 10ºC per min, with holding at final temp for 15 min.
Measurements were made in duplicate and expressed as ppb (µg l-1).
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Lactic acid bacteria have been shown to be involved in the production of γ-lactones
during whisky fermentations.

In particular, these bacteria may hydroxyllate

palmitoleic and oleic acid resulting in the accumulation of 10-hydroxylpalmitic and
10-hydroxylstearic acid, which are then lactonised into γ-decalactone and γdodecalactone respectively, either by bacteria or by yeast. The lactones contribute to
the positive sweet and fatty notes in malt whisky. In order to understand this pathway
more fully, and with a view to manipulating the formation of the lactones, LAB were
isolated, identified presumptively and characterized for their ability to produce 10hydroxylpalmitic and 10-hydroxylstearic acids from the respective fatty acids.

3.1. Isolation and Characterisation of Strains
The hydroxyllation of fatty acids by LAB occurs during the late lactic fermentation
after death and autolysis of the yeast. Samples of late fermentation wash (>70 h)
were collected from a total of 17 single malt distilleries throughout Scotland and
bacteria were isolated as described in the Methods section.

Isolates were

characterised using Random Amplification of Polymorphic DNA – Polymerase Chain
Reaction (RAPD-PCR) to avoid collecting duplicate strains from the same sample

3.1.1. Random Amplification of Polymorphic DNA – Polymerase Chain Reaction
(RAPD-PCR)
Between 7 and 12 strains of bacteria were isolated from each distillery, template DNA
was prepared by boiling cells and RAPDs PCR amplifications were undertaken. The
degree of similarity between the RAPD patterns was assessed visually and bacteria
with different patterns were collected. For example, Figure 3.1 shows isolates from
the Glen Elgin distillery, strains from lanes marked ‘x’ were retained.

xx xx

x x

x x

Figure 3.1. RAPD-PCR patterns of isolates from the Glen Elgin distillery. First and
last lanes; 1-kb molecular weight markers, remaining lanes, RAPD-PCR patterns
from isolates.
In total, 146 cultures were retained for further study and each isolate was given a code
based on its distillery of origin (Table 3.1).
Table 3.1. Total numbers of LAB strains recovered from each distillery.

Distillery

Number of cultures representing visually
different RAPD patterns

Aberfeldy

7

Aberlour

10

Benrinnes

6

Cardhu

11

Clynelish

8

Cragganmore

6

Craigellachie

9

Dailuaine

8

Glen Elgin

7

Glenkinchie

8

Glen Ord

8

Knockdhu

8

MacAllan

10

Mortlach

8

Pulteney

8

Strathisla

12

Talisker

8

TOTAL

146

3.1.2. High Performance Thin Layer Chromatography (HPTLC)
The 146 strains were analysed for their ability to convert monounsaturated fatty acids,
specifically cis-9-hexadecenoic acid and cis-9-octadecenoic acid (palmitoleic acid and
oleic acid respectively) to their hydroxyl acids. As revealed in previous work by
Wanikawa et al. (2000b), the conversion of palmitoleic and oleic acids into 10hydroxylpalmitic and 10-hydroxylstearic acids (10-HPA and 10-HSA) respectively is
the first stage in the production of γ-decalactone and γ-dodecalactone (Figure 1.17),
and thus has an impact on the development of “sweet” and “fatty” flavours in whisky.
All isolates were assessed for their ability to carry out the hydroxylation reaction
using High Performance Thin Layer Chromatography (HPTLC) as a semi-quantitative
screening step.

Bacteria were used individually in a bioconversion reaction

(Methods), the products were extracted and analysed by HPTLC (Figure 3.2).

-solvent front

-oleic acid (Rf=0.8)
-10-hydroxystearic acid (Rf=0.57)

-starting point (Rf=0.0)

Figure 3.2. HPTLC of bioconversions oleic acid to 10-hydroxystearic acid by lactic
acid bacteria (from left to right, strains MT2, MT3, MT4, and MT5).
Of the 146 screened for the ability to synthesise 10-HPA and 10-HSA from
palmitoleic and oleic acids, four had strong activity, 18 had positive activity, 31 had
weak activity, 37 had very weak activity, and 52 had no activity (Table A1 in
Appendices).

3.1.3. Partial 16S rRNA Gene Sequencing
From the HPTLC screening phase, 41 isolates were selected for presumptive
identification by partial 16S rRNA gene sequencing (see Table 3.2). The 16S rRNA
gene was amplified using forward (27f) and reverse (1492r) primers targeted to the

extremities of the reading frame to generate a fragment of which the proximal region
was sequenced and compared with those of the reference strains in the GenBank
database using the BLAST (Basic Local Alignment Search Tool) algorithm (Altschul
et al., 1990). The isolates were shown to be largely members of the Lactobacillus
genus (Table 3.2) representing L. fermentum, L. paracasei, and L. plantarum, with
single isolates of L. brevis and L. casei isolated from the Knockdhu distillery. The
dominance of species belonging to the Lactobacillus genus was expected, as previous
studies had indicated that this is the dominant bacterial taxon present during the malt
whisky fermentation and that L. fermentum, L. plantarum, and L. paracasei are
particularly prevalent (Simpson et al., 2001). Some strains of Leuconostoc isolated
from the wash samples were also included in the collection.
Table 3.2. Identification of lactic acid bacteria by partial 16S rRNA gene sequencing.

Strain

No. of nucleotides sequenced

Identity (% similarity)

AF3

515

L. paracasei (100%)

AF4

550

L. paracasei (100%)

AL3

279

L. plantarum (100%)

AL4

621

L. plantarum (100%)

BR1

541

L. plantarum (100%)

BR5

621

L. paracasei (100%)

CD6

569

L. paracasei (100%)

CE2

432

Le. pseudomesenteroides (99%)

CE4

311

Le. pseudomesenteroides (99%)

CG7

613

L. paracasei (100%)

CY4

547

Le. pseudomesenteroides (99%)

CY6

517

L. paracasei (100%)

CY7

413

L. fermentum (100%)

CY8

617

L. plantarum (100%)

DL5

618

L. paracasei (100%)

GE2

601

L. paracasei (100%)

GE3

611

L. paracasei (100%)

GE6

618

L. paracasei (100%)

GE7

617

L. paracasei (100%)

GK3

561

L. plantarum (100%)

GK5

617

L. plantarum (100%)

GK6

635

L. fermentum (100%)

GO2

618

L. paracasei (100%)

GO5

618

L. paracasei (100%)

GO6

623

L. paracasei (100%)

KD1

621

L. brevis (100%)

KD2

628

L. casei (100%)

KD6

635

L. fermentum (100%)

MA8

626

L. fermentum (100%)

MA9

629

L. fermentum (100%)

MT1

612

L. paracasei (100%)

MT2

591

L. paracasei (100%)

MT3

559

L. paracasei (100%)

MT6

618

L. paracasei (100%)

PL1

618

L. paracasei (100%)

PL3

617

L. plantarum (100%)

PL8

618

L. paracasei (100%)

ST3

622

L. plantarum (100%)

ST10

623

L. paracasei (100%)

TK1

298

L. paracasei (100%)

TK3

527

Le. pseudomesenteroides (99%)

Twenty of the strains were selected for further study based on their ability to conduct
the bioconversion and to provide a range of species.

3.1.4. Gas Chromatography – Mass Spectrometry (GC-MS)
The bioconversion of oleic acid into 10-HSA and 10-ketostearic acid (10-KSA) by
these strains was further analysed by GC-MS determination of the bioconversion
products (Table 3.3). Lactobacillus fermentum R-36 was used as a positive control
since it had been shown to affect the bioconversion efficiently (personal
communication, A. Wanikawa).

Table 3.3. Bioconversion activities of selected isolates using GC-MS analysis of the
products (strains marked with an asterisk were selected for further study).

Strain

Species

10-HSA (mg l-1)

10-KSA (mg l-1)

R-36 (positive control)

L. fermentum

0.07

ND

AF3

L. paracasei

0.033

ND

AF4*

L. paracasei

0.177

ND

AL3*

L. plantarum

0.506

ND

AL4*

L. plantarum

0.259

ND

CD6

L. paracasei

0.002

ND

CE2

Le. pseudomesenteroides

0.12

ND

CY6

L. paracasei

0.056

ND

CY7*

L. fermentum

0.245

ND

CY8*

L. plantarum

1.254

ND

GK3

L. plantarum

0.118

ND

GK5

L. plantarum

0.171

ND

KD1*

L. brevis

0.418

0.088

MA8

L. fermentum

0.048

ND

MA9

L. fermentum

0.119

ND

PL3

L. plantarum

0.096

ND

PL8

L. paracasei

0.052

ND

ST3

L. plantarum

0.182

ND

ST10

L. paracasei

0.036

ND

TK1

L. paracsei

0.028

ND

TK3*

Le. pseudomesenteroides

0.246

ND

(ND; not detected)

Strains with a high activity (marked with an asterisk) were assessed again for the
bioconversion of palmitoleic and oleic acid into the respective hydroxyl acids and
were also tested for their ability to synthesise 10-HSA and 10-KSA from cis-9-cis-12octadienoic acid (linoleic acid) using GC-MS analysis of the products (Table 3.4).

Table 3.4. Final screening of bioconversion activity of selected strains of
Lactobacillus and Leuconostoc using GC-MS analysis.

Strain

Species

10-HSA
oleic acid
-1

from
10-KSA

from
10-HSA

from
10-KSA

oleic acid linoleic acid
-1

-1

linoleic acid

(mg l )

(mg l )

(mg l )

(mg l-1)

AF4

L. paracasei

0.17

ND

0.2

ND

AL3

L. plantarum

0.16

ND

1.6

ND

AL4

L. plantarum

0.31

ND

0.07

ND

CY7

L. fermentum

0.05

ND

0.004

ND

CY8

L. plantarum

0.49

ND

0.19

ND

KD1

L. brevis

0.56

0.05

0.1

ND

ST3

L. plantarum

0.41

ND

ND

ND

TK3

Le. pseudomesenteroides

0.41

ND

ND

ND

(ND; not detected)

The following isolates were selected for laboratory–scale fermentations and
distillations:
-AF4, as the only strain of L. paracasei at this stage, and its relatively high production
of 10-HSA from linoleic acid.
-AL3, as the strain of L. plantarum that produced the highest aggregate hydroxylation
activity
-CY7, due to its relatively high monounsaturated fatty acid to hydroxylated fatty acid
conversion rate, and its preliminary identification as L. fermentum.
-CY8, as a second strain of L. plantarum with high hydroxylation activity.
-KD1, due to the production of 10-KSA as well as 10-HSA from palmitoleic and oleic
acids, and its preliminary identification as L. brevis.

from

3.1.5. Identification of Strains by near-complete 16S rRNA Gene Sequencing
To confirm the identities of the five isolates of Lactobacillus to be used in laboratoryscale fermentations and distillations, almost complete16S rRNA gene sequencing was
carried out. DNA was amplified in the same way as for partial gene sequencing but
three additional primers were used in the sequencing reactions in order to generate
read overlap across the whole gene (Table 3.5).
Table 3.5. Near-complete 16S rRNA gene sequences of the five isolates selected for
inclusion in laboratory – scale fermentations and distillations.

Strain

No. of nucleotides sequenced

Identity (% similarity)

AF4

1436

L. paracasei (100%)

AL3

1353

L. plantarum (100%)

CY7

1451

L. paracasei (100%)

CY8

1338

L. plantarum (100%)

KD1

1310

L. brevis (100%)

The 1451 nucleotide sequence obtained from full gene sequencing of strain CY7
revealed it to be a strain of L. paracasei rather than L. fermentum, as had been
indicated by partial sequencing. The full 16S rRNA gene sequence from strain CY7
was compared to those of reference strains of L. fermentum in the GenBank database
using the ‘BLAST’ algorithm, revealing just 91% similarity to L. fermentum. Species
identifications of the other strains were confirmed using almost complete 16S rRNA
genes.

3.2. Laboratory – Scale Fermentations Involving LAB
3.2.1. Viability of Selected LAB in Distiller’s Wort
The five strains of Lactobacillus selected for laboratory-scale fermentations were first
tested for their ability to grow at 20, 25, 30, 35, and 40ºC in distiller’s wort (SG 1060)
in order to understand their ability to withstand the temperature fluctuations that occur
during typical distillery fermentation (Figure 3.3).

Figure 3.3. Bacterial growth in all-malt wort at various temperatures after 24 h.
Bacteria were cultured at the various temperatures for 24 h and growth assessed as
increase in optical density (O.D.). All selected strains of LAB grew best at 30ºC,
which was to be expected because they all originated from the later stages of malt
whisky fermentations, which are typically between 27 and 33ºC, but also grew at 25
and 35OC. From this, it was concluded that the selected strains of LAB were suitable
for laboratory–scale fermentations and distillations.

3.2.2. Growth of LAB and Wild Yeast during Laboratory – Scale Fermentations
The impact of the bacteria on whisky flavour was determined in laboratory-scale
fermentations using distiller’s wort prepared in the ICBD brewery. Bacteria were
grown in MRS broth and added to the wort at approximately 1 x 106 cells ml-1. This
level of inoculation was chosen to minimise the adverse effect on yeast metabolism
during the early stages of fermentation, whilst amplifying the effects of the late lactic
fermentation.

It should be emphasised that the wort had its own, natural population

of LAB in addition to the added cells. Yeast was pitched at 3.8 g l-1 and fermentations
conducted as described in the Methods section.
Samples of wash were taken from each fermentation every 24 h to assess bacterial,
and in the case of mixed LAB and wild yeast fermentations, fungal growth. Samples
of wash (100 µl) were diluted and plated onto MRS agar supplemented with
cycloheximide, and YPD agar supplemented with tetracycline to assess bacterial and
fungal growth respectively (Figure 3.4).

Figure 3.4. Growth of LAB populations during LAB-inoculated laboratory-scale
fermentations (each point is an average of duplicate samples taken from two separate
fermentations, error bars indicate SD).
The control fermentation, which contained only the natural microflora of the malted
barley, had an initial bacterial concentration of 4 x 104 cells ml-1, which increased
100-fold during the first 24 h of fermentation to 3.4 x 106 cells ml-1. Growth slowed
between 24 and 48 h, most likely due to yeast metabolism and subsequent
accumulation of ethanol, before accelerating again to a final concentration of 5.9 x
107 cells ml-1. The population profiles of the LAB inoculated fermentations (LAB
fermentations) showed a different dynamic. As with the control fermentation, LAB

fermentations showed a 10-100-fold increase in bacterial numbers during the initial
24 h. L. paracasei AF4 and L. paracasei CY7 increased from 1.3 x 106 and 1.5 x 106
cells ml-1 to 1.2 x 107 and 3.1 x 108 cells ml-1 respectively. Both continued to increase,
AF4 peaking at 3 x 108 cells ml-1 at 72 h, and CY7 peaking at 5 x 108 cells ml-1 at 48 h,
before declining at 96 h to cell densities of 1.6 x 108 and 2.7 x 108 cells ml-1
respectively. The two isolates of L. plantarum, CY8 and AL3, displayed different
population dynamics from the two L. paracasei strains. Initial cell densities of CY7
and AL3 were 1.2 x 106 and 1.1 x 106 cells ml-1 respectively, increasing over 100-fold
(1.9 x 108 and 2.9 x 108 cells ml-1) during the first 24 h of fermentation, before
declining to 3.1 x 107 and 3 x 107 cells ml-1 respectively at 96 h. The strain of L.
brevis displayed the familiar population increase during the initial 24 h, although this
was not as sharp an increase as was observed in the other fermentations. After 24 h,
the L. brevis fermentation had a count of 2.2 x 107 cells ml-1, which was steady with
only minor fluctuations until 72 h, at which point a slight increase to 3.5 x 107 cells
ml-1 at 96 h was observed.
The similarities between LAB growth in the fermentations involving LAB and Myeast, and LAB growth in fermentations involving LAB, M-yeast, and the wild yeast
Torulaspora delbrueckii 16A (mixed fermentations) were notable (Figure 3.5).
However, there were also some important differences.

Figure 3.5. Development of LAB populations during LAB plus wild yeast inoculated
fermentations (each point is an average of duplicate samples taken from two separate
fermentations, error bars indicate SD).
Initial bacterial cell density during the control mixed fermentations was 5.3 x 104, and
rose at a fairly constant rate, decreasing from 72 h, and finishing at a cell density of 1
x 108 cells ml-1 at 96 h. L. paracasei CY7 was pitched into the fermentation at a rate
of 6.4 x 105 cells ml-1, and increased more than 100-fold during the initial 24 h of
fermentation, resulting in 2 x 108 cells ml-1, peaking at 3.7 x 108 cells ml-1 at 72 h,
before experiencing a slight decline at 96 h with a finishing cell density of 3.15 x 108
cells ml-1. The growth curve of the mixed fermentation inoculated with L. plantarum
AL3 was similar to that of the LAB fermentation involving the same bacteria: a-100
fold increase in numbers resulting in a cell density of 2.4 x 108 after 24 h, at which
point the bacterial population began to decline, resulting in 5.4 x 107 cells ml-1 at the
end of the fermentation. The mixed fermentation involving L. brevis KD1 showed the
most difference relative to the LAB fermentation involving the same bacterium. The
characteristic exponential increase in LAB numbers during the first 24 h of
fermentation was followed by a decrease from 1.2 x 107 cells ml-1 at 24 h to 7.5 x 106
cells ml-1 at 24. However, this decline was short-lived as the cell density increased
from 48 h until the fermentation was concluded at 96 h, with a final cell density of
6.35 x 107 cells ml-1.
Despite similarities in the growth curves observed between LAB and mixed
fermentations, it should be noted that bacterial growth during the mixed fermentations
appeared to be somewhat repressed compared to LAB fermentations. Repression of
bacterial growth was not observed in the mixed fermentations involving L. paracasei
CY7 or L. plantarum AL3. However, enumeration of bacterial populations during the
control mixed fermentation and the mixed fermentation into which L. brevis KD1 was
pitched showed marked reduction during the early stages (0-48 h) of fermentation,
before bacterial growth accelerated again from 48 h until the fermentation was
concluded at 96 h. This is perhaps due to an antagonistic effect of the wild yeast on
the LAB populations, and that L. brevis KD1 and the natural microflora present are
more susceptible to the antibacterial activity of the wild yeast than L. paracasei CY7

and L. plantarum AL3. Moreover, it is possible that the inclusion of wild yeast in
these fermentations may have actually aided the growth of L. paracasei and L.
plantarum, through the antagonism and subsequent elimination of competing bacteria,
although this was not apparent on a numerical level.
It should be noted that selecting L. paracasei CY7, L. plantarum AL3, and L. brevis
KD1 for inclusion in mixed fermentations with T. delbrueckii 16A was based on
sensory results of the new–make spirits derived from these fermentations. These
results are presented later.
Throughout the course of the mixed fermentations (those involving LAB, M-yeast,
and T. delbrueckii 16A), overall yeast populations were also measured (Figure 3.6).

Figure 3.6. Development of total yeast populations during LAB plus wild yeast
inoculated fermentations.
In all mixed fermentations, yeast numbers rose rapidly from an average pitching rate
of 4.0 x 106 cells ml-1 to an average of 1.1 x 108 cells ml-1 from 0 h to 24 h. At this
point, the yeast population profiles of the control and L. brevis KD1 fermentations
diverged from those inoculated with L. paracasei CY7 and L. plantarum AL3. After

peaking at 24 h with a cell density of 1.5 x 108 cells ml-1, yeast numbers in the control
fermentation steadily declined such that at the end of the fermentation, no yeast cells
could be detected using viable counts.

Yeast cell numbers throughout the

fermentation inoculated with L. brevis KD1 were similar to those of the control, with
the exception being that this was the only fermentation from which viable yeast could
still be recovered after 96 h, with final numbers of 55 cells ml-1. Yeast populations in
the mixed fermentations with L. paracasei CY7 and L. plantarum AL3 displayed the
expected increase during the first 24 h of fermentation, but subsequently showed a
much sharper decline in viable numbers from 24 h onwards than the mixed control
and mixed L. brevis fermentations. At 48 h, fungal populations for L. paracasei CY7
and L. plantarum AL3 mixed fermentations were at 2 x 106 and 1.55 x 106 cells ml-1
respectively, and by 72 h, no viable yeast cells could be retrieved from the latter.
Yeast could still be retrieved at 72 h from the mixed fermentation inoculated with L.
paracasei CY7, with approximately 10 cells ml-1 being retrieved at this time.
However, by 96 h, there was no detectable living yeast in this fermentation.
The sharp decline in yeast numbers from 24 h onwards in the mixed fermentations
involving L paracasei CY7 and L. plantarum AL3 coincided with the high bacterial
counts observed in these fermentations. However, yeast numbers also declined after
24 h in mixed control and L. brevis KD1 fermentations, although at a less extreme
rate. This would indicate that the presence of LAB contributes to yeast death in malt
whisky fermentations, but that it is not the sole factor involved.

3.2.3. pH of wash during Laboratory - Scale Fermentations
One of the defining characteristics of LAB is their production of lactic acid. This is
important in malt whisky fermentation, as increases in lactic acid will affect the pH,
which will in turn affect yeast metabolism. Therefore, the pH of the wash was
measured at the start and end of each fermentation (Table 3.6).

Table 3.6. pH of the wash at the start and end of the fermentation for laboratory–scale
fermentations inoculated with LAB and M-yeast.

Bacterium

pH
0h

96 h

Control (no additional LAB)

5.5

3.7

L. paracasei AF4

5.6

2.8

L. paracasei CY7

5.5

2.7

L. plantarum CY8

5.5

3.0

L. plantarum AL3

5.6

2.8

L. brevis KD1

5.5

3.6

Data are an average of duplicate samples taken from two separate fermentations.

The addition of LAB to the laboratory–scale fermentations had the predicted effect of
reducing the pH of the wash. The final pH of the control fermentation (3.7) was
lower than would be expected in a distillery environment. The pH was most affected
by L. paracasei CY7, which was consistent with the prolific growth of this bacterium
and its homolactic fermentation pattern.
The pH during mixed fermentations was also measured to determine what effect T.
delbrueckii 16A may have on the pH, and by implication, acid production by LAB
(Table 3.7).
Table 3.7. pH of the wash at the start and end of the fermentation for laboratory –
scale fermentations inoculated with LAB, M-yeast, and the wild yeast Torulaspora
delbrueckii 16A.

Bacterium

pH
0h

96 h

Control (no additional LAB)

5.5

3.8

L. paracasei CY7

5.5

2.6

L. plantarum AL3

5.5

2.8

L. brevis KD1

5.5

3.4

Data are an average of duplicate samples taken from two separate fermentations.

The addition of T. delbrueckii 16A to laboratory–scale fermentations did not appear to
affect the pH of the wash: mixed fermentations containing additional LAB still
displayed a decreased pH compared to that of the control, to which only M-yeast and
T. delbrueckii 16A were added.

3.2.4. Specific Gravity (SG) of Wash during Laboratory - Scale Fermentations
During malt whisky fermentations, SG is typically indicative of the consumption of
fermentable carbohydrates and is used as an indirect means of assessing yeast
metabolism.

SG is expected to decrease during the course of malt whisky

fermentation, from a typical initial range of 1.050 – 1.080 at a rate of 0.005 per hour
to 0.997 – 0.998 at the end of fermentation. SG was measured at the start and end of
these fermentations to shed light on the effect of LAB on the conversion of
fermentable carbohydrate by yeast (Table 3.8).
Table 3.8. SG of the wash at the start and end of fermentation for laboratory–scale
fermentations inoculated with LAB and M-yeast.

Bacterium

SG
0h

96 h

Control (no additional LAB)

1.060

0.998

L. paracasei AF4

1.060

0.998

L. paracasei CY7

1.060

0.997

L. plantarum CY8

1.060

0.998

L. plantarum AL3

1.060

0.997

L. brevis KD1

1.060

0.998

Data are an average of duplicate samples taken from two separate fermentations.

The inclusion of LAB in the fermentations did not affect the specific gravity of the
wash after 96 h (Table 3.8). The SG was also measured at the start and end of the
mixed bacterial and wild yeast fermentations (Table 3.9).

Table 3.9. SG of the wash at the start and end of fermentation for laboratory–scale
fermentations inoculated with LAB, M-yeast, and T. delbrueckii 16A.

Bacterium

SG
0h

96 h

Control (no additional LAB)

1.060

0.997

L. paracasei CY7

1.060

0.998

L. plantarum AL3

1.060

0.997

L. brevis KD1

1.060

0.997

Data are an average of duplicate samples taken from two separate fermentations.

As with the LAB/M-yeast fermentations, the SG was not affected by the addition of
T. delbrueckii 16A into the fermentation. However, measurements of specific gravity,
while useful for assessing the general progress of fermentation, do not give any
information as to the utilisation of individual sugars, and the nature and quantities of
the resulting by-products. So these fermentations were examined in more detail.

3.2.5. Ethanol concentration of Wash during Laboratory – Scale Fermentations
The production of ethanol during the malt whisky fermentation is the most
commercially important phase in the production of malt whisky, as any factors which
influence ethanol yield will have a direct effect on the alcoholic strength of the
distillate, and thus impact on revenue. Ethanol concentration was measured every 24
h throughout the course of the fermentations to assess the impact of increased LAB on
the production of ethanol (Figure 3.7). It should be noted that the parameters of these

fermentations were designed so as to mimic the effects of the “late lactic
fermentation”, in which the well-documented negative effects of increased bacterial
presence on the progress of fermentation with regard to ethanol yield are minimised,
while retaining the positive aspects of LAB proliferation after the completion of
ethanol production.

Figure 3.7. Ethanol concentrations throughout laboratory - scale fermentations
inoculated with LAB and M-yeast (each point is an average of duplicate samples
taken from two separate fermentations, error bars indicate SD).
Ethanol production was not adversely affected by increased LAB presence during the
laboratory–scale fermentations. Most ethanol production occurred during the first 24
h of fermentation, coinciding with rapid yeast growth and metabolism of fermentable
carbohydrates. Differences in ethanol concentration between fermentations were not
of notable importance, with the highest concentration being observed in the
fermentation inoculated with L. paracasei CY7 at 8.2% ABV, and the lowest being
7.8% ABV in the L. plantarum AL3 fermentation. The only divergence can be
observed at 48 h, with the ethanol concentration in the control fermentation being
6.8% ABV, while those fermentations inoculated with LAB had an average ethanol
concentration at 48 h of 7.4% ABV. However, this difference was not evident at the

conclusion of fermentation, with the ethanol concentration in the control fermentation
finishing at 7.85% ABV.
Ethanol production was also measured throughout the course of mixed fermentations
involving LAB, M-yeast, and T. delbrueckii 16A (Figure 3.8).

Figure 3.8. Ethanol concentrations throughout laboratory - scale fermentations
inoculated with LAB, M-yeast, and T. delbrueckii 16A (each point is an average of
duplicate samples taken from two separate fermentations, error bars indicate SD).
In mixed LAB and wild yeast fermentations, the ethanol concentrations exhibited the
characteristic rise during the initial 24 h of fermentation. Inclusion of T. delbrueckii
16A reduced the production of ethanol with the control fermentation displaying a
final concentration of 9.2% ABV, while the mixed fermentations inoculated with L.
paracasei CY7, L. plantarum AL3, and L. brevis KD1 had ethanol concentrations at
96 h of 7.0, 7.2, and 7.1%ABV respectively. This suggests that the wild yeast
competes with the distilling yeast for carbohydrates, as might be expected.

3.2.6. Lactic Acid concentration of Wash during Laboratory – Scale Fermentations
The production of lactic acid as a result of carbohydrate fermentation is one of the
defining features of LAB, and has important implications for malt whisky
fermentation; its concentrations throughout the fermentation being indicative of the
condition of the LAB population.

Furthermore, the LAB and subsequent

accumulation of lactic acid have a two-fold effect on ethanol production by yeast:
firstly, increased LAB presence will compete with yeast for nutrients, resulting in the
diversion of fermentable substrate away from ethanol production by yeast and the
increased production of lactic acid by LAB, such that for every molecule of lactic acid
synthesised by LAB, two molecules of ethanol, that would otherwise have been
produced by yeast, are lost. Secondly, the accumulation of lactic acid in the wash will
result in decreased pH, putting further strain on the yeast and thus having a further
detrimental effect on ethanol production. Lactic acid concentration was measured
throughout the course of the fermentations every 24 h for both LAB-inoculated
fermentations, and mixed LAB plus wild yeast fermentations (Figure 3.9).

Figure 3.9. Lactic acid concentrations in fermentations involving LAB and M-yeast
(each point is an average of duplicate samples taken from two separate fermentations,
error bars indicate SD).

Lactic acid concentration was lowest in the control fermentation, which had no
additional LAB aside from the naturally occurring microflora of the malted barley.
Lactic acid concentrations at the start of fermentation were low across all
fermentations regardless of LAB inoculum, with an average initial concentration of
157 mg l-1 (ppm). In the control fermentation, lactic acid concentration gently rose
from an initial concentration of 192 mg l-1 to 2675 mg l-1. The lactic acid levels
detected in the fermentations into which L. paracasei AF4 and CY7 were inoculated
dwarfed this, and it was during these fermentations that the highest levels of lactic
acid were detected. During the first 24 h of fermentation, lactic acid concentrations
increased from 108 and 120 mg l-1 to 1078 and 1539 mg l-1 respectively, before
accumulation rapidly accelerated resulting in concentrations at 72 h of 5896 and 6316
mg l-1, and concluding at 96 h with concentrations of 6575 and 7472 mg l-1
respectively.

The highest lactic acid concentrations during the first 48 h of

fermentation were observed in those fermentations inoculated with L. plantarum CY8
and AL3. Initial concentrations rose rapidly from 122 and 90 mg l-1 at 0 h to 4298
and 4184 mg l-1 at 48 h respectively. This was followed by a gradual deceleration of
lactic acid production, resulting in final lactic acid concentrations of 5269 and 6000
mg ll-1 for CY8 and AL3 respectively. Of all of the fermentations inoculated with
additional LAB, lactic acid concentration was least in the fermentation involving L.
brevis KD1, which was not unexpected as this was the least prolific of the bacteria
tested in co-fermentations. Lactate levels displayed a steady increase from 152 mg l-1
at 0 h to a concentration at 96 h of 2705 mg l-1, just 30 mg l-1 less than the control
fermentation into which no additional LAB were inoculated. Despite the fact that
lactate levels in the L. brevis KD1 fermentation were only marginally higher than
those of the control at 96 h, the pH of the wash at this stage was lower than the
control, indicating the production of acidic compounds other than lactic acid, such as
acetic acid, which is a typical by-product of the obligately heterofermentative
metabolism practiced by L. brevis KD1.
Lactic

acid

concentration

was

also

analysed

throughout

laboratory–scale

fermentations involving LAB, M-yeast, and the wild yeast T. delbrueckii 16A (Figure
3.10).

Figure 3.10. Lactic acid concentrations in fermentations involving LAB, M-yeast, and
T. delbrueckii 16A (each point is an average of duplicate samples taken from two
separate fermentations, error bars indicate SD).
Lactate levels in fermentations into which T. delbrueckii 16A were inoculated were
not greatly different from those without the wild yeast. Lactic acid levels were
initially low, with an average concentration of 152 mg l-1. The lowest concentration
was observed in the control fermentation (M-yeast and T. delbrueckii 16A) resulting
in a final concentration of 2202 mg l-1, while the highest levels of lactic acid were
detected in the L. paracasei CY7 fermentation, with final lactate levels as high as
9101 mg l-1. Steady lactic acid accumulation in the L. plantarum AL3 fermentation
resulted in a final concentration of 6007 mg l-1, almost identical to the levels detected
in the same fermentation without T. delbrueckii 16A. As with the previous set of
fermentations, in which just LAB and M-yeast were involved, the fermentation
inoculated with L. brevis KD1, M-yeast, and T. delbrueckii 16A displayed the least
lactic acid accumulation, with a concentration at 96 h of 3285 mg l-1.
Due to the fact that the pH of the fermentation inoculated with just L. brevis KD1 and
M-yeast was lower than the control from the same fermentation group despite highly
similar lactic acid concentrations, and the fact that L. brevis is an obligate

heterofermenter, acetic acid concentration was measured in subsequent mixed
fermentations involving LAB, M-yeast, and wild yeast (Figure 3.11).

Figure 3.11. Acetic acid concentrations in fermentations involving LAB, M-yeast, and
T. delbrueckii 16A (each point is an average of duplicate samples taken from two
separate fermentations, error bars indicate SD).
Acetic acid is a natural by-product of yeast metabolism as well as that of obligate or
facultative heterolactic fermentation in LAB, and as such will be present in malt
whisky fermentations, albeit at low levels compared to lactic acid. Acetic acid
concentration was lowest in the control fermentation, with a 0 h reading of 0 mg l-1
culminating at 165 mg l-1 at 96 h. The highest levels of acetic acid were observed in
the mixed fermentation inoculated with L. brevis KD1. The rate of accumulation of
acetic acid in this fermentation increased every 24 h from 39 mg l-1 at 0 h to 823
mg l-1 at 72 h, before doubling during the final 24 h of fermentation to give a reading

of 1606 mg l-1 at 96 h. The obligately heterolactic fermentation exhibited by L. brevis
is the most likely reason for such high levels.

3.2.7. Ethyl Lactate and Ethyl Acetate concentrations of Wash during Laboratory –
Scale Fermentations
Lactic and acetic acids are two of the more important organic acids produced during
malt whisky fermentations, as both are indicative of potential LAB growth, which can
have detrimental effects on the production of ethanol by yeast, both through the
diversion of fermentable carbohydrates in their synthesis, and through reduction of
pH. The esters of these acids are formed during fermentation by yeast as a means of
reducing the toxic effects of lactic and acetic acids, and therefore their concentration
throughout fermentation will shed light on the relationships between yeast and LAB
in malt whisky fermentations. Moreover, ethyl lactate and ethyl acetate are potent
flavour compounds, the presence of which in the fermentation will impact on the
flavour and aroma in the resulting spirit. The concentrations of ethyl lactate and ethyl
acetate were measured throughout both LAB fermentations (LAB and M-yeast)
(Figures 3.12 and 3.14 respectively) and mixed fermentations (LAB, M-yeast, and
wild yeast T. delbrueckii 16A) (Figures 3.13 and 3.15 respectively).

Figure 3.12. Ethyl lactate concentrations in fermentations involving LAB and M-yeast
(each point is an average of duplicate samples taken from two separate fermentations,
error bars indicate SD).
Ethyl lactate concentrations were lowest in the control fermentation with none
detected at 0 h. Gradual accumulation over the 96 h course of fermentation resulted
in a final concentration of 2.4 mg l-1. Fermentations inoculated with L. paracasei AF4
and CY7 had low initial ethyl lactate concentrations of 0.27 and 0.45 mg l-1
respectively, increasing to just 0.79 and 1.18 mg l-1 over the first 24 h of fermentation.
However, from 24 h onward, the production of ethyl lactate rose steadily, culminating
in concentrations of 18.9 and 28.4 mg l-1 in the AF4 and CY7 fermentations
respectively.

The production of ethyl lactate was steadiest in the fermentations

involving L. plantarum CY8 and AL3, accumulating at a rate of 3-5 mg l-1 every 24 h
from 0.25 and 0.87 mg l-1 at 0 h to 14.5 and 15.4 mg l-1 at 96 h for CY8 and AL3
fermentations respectively.

Of the fermentations inoculated with LAB, that

inoculated with L. brevis KD1 contained the least ethyl lactate, gradually building at
approximately 1 mg l-1 every 24 h resulting in 2.3 mg l-1 at 72 h, before doubling over
the course of the final 24 with a final concentration of 5.7 mg l-1.

The development of ethyl lactate in the wash echoes the production of lactic acid in
equivalent fermentations, with fermentations inoculated with L. paracasei CY7
containing the most lactic acid and ethyl lactate, while fermentations involving L.
brevis showed the lowest lactic acid and ethyl lactate levels of fermentations
containing additional LAB, with control fermentations without additional LAB
containing the lowest concentrations of lactic acid and ethyl lactate across the board.
Ethyl lactate was also measured throughout mixed fermentations containing LAB, Myeast, and T. delbrueckii 16A (Figure 3.13).

Figure 3.13. Ethyl lactate concentrations in fermentations involving LAB, M-yeast,
and T. delbrueckii 16A (each point is an average of duplicate samples taken from two
separate fermentations, error bars indicate SD).
No ethyl lactate was detected in mixed fermentations involving LAB, M-yeast, and T.
delbrueckii 16A at the start of fermentation, and this remained the case during the
control fermentation until 72 h, at which point, concentration began to gradually
increase, resulting in a concentration of 0.63 mg l-1 at the end of fermentation.
Conversely, ethyl lactate concentrations in the mixed fermentations inoculated with
LAB were higher than their equivalents that had not been inoculated with T.

delbrueckii 16A. Fermentations containing L. paracasei CY7 and L. plantarum AL3
rose steadily from 0 mg l-1 at 0 h to 20.25 and 16.58 mg l-1 at 72 h respectively, before
acceleration to final concentrations of 34.8 and 28.5 mg l-1. Although there was
approximately three times less ethyl lactate detected at 96 h in the mixed fermentation
containing L. brevis KD1, the concentration detected here was still higher than that
which was detected in the equivalent fermentation without T. delbrueckii 16A.
Concentration rose gradually from 0 to 1.12 mg l-1 during the first 48 h of
fermentation, at which point the rate of ethyl lactate accumulation increased,
culminating at 9.0 mg l-1 at 96 h.
As with the fermentations without T. delbrueckii 16A, ethyl lactate concentrations
throughout mixed fermentations reflected those of lactic acid in mixed fermentations.
The highest concentration of ethyl lactate in a mixed fermentation was observed in
those inoculated with L. paracasei CY7, and this was reflected in the lactic acid
concentration of the same fermentation. Ethyl lactate levels in the mixed control
fermentation were lowest, corresponding with lactic acid concentration.
Ethyl acetate concentrations were also measured throughout LAB and mixed
fermentations (Figures 3.14 and 3.15).

Figure 3.14. Ethyl acetate concentrations in fermentations involving LAB and Myeast (each point is an average of duplicate samples taken from two separate
fermentations, error bars indicate SD).
Initial ethyl acetate concentrations were low, with an average of 0.06 mg l-1 being
detected at 0 h. Accumulation of ethyl acetate was most rapid during the first 24 h of
fermentation, by which point approximately half of the total concentration had been
produced. After 48 h, production began to level off, and in some cases decline. The
lowest concentrations of ethyl acetate were observed in those fermentations
inoculated with L. paracasei AF4 and CY7, rising steadily from 0.1 and 0.05 mg l-1 at
the start of fermentation to 12.4 and 12.3 mg l-1 at 48 h respectively. This was
followed by a slow decrease in concentration in the fermentation inoculated with L.
paracasei AF4 from 12.4 mg l-1 at 48 h to 10.55 mg l-1 at 96 h, and a levelling off of
accumulation in the fermentation inoculated with L. paracasei CY7, increasing
slightly between 48 and 72 h to 13.2 mg l-1, before declining to a final level of 12.8
mg l-1. The production of ethyl acetate in the fermentations inoculated with L.
plantarum CY8 and AL3 exhibited the characteristic rise in concentration from 0.06
and 0.03 mg l-1 to 10.5 and 8.4 mg l-1 respectively at 24 h. From 48 h onwards, the
concentration of ethyl acetate detected in these fermentations was highly similar, with
13.7 and 14.1 mg l-1 at 48 h, culminating at 14.5 and 14 mg l-1 at 96 h respectively.
The highest concentrations of ethyl acetate were detected in the fermentation
inoculated with L. brevis KD3. Rapid accumulation of ethyl acetate during the initial
48 h of fermentation resulted in a concentration of 16.4 mg l-1, before levelling off at a
concentration of 17.8 mg l-1at 96 h. Unusually, the production of ethyl acetate in the
control fermentation was higher than in the fermentations inoculated with L.
paracasei or L. plantarum; only the L. brevis fermentation displayed higher
concentrations. Ethyl acetate concentration in the control fermentation peaked at 16.7
mg l-1 at 72 h, before declining to 16.4 mg l-1 at 96 h.
The ethyl acetate profiles indicate that its accumulation was based on slightly
different factors from that of ethyl lactate, which appeared largely dependent on LAB
metabolism. If this was the case for ethyl acetate production, the concentration in the
control fermentation would be lowest as opposed to second highest. However, the

fact that the highest levels of ethyl acetate were observed in the fermentation
inoculated with L. brevis KD1, which is an obligate heterofermenter and will
therefore produce acetic acid as a result of carbohydrate metabolism, indicates that
LAB metabolism will impact on ethyl acetate accumulation, but only if the dominant
LAB in the fermentation are obligately heterofermentative.
Ethyl acetate concentrations were also measured throughout mixed fermentations
(Figure 3.15).

Figure 3.15. Ethyl acetate concentrations in fermentations involving LAB, M-yeast,
and T. delbrueckii 16A (each point is an average of duplicate samples taken from two
separate fermentations, error bars indicate SD).
As with the LAB fermentations, ethyl lactate levels at the start of the mixed
fermentations were low, with an average concentration of 0.2 mg l-1. At 24 h there
was no major difference between ethyl acetate levels in the mixed fermentations
(average concentration 9 mg l-1), however, the profiles between fermentations
diverged at this point.

Ethyl acetate in the control fermentation continued to

accumulate at a steady rate, levelling off at 48 h, with a final concentration of 19.3
mg l-1 at 96 h, the highest concentration observed here, with ethyl acetate

concentrations of the L. paracasei, L. plantarum, and L. brevis fermentations
finalising at 13.2, 11.2, and 13.8 mg l-1 respectively. This indicates that, while the
presence of LAB affected ethyl acetate accumulation, as can be seen in fermentations
without T. delbrueckii 16A, the inclusion of a wild yeast had a greater impact, perhaps
due to increased antagonism with the inoculated LAB, inhibiting their growth and
subsequently, in the case of L. brevis KD1, the accumulation of acetic acid.
Moreover, it is possible that fungal esterase activity was higher in the mixed
fermentations due to potential synergy between S. cerevisiae and T. delbrueckii to
counteract the toxicity of acetic acid accumulation.

3.2.8. Concentrations of additional Esters, Higher Alcohols, and Diacetyls of Wash
during Laboratory – Scale Fermentations
Throughout the course of the laboratory–scale fermentations the following
compounds were measured every 24 h from 0 to 96 h: acetaldehyde, acetone, isobutyl
acetate, ethyl butyrate, propanol, isobutanol, isoamyl acetate, 2-methylbutanol, 3methylbutanol, ethyl hexanoate, ethyl octanoate, butanedione, and pentanedione.
These compounds were measured throughout fermentations involving LAB and S.
cerevisiae, and those involving LAB, S. cerevisiae, and T. delbrueckii 16A. The
concentrations of these compounds in the wash at the conclusion of fermentation (96
h) are summarised in Table 3.10, expressed as mg l-1.
Table 3.10. Concentrations of various esters, higher alcohols, and vicinal diketones in
wash of all laboratory – scale fermentations at 96 h (data are an average of duplicate
samples taken from two separate fermentations ± SD).

Compound
(mg l-1)

Fermentation
Control/

CY7/

AL3/

KD1/

Mixed

WYCY7

WYAL3

WYKD1

3.8±0.5/

14.2±1.1/

14.5±3.1/

3.6±0.1/

4.7±0.01

14.7±2.5

12.7±1.5

3.4±0.1

AF4

CY8

2.0±0.3

6.0±0.2

control
Acetaldehyde

Acetone

0.6±0.1/

0.9±0.02/

0.9±0.01/

0.6±0/

1.1±0.04

0.8±0.1

0.8±0.1

0.7±0.04

Isobutyl

0.1±0.01/

0.1±0.01/

0.1±0.01/

0.1±0/

acetate

0.1±0.01

0.1±0.01

0.1±0.00

0.1±0.01

Ethyl

0.1±0.01/

0.1±0

0.1±0/

0.1±0.02/

butyrate

0.1±0.01

0.1±0.02

0.1±0.01

0.1±0

Propanol

36.3±2.0/

35.4±0.7/

30.7±1.4/

31.7±3.2/

45.4±0.6

39.8±2.6

32.4±1.7

36.6±0.4

55.1±1.9/

52.8±1.2/

48.9±0.9/

45.4±2.2/

56.5±0.3

57.3±5.9

45±3.8

42.3±2.1

Isoamyl

0.6±0.3/

0.5±0.04/

0.7±0.01

0.4±0.02/

acetate

0.5±0.003

0.6±0.1

0.5±0.03

0.4±0.1

2-methyl

39.2±0.5/

32.0±0.6/

28.0±0.4/

25.7±2.2/

butanol

37±0.7

32.9±2.3

23.6±1.4

24.9±1.6

3-methyl

82.9±9.9/

74.4±0.6/

88.9±0.3/

85.9±6.8

butanol

79.5±2.3

72.5±3.6

73.9±1.31

76.6±3.1

Ethyl

0.3±0.1/

0.2±0.04/

0.2±0.02

0.2±0.01/

hexanoate

0.2±0.01

0.2±0.04

0.2±0.03

0.2±0.01

Ethyl

1.8±0.7/

0.4±0.1/

0.6±0.14/

0.8±0.08/

octanoate

0.8±0.1

0.7±0.2

0.6±0.2

0.6±0.1

Butanedione

0.4±0.2/

0.1±0/

0.1±0/

0.1±0.01/

0.4±0.01

0.1±0

0.1±0

0.3±0.1

0.004±0.002/

0.003±0.001/

0.002±0/

0.003±0.001/

0.004±0

0.003±0

0.002±0

0.003±0

Isobutanol

Pentanedione

0.5±0.02

0.8±0.04

0.1±0.01

0.1±0.00

0.1±0

0.1±0.00

30.6±3.3

30.2±0.3

43.4±4.2

42.8±3.2

0.5±0.01

0.6±0.1

28.6±2.7

23.9±1.91

70.3±6.3

82.8±3.1

0.3±0.02

0.2±0.02

1.1±0.2

0.5±0.15

0.1±0

0.04±0

0.002±0

0.002±0

As can be seen in Table 3.10, the addition of LAB affected the production of pertinent
volatiles during malt whisky fermentations, and differences between fermentations
inoculated with different species of LAB were observed. Moreover, the addition of
the wild yeast T. delbrueckii 16A introduced a further variable that influenced the
production of volatiles, both in fermentations with and without inoculated LAB.
Acetaldehyde concentrations were not notably affected by the introduction of wild
yeast T. delbrueckii into fermentations with and without LAB, nor did the inoculation
of L. paracasei AF4 or L. brevis KD1 affect acetaldehyde concentrations. Inoculation
of L. plantarum CY8 resulted in an approximate 2-fold increase in acetaldehyde
concentrations.

However, concentrations were markedly higher in fermentations

inoculated with L. paracasei CY7 and L. plantarum AL3, with 14.2 and 14.5 mg l-1
observed respectively, compared with 3.8 mg l-1 in the control. The introduction of T.
delbrueckii had little effect on these concentrations. Differences observed in the final
acetone concentrations for each fermentation were not great: the highest concentration
was observed in the mixed control (M-yeast + wild yeast, w/o LAB) at 1.1 mg l-1,
while the lowest was in the L. paracasei-supplemented fermentation, which showed a
final concentration of 0.5 mg l-1. Similarly, changes in the concentrations of isobutyl
acetate and ethyl butyrate at 96 h in all fermentations were slight. The introduction of
LAB into the fermentation reduced the production of propanol, with concentrations
observed in the control being approximately 36.3 mg l-1, and the concentrations in the
LAB inoculated fermentations ranging between 35.4 mg l-1 (L. paracasei CY7) and
30.2 mg l-1 (L. plantarum CY8).

The addition of T. delbrueckii into control

fermentations resulted in an increase in propanol concentration, from 36.3 mg l-1 to
45.4 mg l-1, while T. delbrueckii inoculation into fermentations pitched with LAB had
the effect of lessening the reductive effect of LAB on propanol production.
Unfortunately, such clear effects were not apparent in connection with isobutanol
production: while inoculation of LAB reduced the final concentrations of isobutanol
as compared to the control, the inclusion of T. delbrueckii reduced the effect on
isobutanol levels. Concentrations increased in the cases of control and L. paracasei
CY7 fermentations, rising from 55.1 to 56.5 mg l-1 and from 52.8 to 57.3 mg l-1

respectively, but decreased in L. plantarum AL3 and L. brevis KD1 fermentations,
from 48.9 to 45 mg l-1 and from 45 to 42.3 mg l-1 respectively.
Isoamyl acetate concentrations were not markedly different between fermentations at
96 h, nor could any clear pattern of LAB of T. delbrueckii influence be determined.
The highest concentration recorded was in the control at 0.7 mg l-1 and the lowest was
in the L. brevis KD1 fermentation at 0.4 mg l-1. Production of 2-methylbutanol was
less in fermentations inoculated with LAB, ranging from 31.9 to 23.9 mg l-1,
compared to the concentration of 39.2 mg l-1 observed in the control. No definitive
effect of T. delbrueckii was observed in the mixed fermentations, with small
reductions in concentration apparent in the control, L. plantarum AL3, and L brevis
KD1 fermentations, while the addition of wild yeast to the L. paracasei CY7
fermentation resulted in a very small increase in 2-methylbutanol accumulation.
However, the profiles of 3-methylbutanol concentration at 96 h were different: there
was no clear-cut effect of LAB on production of this higher alcohol, with levels in
LAB inoculated fermentations ranging from 88.9 mg l-1 as in the case of L. plantarum
AL3 to 70.3 mg l-1 in the fermentation inoculated with L. paracasei AF4, with the
control displaying a concentration of 82.9 mg l-1.

Although the inclusion of T.

delbrueckii in LAB inoculated fermentations did not increase production of 3-methyl
butanol, it did have the effect of reducing accumulation in all fermentations where it
was pitched, with the greatest reductions observed in the mixed fermetations with L.
plantarum AL3 and L. brevis KD1, resulting in reductions from 88.9 to 73.9 mg l-1
and from 85.9 to 76.6 mg l-1 respectively. The production of the ethyl esters ethyl
hexanoate and ethyl octanoate was generally reduced by the addition of LAB. While
the addition of T. delbrueckii reduced the ethyl hexanoate and ethyl octanoate yields
in the control, this effect was not observed when the mixed fermentation control was
compared to mixed fermentations inoculated with LAB. Finally, the butanedione
yield in the control fermentation was 0.4 mg l-1, which was severely reduced by LAB
in fermentations, resulting in concentrations between 0.07 and 0.04 mg l-1. The one
exception here however, was the concentration observed in the L. brevis KD1
fermentation, which although less than the control, the reduction was markedly less
severe, at 0.12 mg -1. The addition of T. delbrueckii did not affect butanedione levels
in the LAB inoculated fermentations, with the exception of the L. brevis KD1

fermentation, where yield was increased to 0.27 mg l-1, and the control fermentation,
where yield increased to 0.4 mg l-1. Pentanedione concentrations were not very
different between any of the fermentations, with each fermentation yielding 0.002,
0.003, or 0.004 mg l-1 at 96 h

3.2.9. Sugar Profiles of Wash during Laboratory – Scale Fermentations
Analysis of fermentable sugars indicates fermentation performance and is therefore
related to ethanol production (Table 3.11 and Figure A1 a-j in the Appendices).
Sugar profiles were determined so as to ensure that the presence of additional LAB
was not so high as to reduce ethanol yield.
Table 3.11. Concentrations of sugars at 96 h (each point is an average of duplicate
samples taken from two separate fermentations).

Sugar
-1

(mg l )

Fermentation
Control/

CY7/

AL3/

KD1/

Mixed

WYCY7

WYAL3

WYKD1

291±150/

ND/

ND/

ND/

ND

ND

ND

ND

208±23/

ND/

ND/

ND/

ND

ND

ND

ND

ND/

ND/

ND/

ND/

ND

ND

ND

ND

AF4

CY8

ND

ND

ND

ND

ND

ND

control
Glucose

Fructose

Sucrose

Maltose

Maltotriose

761±147/

ND/

ND/

ND/

ND

ND

ND

ND

1382±132/

1737±18/

2122±27/

1839±161/

1993±57

1495±297

2177±35

2097±83

ND

ND

1849±238

3340±602

ND; not detected

The control fermentation, which contained no additional LAB or wild yeast, was the
only fermentation to retain detectable levels of glucose, fructose, or maltose at 96,
indicating that both LAB and T. delbrueckii affect sugar metabolism during the
fermentation. Differences between control and LAB inoculated fermentations and
their wild yeast equivalents were small at 96 h. Maltose was the principal sugar in
these fermentations, with initial concentrations between 90,000 and 100,000 mg l-1.
In the control fermentation this dropped to approximately 30,000 mg l-1 after 24 h,
while in the fermentations inoculated with LAB, maltose concentrations varied
between 10,000 and 20,000 mg l-1, indicating metabolism by LAB. Addition of T.
delbrueckii to fermentations further reduced the maltose concentration at 24 h.
Glucose was reduced to undetectable levels in LAB fermentations after 48 h, and in
the case of fermentations pitched with T. delbrueckii, 24 h. The one exception was
the control with a concentration of 7717 mg l-1, dropping to 295 mg l-1 by 96 h.
Therefore, it can be seen that the increased presence of LAB and T. delbrueckii did
not affect the availability of fermentable sugars for M-yeast.

3.3. Analysis of New Make Spirit from Laboratory – Scale Fermentations
Fermentations were terminated by distillation after 96 h. The resulting 750 ml of low
wines was further distilled into three fractions: 5 ml foreshots, 155 ml spirit and 250
ml feints. The ethanol concentration (%ABV) of the low wines, spirit and feints was
measured. Further analyses were conducted on the spirit fraction only, and consisted
of: congener analysis, sensory analysis, determination of γ-lactone content, and the
generation of Principal Component Analysis (PCA) plots, in an attempt to link these
three sets of results.

3.3.1. Ethanol concentration of New-Make Spirit
The ethanol concentrations of the spirits, low wines and feints were determined
initially (Figure 3.16). In industry, the ethanol concentration of wash at the end of
fermentation is approximately 8% (v/v), while the concentrations in low wines, spirits
and feints are approximately 20-25%, 65-70%, and 10-15% respectively.
Measurement of ethanol concentration is the general standard by which the success of
a fermentation and distillation is measured. Excessive growth of LAB has been
demonstrated to have a reductive effect on ethanol yield in malt whisky
fermentations, through the diversion of fermentable substrate away from the yeastmediated production of ethanol towards lactic acid production, which in turn causes a
drop in pH and thus places further stress on the yeast (Makanjoula et al. 1992).

Figure 3.16. Ethanol concentrations of spirit fractions produced using M-yeast and
LAB indicated by strain designation and M-yeast, and LAB indicated by WY
designation (each point is an average of duplicate samples taken from two separate
fermentations, error bars indicate SD).

The highest ethanol concentration was observed in the both the control spirit (M-yeast
only) and in the mixed control spirit (M yeast plus T. delbrueckii), with both having
concentrations of 70.7 %ABV. Ethanol concentrations varied between 68.7 %ABV
and 64.8 %ABV in spirit distilled from fermentations inoculated with LAB.
Although pitching T. delbrueckii did not reduce ethanol yield of the control spirit, the
effects of the wild yeast in the fermentations inoculated with LAB were more
pronounced: L. paracasei CY7 spirit was reduced from 67.5 to 66.9 %ABV, L.
plantarum AL3 spirit was reduced from 66.2 to 66 %ABV, and L. brevis KD1 spirit
was reduced from 66.2 to 68.9 %ABV.

However it should be noted that this

reduction in ethanol yield as a result of co-fermentation with T. delbrueckii was less
than the reduction caused by LAB.

3.3.2. Congener Analysis of New-Make Spirit
Congeners are the compounds in fermented alcoholic beverages, other than ethanol,
that are regarded as important contributors to the organoleptic properties of the
beverage.

The congeners analysed here by head space GC were: acetaldehyde,

acetone, isobutyl acetate, ethyl butyrate, propanol, isobutanol, isoamyl acetate, 2methylbutanol, 3-methylbutanol, ethyl hexanoate, ethyl octanoate, butanedione, and
pentanedione (see Figure 3.17 a, b, c, d, e, f, g, h, I, j, k, l, and m).

Figure 3.17. Congener analyses of new-make spirits prepared from fermentations
with: S. cerevisiae (control); S. cerevisiae and T. delbrueckii (mixed control); S.
cerevisiae and L. paracasei (CY7); S. cerevisiae and L. plantarum (AL3); S.
cerevisiae and L. brevis (KD1); S. cerevisiae and L. paracasei (AF4); S. cerevisiae
and L. plantarum (CY8); S. cerevisiae, T. delbrueckii, and L. paracasei (WYCY7); S.
cerevisiae, T. delbrueckii, and L. plantarum (WYAL3); and S. cerevisiae, T.
delbrueckii, and (WYKD1). a, acetaldehyde; b, acetone; c, isobutyl acetate; d, ethyl
butyrate; e, propanol; f, isobutanol, g, isoamyl acetate; h, 2-methylbutanol; i, 3methylbutanol; j, ethyl hexanoate; k, ethyl octanoate; l, butanedione; m, pentanedione
(each point is an average of duplicate samples taken from two separate fermentations,
error bars indicate SD).
The addition of LAB to malt whisky fermentations affected the congener
compositions of the spirits. The compounds analysed here were the same esters,
higher alcohols, and ketones that were measured in the fermentation wash at 96 h
prior to distillation.
Acetaldehyde concentration varied considerably, not only between spirits fermented
with additional LAB, but also between those fermented with additional LAB and their
equivalents pitched with T. delbrueckii. Acetaldehyde concentration in the control
spirit was 3.5 mg l-1, which increased to concentrations ranging from 8.3 to 4.5 mg l-1
in three of the five spirits fermented with LAB, while in the remaining two LABfermented spirits, acetaldehyde concentration was reduced to 1.9 and 1.8 mg l-1. Of
the four spirits derived from fermentations containing both LAB and T. delbrueckii,

the control, L. paracasei CY7, and L. plantarum AL3 spirits displayed elevated
acetaldehyde levels, while the L. brevis KD1 spirit showed only a very slight
reduction. Acetone concentrations varied little in the control and LAB spirits but
spirits from fermentations pitched with T. delbrueckii showed reduced acetone
concentrations compared to their counterparts with additional LAB only, of which the
most severe reductions were in the L. paracasei CY7 and L. brevis KD1 spirits, with
concentrations reduced from 0.3 to 0.2 mg l-1 and 0.3 to 0.1 mg l-1 respectively.
Although there were variations in the isobutyl acetate and ethyl butyrate
concentrations detected in the new make spirits, the general concentrations of these
congeners were very low, and as such, the slight variations observed in the
concentrations are not likely to be of any great meaning due to the fact that they are
all well below sensory thresholds.
It might be expected that the presence of additional LAB in malt whisky
fermentations would reduce the concentrations of higher alcohols in the distilled
spirit, due to the diversion of fermentable substrate away from alcohol production by
yeast, which is generally what was observed in the new-make spirits in this study.
Propanol, isobutanol, 2-methylbutanol, and 3-methylbutanol concentrations were
assessed. Propanol concentrations were lower in LAB spirits compared to the control
by an average of 3.3 mg l-1, while co-fermentations with T. delbrueckii resulted in
increased propanol concentrations, particularly in the control and L. paracasei CY7
spirits. Isobutanol concentrations were measured in the spirits, and while there was a
general decrease in observed headspace concentrations in the the LAB spirits relative
to the control, with an avarage concentraion of 33.6 mg l-1 compared to 41.2 mg l-1,
those spirits derived from T. delbrueckii co-fermentations had more erratic isobutanol
profiles: concentrations for the control, L. plantarum AL3, and L. brevis KD1
fermentations were very similar, at 33.6, 33.6, and 35.4 mg l-1 respectively, while the
concentration in the L. paracasei CY7 spirit was elevated to 45.7 mg l-1.

However,

2-methyl butanol concentrations were more in-line with what would be expected of
spirits derived from fermentations inoculated with additional LAB: the concentration
in the control spirit was 37.5 mg l-1, while the concentrations in the LAB spirits were
markedly lower, ranging between 25.4 mg l-1 in the L. paracasei CY7 spirit to 17.1

mg l-1 in the L. plantarum CY8 spirit.

T. delbrueckii co-fermentations had no

consistent effect on 2-methyl butanol accumulation in the spirit, decreasing
concentration in the control and L. plantarum AL3 spirits by 7.4 mg l-1 and 4.4 mg l-1
respectively, while increasing it in the L. paracasei CY7 and L. brevis cofermentations by 2.6 mg l-1 and 3.0 mg l-1 respectively. Finally ,the 3-methyl butanol
concentrationwas not greatly influenced by LAB or T. delbrueckii : average
concentrations across all fermentations was 62.2 mg l-1, with the highest levels
observed in the L. plantarum AL3 LAB spirit at 70.1 mg l-1, and the lowest in the L.
paracasei AF4 LAB spirit at 52.1 mg l-1.
The concentrations of esters ethyl hexanoate and ethyl octanoate were measured,
because they are important flavour compounds that contribute to the desireable fruity
notes of whisky. Ethyl hexanoate yield in new-make spirits was not demonstrably
affected by the increased presence of LAB in the fermentation, with an average
concentration of 0.2 mg l-1. Similarly, co-fermentations with T. delbrueckii yielded
spirits with very little difference in ethyl hexanoate concentration . Ethyl octanoate
profiles of the spirits were similar to ethyl hexanoate profiles.

Differences in

conentration were not apparent between control and LAB spirits, with an average
concentration of 0.8 mg l-1, although it should be noted that a slight reduction in
concentration was observed relative to the control, dropping from 0.9 mg l-1 to an
average concentration of 0.8 mg l-1. As with ethyl hexanoate accumulation, cofermentations with T. delbrueckii resulted in spirits with reduced ethyl octanoate
levels, ranging from 0.7 mg l-1 in the control spirit to 0.5 mg l-1 in the L. brevis KD1
spirit.
The final congeners analysed in the new-make spirits were the ketones butanedione
and pentanedione, of which the former is noted for its ability to impart a butterscotchlike flavour. Butanedione concentrations in the LAB spirits were similar to the
control spirit, with an average concentration of 0.02 mg l-1. However, the effect of T.
delbrueckii on butanedione concentration in new-make spirit was more pronounced,
with regard to both increased yield and variability. The control spirit had a
concentration of 0.3 mg l-1, ten times that of the control without T. delbrueckii (or
additional LAB), with a similar relationship being observed between the co-fermented

and LAB spirits of L. brevis KD1, at 0.3 and 0.03 mg l-1 respectively. L. paracasei
CY7 and L. plantarum AL3 co-fermented spirits also showed increased butanedione
concentrations over their LAB spirit counterparts, although in a less dramatic manner,
with concentrations of 0.12 and 0.11 mg -1 respectively. Pentanedione profiles of newmake spirits were simialr to the butanedione profiles, with the presence of T.
delbrueckii in the fermentation having greater influence over yield than LAB. The
average concentration of the LAB spirits and their corresponding control was 0.003
mg l-1, while the average concentration of spirits from co-fermentations was 0.014
mg l-1, a 4-fold increase. However, given the high degree of similarity in observed
concentrations between the two control spirits and their corresponding LAB spirits, it
is unlikely that, as with butanedione yield, the presence of LAB in fermentations has
no influence over pentanedione accumulation.

3.3.3. Ethyl Lactate and Ethyl Acetate analysis of New-Make Spirit
Ethyl lactate and ethyl acetate are important esters influenced by the presence of
LAB.

Figure 3.18. Ethyl lactate concentrations of new-make spirits (each point is an
average of duplicate samples taken from two separate fermentations, error bars
indicate SD).
As can be seen in Figure 3.18, very little of the ethyl lactate that accumulated in the
wash over the course of the LAB fermentations was carried over into the spirit, to the
extent that no ethyl lactate was detected in either of the control spirits, or in the L.
brevis KD1 LAB spirit, while the concentrations detected in the remaining LAB
spirits did not exceed 1 mg l-1: 0.7, 0.5, 0.7, and 0.4 mg l-1 for the L. paracasei CY7,
L. plantarum AL3, L. paracasei AF4, and L. plantarum CY8 LAB spirits
respectively. Although no ethyl lactate was detected in the co-fermented control
spirit, high levels were detected in the three co-fermented spirits inoculated with
LAB, relative to their LAB only equivalents, with observed concentrations of 6.1, 4.9,
and 1.9 mg l-1 for L. paracasei CY7, L. plantarum AL3, and L. brevis KD1 spirits
respectively. Although the concentrations of ethyl lactate were less in the spirits than
at the end of their corresponding fermentations, the levels observed in the spirit
reflected the yield at the end of fermentation, in the sense that the wash that
accumulated the most ethyl lactate, the L. paracasei CY7 co-fermented spirit, also
displayed the highest ethyl lactate concentration in the resulting spirit, which is a
pattern that can be applied to all samples. These results indicate that in order for
notable concentrations of ethyl lactate to be evident in new-make spirit, the presence
of both LAB and wild yeast is required, and that for detectable concentrations of ethyl
lactate to accumulate in the new make spirit, a sufficiently high concentration must
first be reached during fermentation.

Figure 3.19. Ethyl acetate concentration of new-make spirits (each point is an average
of duplicate samples taken from two separate fermentations, error bars indicate SD).
As with ethyl lactate, ethyl acetate concentration in the spirits was affected by the
presence of additional LAB (Figure 3.19), as well as T. delbrueckii, in the
fermentation stage. In addition, the concentrations observed at the conclusion of the
fermentation did not necessarly correspond to the concentrations in the spirit.
However, some small trends were observed. The addition of LAB reduced the ethyl
acetate yield, with a concentration in the control spirit of 11.7 mg l-1, while the
concentration in the LAB spirits ranged from 10 to 6.5 mg l-1 in the L. paracasei CY7
and L. plantarum AL3 spirits respectively. The control co-fermented spirit displayed
a slight increase in concentration by 0.5 mg l-1 over its counterpart without T.
delbrueckii. However, this trend was not observed in the LAB co-fermented spirits,
with only the L. plantarum AL3 spirit showing an increased concentration, from 7 to
9.5 mg l-1; while the L. paracasei CY7 and L. brevis KD1 spirits had reduced ethyl
acetate concentrations, dropping from 10 to 7.8 mg l-1 in the L. paracasei CY7 spirit,
and from 8.2 to 6 mg l-1 in the L. brevis KD1 spirit. However, it should be noted that
the general profiles of ethyl acetate concentration in the spirits showed a reduction in

yield when additional LAB were used in the fermentation, with or without T.
delbrueckii, relative to their control spirits.

The concentrations observed at the

termination of fermentation were not directly carried over into the spirit, indicating
that although the increased presence of LAB and wild yeast had an impact on ethyl
acetate concentration, the distillation process had far more influence over the
concentration in the spirit. It would seem that, unlike ethyl lactate, ethyl acetate
accumulation in the spirit is not dependent on the presence of additional LAB or wild
yeast in the fermentation, as evidenced by the the fact that the control spirit had the
second highest concentration of all the spirits analysed.

3.3.4. Sensory Analysis of New-Make Spirits
Sensory analysis was conducted on all the new-make spirits distilled from LAB
inoculated fermentations, co-fermentations pitched with the wild yeast T. delbrueckii,
as well as their corresponding controls. Spirits were scored on a range of 0 to 3 for the
presence of the following aroma descriptors: pungent, peaty, feinty, cereal,
green/grassy, floral, fruity/estery, solventy, soapy, sweet, oily, sour, sulfury, meaty,
stale, and clean by a trained panel of assessors in the Scotch Whisky Research
Institute (Figure 3.20 and Table A2 a-d in the Appendices)

Figure 3.20. Sensory analysis of spirits distilled from fermentations inoculated with
LAB.
Analysis of variance was used to calculate statistically significant differences in the
scores for each of the spirits measured. Statistically significant differences were
found in the assessment of green/grassy, sweet, sour, sulfury, and meaty notes.

Green/grassy notes were significantly higher in the L. paracasei CY7 and L.
plantarum AL3 spirits, with scores of 0.86 and 0.87 respectively; the control, L.
paracasei AF4, L. plantarum CY8, and L. brevis KD1 spirits were given scores of
0.67, 0.63, 0.68, and 0.59 respectively. One of the most dramatic sensory differences
observed between the spirits was in the assessment of the sweet character. The
control, L. paracasei AF4 and CY7, and L. plantarum CY8 and AL3 spirits had very
similar intensities of sweet notes, with an average score of 0.42 being attributed.
However, the score given for the L. brevis KD1 spirit was nearly twice that of the
others, at 0.79.
The three remaining sensory characteristics that exhibited statistically significant
differences in the spirits were the perceived off-odours of sour, sulfury, and meaty.
The range of sour scores was wide, with the L. paracasei CY7 spirit being given the
highest score of 0.57 and the lowest score of 0.26 being attributed to the L. plantarum
CY8 spirit, with the remaining spirits existing within a seven point range from 0.39
(control) to 0.46 (L. brevis KD1). The sulfury and meaty profiles of the spirits echoed
the sweet profile, with the statistical significance of the differences being attributed to
the scores given to the L. brevis KD1 spirit, since for both of these characteristics it
was the L. brevis KD1 spirit that had the highest scores, with 0.77 and 0.47 for sulfury
and meaty respectively, while the average scores for these two characteristics in the
remaining spirits was 0.49 and 0.3 respectively.
Sensory analysis was also carried out the new-make spirits distilled from cofermentations with the wild yeast T. delbrueckii (Figure 3.21 and Table A3 a-d in the
Appendices).

Figure 3.21. Sensory analysis of spirits produced with M-yeast, T. delbrueckii and
LAB.
The introduction of the wild yeast T. delbrueckii affected the sensory characteristics
of the spirits primarily by introducing more variability in characteristics that were not
notably different in their LAB spirit counterparts. Green/grassy, sweet, sour, sulfury,
and meaty characteristics retained their statistical significance, although the actual
profiles of these characteristics were altered, while significant differences were
observed in peaty, feinty, cereal, oily, and stale aromas of the co-fermented spirits,
which were not present in the LAB spirits.
Co-fermented spirits exhibited a general increase in green/grassy character over their
LAB spirit equivalents, however, this increase was only significant in the L. brevis
KD1 co-fermented spirit, the intensity of which was scored at 0.85, compared to 0.59
in the LAB spirit. The green/grassy profile of the co-fermented spirits remained
largely similar to that of the LAB spirits, with the L. plantarum AL3 and L. paracasei

CY7 spirits still showing the highest intensity at 0.93 and 0.91 respectively, while in
contrast to the LAB spirits, the co-fermented L. brevis KD1 spirit scored higher for
the green/grassy characteristic than control, at 0.85 and 0.79 respectively. Sweet
characteristics of new-make spirits were also increased by the presence of T.
delbrueckii in the fermentation, most notably in the L. brevis KD1 spirit, which
increased from 0.79 to 0.99, and in the L. plantarum AL3 spirit, which increased from
0.42 to 0.61, ranking it as more intensely sweet than the control spirit. Most of the
differences between new make spirits were retained between LAB spirits and cofermented spirits with regard to the sour characteristic, with the highest intensity still
being recorded in the L. paracasei CY7 spirit at 0.66, compared to the LAB spirit
reading of 0.57. Furthermore, there was an increase in the L. plantarum AL3 spirit,
from 0.4 to 0.6, while the co-fermented L. brevis KD1 spirit had decreased sour notes
compared to the LAB spirit, from 0.46 to 0.37. The most notable difference observed
in the sulfury profiles between LAB and co-fermented spirits was in the apparent
reduction of intensity of the L. brevis KD1 co-fermented spirit, from 0.77 to 0.48,
while the remaining co-fermented spirits exhibited increased sulfury notes,
particularly the control and L. paracasei CY7 spirits, which were increased from 0.36
to 0.6 and 0.51 to 0.71 respectively. Similarly the differences between the meaty
profiles of the LAB and co-fermented spirits, with the most notable aspects being the
reduction of meaty notes in the L. brevis co-fermented spirit, dropping from 0.47 in
the LAB spirit to 0.23 in the co-fermented equivalent, and the increase in intensity
observed in the control and L. plantarum AL3 spirits, from 0.23 to 0.37 and from 0.29
to 0.53 respectively, resulting in these two spirits having the highest meaty notes
when distilled from co-fermentations with T. delbrueckii, and the lowest when the
wild yeast is not present.
Other sensory characteristics of new make spirit that were affected by the pitching of
T. delbrueckii into the fermentation were peaty, feinty, cereal, oily, and stale. In the
LAB spirits, peaty notes remained relatively low, with the highest being in the L.
brevis KD1 spirit with a score of 0.26, while the remaining spirits averaged at 0.17.
Co-fermentation dramatically changed this to the effect that the intensity of peaty
notes was increased to 0.41, 0.27, and 0.27 for L. plantarum AL3, L. paracasei CY7,
and control co-fermented spirits respectively, while peaty notes in the L. brevis KD1

co-fermented spirit remained unchanged. It should be noted, however, that these
spirits were prepared from non-peated malt and as such the “peatiness” of these spirits
is low.
The only significant increase in feinty notes observed between the LAB and cofermented spirits was in the L. paracasei CY7 spirit, increasing from 1.02 to 1.33
respectively; differences in other spirits was not statistically significant. Similarly,
the differences in cereal notes between LAB spirits and their co-fermented
equivalents was limited to an increase in the control spirit, increasing from 0.67 to
0.85, while the remaining spirits were not altered. The presence of oily notes was
increased by co-fermentation with T. delbrueckii however, with only the L. plantarum
AL3 Lab and co-fermented spirits showing no difference in intensity. The greatest
increase was observed in the L. brevis KD1 co-fermented spirit, which increased from
0.65 to 0.81, the highest in both LAB and co-fermented spirits. Moreover, cofermentation increased the presence of oily notes in the control and L. paracasei CY7
spirits, resulting in increases from 0.57 to 0.65 and from 0.5 to 0.73 respectively. The
increase in oily aroma observed in the L. brevis KD1 co-fermented spirit would
further indicate increased presence of γ-lactones has an impact on the organoleptic
qualities of new make spirit, and that in turn, L. brevis can increase the levels of these
compounds, particularly when co-fermented with T. delbrueckii.

The final

characteristic that co-fermentation with T. delbrueckii appeared to affect was the
intensity of the stale odour, which was in the control, L. paracasei CY7, and L.
plantarum AL3 co-fermented spirits from 0.28 to 0.43, from 0.31 to 0.65, and from
0.29 to 0.58 respectively, while the L. brevis KD1 spirit was unchanged by cofermentation.
Of the sensory characteristics of new make spirits that were affected by the addition
of LAB, the most notable differences were in the L. brevis spirits, with the effect of
co-fermentation with T. delbrueckii amplifying the desirable sweet and oily notes, as
well as green/grassy aromas albeit to a lesser extent, while decreasing the intensities
of meaty, and sulfury off-odours, with the increased presence of γ-lactones being
hypothesized as the reason behind the increase in sweet and oily notes, which in turn
may have resulted in the perceived decrease in meaty and sulfury off-odours

3.3.5. γ -Lactone Analysis of New-Make Spirit
The spirits were analysed for γ-lactones, specifically γ-decalactone and γdodecalactone, as they were previously implicated in the increased presence of
desirable sweet and fatty notes in whisky, and the concentrations of which are
believed to be affected by the presence of LAB in malt whisky fermentation.

Figure 3.22. γ-Decalactone concentration of new make spirits (each point is an
average of duplicate samples taken from two separate fermentations, error bars
indicate SD).
Figure 3.22 shows that the concentration of γ-decalactone increased in the spirits
derived from fermentations containing additional LAB, with an average yield of 8.1
µg l-1, compared to the control spirit, which contained 5.4 µg l-1. The co-fermented
spirits (those fermented with T. delbrueckii) showed increases in yield in the L.
plantarum AL3 and L. brevis KD1 spirits, rising from 9.1 to 10 µg l-1 and from 7.2 to

8.6 µg l-1 respectively, indicating the T. delbrueckii increases γ-decalactone
accumulation.

Figure 3.23. γ-Dodecalactone concentrations of new-make spirits (each point is an
average of duplicate samples taken from two separate fermentations, error bars
indicate SD).
As can be seen from in Figure 3.23, analysis of γ-dodecalactone concentration in the
new-make spirits revealed a more pronounced effect of both additional LAB and cofermentation with T. delbrueckii on yield, with the presence of both resulting in
higher concentrations of γ-dodecalactone. The concentration in the control spirit was
6.2 µg l-1, while the concentrations in the LAB spirits ranged from 7.9 µg l-1 in the
case of the L. paracasei AF4 spirit, to 10.3 µg l-1 in the L. plantarum AL3 spirit.
Once again, γ-dodecalactone yield in the L. brevis KD1 spirit was not the highest of
the LAB spirits, at 9.5 µg l-1. However, the co-fermented L. brevis KD1 spirit
produced the highest concentration γ-dodecalactone observed in this study, at 13
µg l-1, substantially higher than the next closest yield of 10.9 µg l-1 observed in the co-

fermented L. plantarum AL3 spirit. Moreover, the effect of T. delbrueckii on γdodecalactone yield is more evident here than in the γ-decalactone analysis, with
increases in concentration observed in all co-fermented spirits over their LAB
counterparts. However it was the spirits distilled from fermentations containing both
additional LAB and T. delbrueckii that contained the highest concentrations of γdodecalactone, with 10.3, 10.9, and 13 µg l-1 in the co-fermented L. paracasei CY7, L.
plantarum AL3, and L. brevis KD1 spirits respectively.

3.3.6. Principal Component Analysis of Congeners and Sensory Characteristics of
New-Make Spirit
Principal component analysis of the numerical data obtained from congener (esters,
higher alcohols, vicinal diketones, and γ-lactones) and sensory analysis was
undertaken in order to explore the presence of certain compounds with the expression
of specific organoleptic qualities in the new-make spirit. These relationships were
then tied to the presence of LAB and T. delbrueckii in order to ascertain the effect of
these microbes on the production of compounds and their effect on perceived sensory
characteristics of new-make spirit (Figures 3.24 and 3.25).

Figure 3.24. Principal Component Analysis (PCA) plot displaying the integrated data
of congeners and sensory characteristics of all new-make spirits in the component 1
vs. component 2 dimension (accounting for 62% of the variation).
The close proximity of γ-nonalactone, γ-decalactone, and γ-dodecalactone to the
sweet characteristic is consistent with the association of these compounds with that
organoleptic quality.

Similarly, it can be seen that ethyl hexanoate and ethyl

octanoate are associated with fruity/estery notes, due to proximity along the x-axis
between 0.6 and 0.8, but ethyl hexanoate can also be associated with floral and sour
characteristics due to the y-axis proximity between 0.2 and 0.4 and ethyl octanoate
can be associated with pungent and solventy aromas due to the y-axis proximity
between 0.4 and 0.6.

Figure 3.25. Sample map showing the distribution of spirits in the component 1 vs.
component 2-dimension (accounting for 62% of the variation).
The comparison of the integrated data PCA plots with the sample map plots allows
the association of spirits with the increased presence of certain congeners, which in
turn are associated with specific sensory characteristics.

It can be noted from the sample map that those spirits derived from fermentations
inoculated with S. cerevisiae and LAB cluster on the positive side of the x-axis, while
those spirits from S. cerevisiae, T. delbrueckii, and LAB inoculated fermentations
cluster on the negative side of the x-axis. Moreover, those spirits from fermentations
without LAB and with L. paracasei CY7 clustered on the positive side of the y-axis,
while those from L. plantarum AL3, L. brevis KD1, L. paracasei AF4, and L.
plantarum CY8 clustered on the negative side of the y-axis, indicating that cofermentation with T. delbrueckii takes the fruity/estery, floral, and sour characteristics
away from new-make spirit, but enhances the green/grassy, oily, peaty, and pungent
notes.

CHAPTER 4. DISCUSSION

CHAPTER 4. DISCUSSION
4.1. Characterisation of Strains
4.1.1. Identification of Isolates
Lactic acid bacteria (LAB) are present and involved in the production of a wide
variety of food and beverage products, and various studies into the microbial
population of malt whisky fermentations have revealed that LAB are the dominant
bacteria in these systems as well. Of the LAB present in malt whisky fermentations,
those belonging to the genus Lactobacillus are the most prevalent (Simpson et al.,
2001; Van Beek and Priest, 2002), and as such, bacteria belonging to this genus were
the primary isolates involved in this study.
The bacterial microflora of malt whisky fermentations is initially diverse, but this
diversity declines as fermentations proceeds (Van Beek and Priest, 2003).
Heterofermenters such as L. brevis and L. fermentum, as well as other LAB including
Leuconostoc, Saccharococcus, Streptococcus, and Weissella are present in the early
stages. As the fermentation continues, diversity declines with lactobacilli becoming
dominant, as indicated by the almost exclusive presence of L. brevis, L. fermentum, L.
paracasei, and L. plantarum during the middle stages (40-70 h) of fermentation, with
homofermenters L. acidophilus and L. paracasei dominating the final stages of
fermentation (Van Beek and Priest, 2003).
In order to understand the role of these bacteria in flavour development, LAB were
isolated from samples of wash using plate culture methods, which allowed bacteria to

be screened based on colony morphology. Subsequently RAPD-PCR was used to
further characterise the isolates and remove duplicate strains from the same samples.
RAPD-PCR has been used to great effect in characterising LAB from various
systems, such as sauerkraut (Plengvidhya et al., 2004), dairy (Rossetti and Giraffa,
2005) and wine fermentations (Spano et al., 2006), as well as malt whisky
fermentations (Simpson et al., 2001), and is a valuable molecular method due to its
high discriminatory power and ease of use and interpretation allowing for high
throughput of samples over a short space of time (Du Plessis and Dicks, 1995; Olive
and Bean, 1999).

However, it is known that reproducibility of RAPD patterns

between different laboratories is poor when using just a single primer (Cusick and
O’Sullivan, 2000). Given the large number of isolates involved in the initial stages of
this study, and the fact that RAPD-PCR was employed primarily as way to reduce the
final number of different bacteria to be studied, it was not deemed necessary to use
multiple primers. In total, 146 different bacteria were isolated from a variety of
distilleries based throughout Scotland and RAPD-PCR proved to be an efficient
means of removing duplicate strains.
Of the 146 bacteria distinguished by RAPD-PCR, 41 isolates were identified by
partial sequencing of 16S rRNA genes following screening of the strains for
hydroxylation of fatty acids. This revealed that the bacteria isolated from the late
fermentation stages were consistent with those isolated and characterised in previous
studies (Simpson et al., 2001), with species belonging to the genus Lactobacillus
being almost exclusively recovered. The most common species in the collection was
the homofermenter L. paracasei, with isolates of L. fermentum and L. plantarum also
being recovered, as well as single isolates of L. brevis and L. perolens. Some isolates
of Leuconostoc pseudomesenteroides were also recovered, which was unexpected
since Leuconostoc species are generally detected during the early to middle stages of
malt whisky fermentation (Van Beek and Priest, 2003).

Bacteria related to L.

acidophilus and L. delbrueckii have also been isolated from late fermentation wash
(Van Beek and Priest, 2002), but were not recovered here. However, the initial
collection of strains was screened for fatty acid hydroxylation and if these bacteria
were unable to conduct this metabolism they would not have been included in the
final 41 strains that were identified. This seems the most likely explanation for their
absence.

16S rRNA gene sequencing is an effective and wide-ranging tool for the identification
of bacteria due to the conserved nature of parts of the gene, which allow for universal
PCR primers, and the relatively fast rate of evolution of other parts, which provide
species-specific regions.

The validity of this molecular method has been

demonstrated in the assessment of the microflora of breweries (Takeuchi et al., 2005),
dairy products (Rossetti and Giraffa, 2005), vineyards (Bae et al., 2006), sourdough
fermentations (Catzeddu et al., 2006), as well as that of distilleries (Simpson et al.,
2001; Cachat, 2005). With partial sequencing of between 300 and 600 nucleotides a
presumptive identification was obtained.

The 99-100% sequence identity with

published in silico data are consistent with a reasonably accurate identification, with a
cut-off point for bacterial species identification of >99%.

This high value for

identification was chosen due to the fact that there is no generally agreed value for
accurate identification when using 16S rRNA sequences for taxonomic purposes
(Janda and Abbott, 2007). This was regarded as satisfactory at this stage, and was
used to further reduce the size of the collection of organisms to be used in subsequent
studies. For the five LAB finally chosen for laboratory-scale fermentations, full 16S
rRNA gene sequences were generated in order to confirm the presumptive identities
from the partial sequences. The five lactobacilli in question were identified by partial
sequences as single strains of L. brevis, L. fermentum and L. paracasei, and two
strains of L. plantarum. Full 16S rRNA gene sequencing confirmed the validity of
four of the five presumptive identities, while revealing that what was originally
believed to be L. fermentum, was in fact a second strain of L. paracasei, which was
more in keeping with the bacteria typically isolated from the late stages of malt
whisky fermentation.
The similarity between L. fermentum and L. paracasei 16S rRNA gene sequences can
be see in the CLUSTAL W alignment of the two genes in Figure 4.1 (Larkin et al.,
2007).
L.fermentum>
L.paracasei>

----------------------------TGCAAGTGGAACGCGTTGGCCCAATTGATTGA 32
GATGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGAGTT---CTCGTTGATGAT 57
******* ***** ***
*
*****

L.fermentum>
L.paracasei>

TGGTGCTTGCACCT-GATTGATTTTGGTCGCCAACGAGTGGCGGACGGGTGAGTAACACG 91
CGGTGCTTGCACCGAGATTCAACATGG-----AACGAGTGGCGGACGGGTGAGTAACACG 112
************ **** *
***
****************************

L.fermentum>
L.paracasei>

TAGGTAACCTACCCAGAAGCGGGGGACAACATTTGGAAACAGATGCTAATACCGCATAAC 151
TGGGTAACCTGCCCTTAAGTGGGGGATAACATTTGGAAACAGATGCTAATACCGCATAGA 172

* ******** ***

*** ****** *******************************

L.fermentum>
L.paracasei>

AACGTTGTTCGCATGAACAACGCTTAAAAGATGGCTTCTCGCTATCACTTCTGGATGGAC 211
TCCAAGAACCGCATGGTTCTTGGCTGAAAGATGGCGTAA-GCTATCGCTTTTGGATGGAC 231
*
******
* * ********* *
****** *** *********

L.fermentum>
L.paracasei>

CTGCGGTGCATTAGCTTGTTGGTGGGGTAACGGCCTACCAAGGCGATGATGCATAGCCGA 271
CCGCGGCGTATTAGCTAGTTGGTGAGGTAATGGCTCACCAAGGCGATGATACGTAGCCGA 291
* **** * ******* ******* ***** *** ************** * *******

L.fermentum>
L.paracasei>

GTTGAGAGACTGATCGGCCACAATGGGACTGAGACACGGCCCATACTCCTACGGGAGGCA 331
ACTGAGAGGTTGATCGGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCA 351
****** ************ ******************** ****************

L.fermentum>
L.paracasei>

GCAGTAGGGAATCTTCCACAATGGGCGCAAGCCTGATGGAGCAACACCGCGTGAGTGAAG 391
GCAGTAGGGAATCTTCCACAATGGACGCAAGTCTGATGGAGCAACGCCGCGTGAGTGAAG 411
************************ ****** ************* **************

L.fermentum>
L.paracasei>

AAGGGTTTCGGCTCGTAAAGCTCTGTTGTTAAAGAAGAACACGTATGAGAGTAACTGTTC 451
AAGGCTTTCGGGTCGTAAAACTCTGTTGTTGGAGAAGAATGGTCGGCAGAGTAACTGTTG 471
**** ****** ******* ********** *******
************

L.fermentum>
L.paracasei>

ATACGTTGACGGTATTTAACCAGAAAGTCACGGCTAACTACGTGCCAGCAGCCGCGGTAA 511
TCGGCGTGACGGTATCCAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAA 531
********* ********** ********************************

L.fermentum>
L.paracasei>

TACGTAGGTGGCAAGCGTTATCCGGATTTATTGGGCGTAAAGAGAGTGCAGGCGGTTTTC 571
TACGTAGGTGGCAAGCGTTATCCGGATTTATTGGGCGTAAAGCGAGCGCAGGCGGTTTTT 591
****************************************** *** ************

L.fermentum>
L.paracasei>

TAAGTCTGATGTGAAAGCCTTCGGCTTAACCGGAGAAGTGCATCGGAAACTGGATAACTT 631
TAAGTCTGATGTGAAAGCCCTCGGCTTAACCGAGGAAGCGCATCGGAAACTGGGAAACTT 651
******************* ************ **** ************** *****

L.fermentum>
L.paracasei>

GAGTGCAGAAGAGGGTAGTGGAACTCCATGTGTAGCGGTGGAATGCGTAGATATATGGAA 691
GAGTGCAGAAGAGGACAGTGGAACTCCATGTGTAGCGGTGAAATGCGTAGATATATGGAA 711
************** ************************ *******************

L.fermentum>
L.paracasei>

GAACACCAGTGGCGAAGGCGGCTACCTGGTCTGCAACTGACGCTGAGACTCGAAAGCATG 751
GAACACCAGTGGCGAAGGCGGCTGTCTGGTCTGTAACTGACGCTGAGGCTCGAAAGCATG 771
*********************** ******** ************* ************

L.fermentum>
L.paracasei>

GGTAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGATGAGTGCTAGGTGT 811
GGTAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGATGAATGCTAGGTGT 831
************************************************* **********

L.fermentum>
L.paracasei>

TGGAGGGTTTCCGCCCTTCAGTGCCGGAGCTAACGCATTAAGCACTCCGCCTGGGGAGTA 871
TGGAGGGTTTCCGCCCTTCAGTGCCGCAGCTAACGCATTAAGCATTCCGCCTGGGGAGTA 891
************************** ***************** ***************

L.fermentum>
L.paracasei>

CGACCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGT 931
CGACCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGT 951
************************************************************

L.fermentum>
L.paracasei>

GGTTTAATTCGAAGCTACGCGAAGAACCTTACCAGGTCTTGACATCTTGCGCCAACCCTA 991
GGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCTTTTGATCACCTGA 1011
*************** ******************************** *
*** *

L.fermentum>
L.paracasei>

GAGATAGGGCGTTTCCTTCGGGAACGCAATGACAGGTGGTGCATGGTCGTCGTCAGCTCG 1051
GAGATCAGGTTTCCCCTTCGGGGGCAAAATGACAGGTGGTGCATGGTTGTCGTCAGCTCG 1071
***** ** * ******** * ******************** ************

L.fermentum>
L.paracasei>

TGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGTTACTAGTTGCCAGC 1111
TGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATGACTAGTTGCCAGC 1131
******************************************** * *************

L.fermentum>
L.paracasei>

ATTAAGTTGGGCACTCTAGTGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGACGACG 1171
ATTTAGTTGGGCACTCTAGTAAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACG 1191
*** **************** ********************************** ****

L.fermentum>
L.paracasei>

TCAGATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGACGGTACAACG 1231
TCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGATGGTACAACG 1251
*** ********************************************** *********

L.fermentum>
L.paracasei>

AGTCGCGAACTCGCGAGGGCAAGCAAATCTCTTAAAACCGTTCTCAGTTCGGACTGCAGG 1291
AGTTGCGAGACCGCGAGGTCAAGCTAATCTCTTAAAGCCATTCTCAGTTCGGACTGTAGG 1311
*** ****
******* ***** *********** ** **************** ***

L.fermentum>

CTGCAACTCGCCTGCACGAAGTCGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTG 1351

L.paracasei>

CTGCAACTCGCCTACACGAAGTCGGAATCGCTAGTAATCGCGGATCAGCACGCCGCGGTG 1371
************* ************************************ *********

L.fermentum>
L.paracasei>

AATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGAGAGTTTGTAACACCCAA 1411
AATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGAGAGTTTGTAACACCCGA 1431
********************************************************** *

L.fermentum>
L.paracasei>

AGTCGGTGGGGTAACCTTTT--AGGAGCCAGCCGCCTAAG-------------------- 1449
AGCCGGTGGCGTAACCCTTTTAGGGAGCGAGCCGTCTAAGGTGGGACAAATGATTAGGGT 1491
** ****** ****** ***
***** ***** *****

L.fermentum>
L.paracasei>

---GAAG 1495

Figure 4.1. CLUSTAL W alignment of L. fermentum and L. paracasei 16S rRNA
gene sequences. * indicate nucleotide matches.
Another CLUSTAL W alignment was done to determine the degree of similarity
between the partial and full sequences obtained from strain CY7, and to ascertain
from what part of the full 16S rRNA sequence the partial sequence originated (Figure
4.2).
CY7-partial
CY7-full

-----------------------------------------------------------TAATCATTTGTCCCACCTTAGACGGCTCGCTCCCTAAAAGGGTTACGCCACCGGCTTCGG 60

CY7-partial
CY7-full

-----------------------------------------------------------GTGTTACAAACTCTCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACC 120

CY7-partial
CY7-full

-----------------------------------------------------------GCGGCGTGCTGATCCGCGATTACTAGCGATTCCGACTTCGTGTAGGCGAGTTGCAGCCTA 180

CY7-partial
CY7-full

-----------------------------------------------------------CAGTCCGAACTGAGAATGGCTTTAAGAGATTAGCTTGACCTCGCGGTCTCGCAACTCGTT 240

CY7-partial
CY7-full

-----------------------------------------------------------GTACCATCCATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTC 300

CY7-partial
CY7-full

-----------------------------------------------------------ATCCCCACCTTCCTCCGGTTTGTCACCGGCAGTCTTACTAGAGTGCCCAACTAAATGCTG 360

CY7-partial
CY7-full

-----------------------------------------------------------GCAACTAGTCATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAG 420

CY7-partial
CY7-full

-----------------------------------------------------------CTGACGACAACCATGCACCACCTGTCATTTTGCCCCCGAAGGGGAAACCTGATCTCTCAG 480

CY7-partial
CY7-full

-----------------------------------------------------------GTGATCAAAAGATGTCAAGACCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACAT 540

CY7-partial
CY7-full

-----------------------------------------------------------GCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCAACCTTGCGGTCGTACT 600

CY7-partial
CY7-full

-----------------------------------------------------------CCCCAGGCGGAATGCTTAATGCGTTAGCTGCGGCACTGAAGGGCGGAAACCCTCCAACAC 660

CY7-partial
CY7-full

-----------------------------------------------------------CTAGCATTCATCGTTTACGGCATGGACTACCAGGGTATCTAATCCTGTTCGCTACCCATG 720

CY7-partial
CY7-full

-----------------------------------------------------------CTTTCGAGCCTCAGCGTCAGTTACAGACCAGACAGCCGCCTTCGCCACTGGTGTTCTTCC 780

CY7-partial
CY7-full

-----------------------------------------------------------ATATATCTACGCATTTCACCGCTACACATGGAGTTCCACTGTCCTCTTCTGCACTCAAGT 840

CY7-partial
CY7-full

------------GATGCACTTCTCCGGTTAAGCCGAAGGCTTTCACATCAGACTTAGAAA 48
TTCCCAGTTTCCGATGCGCTTCCTCGGTTAAGCCGAGGGCTTTCACATCAGACTTAAAAA 900
***** **** ************ ******************* ***

CY7-partial
CY7-full

ACCGCCTGCACTCTCTTTACGCCCAATAAATCCGGATAACGCTTGCCACCTACGTATTAC 108
ACCGCCTGCGCTCGCTTTACGCCCAATAAATCCGGATAACGCTTGCCACCTACGTATTAC 960
********* *** **********************************************

CY7-partial
CY7-full

CGCGGCTGCTGGCACGTAGTTAGCCGTGACTTTCTGGTTAAATACCGTCAACGTATGAAC 168
CGCGGCTGCTGGCACGTAGTTAGCCGTGGCTTTCTGGTTGGATACCGTCACGCCGACAAC 1020
**************************** ********** *********
***

CY7-partial
CY7-full

AGTTACTCTCATACGTGTTCTTCTTTAACAACAGAGCTTTACGAGCCGAAACCCTTCTTC 228
AGTTACTCTGCCGACCATTCTTCTCCAACAACAGAGTTTTACGACCCGAAAGCCTTCTTC 1080
*********
******* ********** ******* ****** ********

CY7-partial
CY7-full

ACTCACGCGGTGTTGCTCCATCAGGCTTGCGCCCATTGTGGAAGATTCCCTACTGCTGCC 288
ACTCACGCGGCGTTGCTCCATCAGACTTGCGTCCATTGTGGAAGATTCCCTACTGCTGCC 1140
********** ************* ****** ****************************

CY7-partial
CY7-full

TCCCGTAGGAGTATGGGCCGTGTCTCAGTCCCATTGTGGCCGATCAGTCTCTCAACTCGG 348
TCCCGTAGGAGTTTGGGCCGTGTCTCAGTCCCAATGTGGCCGATCAACCTCTCAGTTCGG 1200
************ ******************** ************ ****** ****

CY7-partial
CY7-full

CTATGCATCATCGCCTTGGTAGGCCGTTACCCCACCAACAAGCTAATGCACCGCAGGTCC 408
CTACGTATCATCGCCTTGGTGAGCCATTACCTCACCAACTAGCTAATACGCCGCGGGTCC 1260
*** * ************** *** ***** ******* ******* * **** *****

CY7-partial
CY7-full

ATCCA------------------------------------------------------- 413
ATCCAAAAGCGATAGCTTACGCCATCTTTCAGCCAAGAACCATGCGGTTCTTGGATCTAT 1320
*****

CY7-partial
CY7-full

-----------------------------------------------------------GCGGTATTAGCATCTGTTTCCAAATGTTATCCCCCACTTAAGGGCAGGTTACCCACGTGT 1380

CY7-partial
CY7-full

-----------------------------------------------------------TACTCACCCGTCCGCCACTCGTTCCATGTTGAATCTCGGTGCAAGCACCGATCATCAACG 1440

CY7-partial
CY7-full

----------AGAACTCGTTC 1451

Figure 4.2. CLUSTAL W alignment of partial and full 16S rRNA gene sequences of
LAB strain CY7. * indicate nucleotide matches.
As can be seen in Figure 4.2, the partial sequence matches with the full sequence from
positions 853 to 1265. This, together with the fact that there is a high degree of
homology between L. fermentum and L. paracasei 16S rRNA sequences in this part of
the gene (see Figure 4.1), explain the initially inaccurate identification of strain CY7
as L. fermentum and its subsequent reassignment as a strain of L. paracasei. The
partial and near-complete 16S rRNA gene sequences obtained for strain CY7 can be
found in Appendices.

This reassignment of species identification indicates that, where practical, a full 16S
rRNA gene sequence is preferred over partial sequencing for accurate identification of
lactobacilli, although partial sequencing of a highly variable region, comprising
approximately 0.5 kb, of the 16S rRNA gene containing the V1 and V2 regions can
provide accurate delineation of the members of the L. acidophilus complex (Kullen et
al., 2000). Nevertheless, given the high degree of heterogeneity of the Lactobacillus
genus, it is unlikely that this method can be applied to other groups of the genus
without further modification.
In addition to conducting polyphasic studies involving the combination of genomic
(16S

rRNA

gene

sequencing,

RAPD-PCR)

and

phenotypic

(SDS-PAGE)

fingerprinting techniques to provide detailed reliable taxonomic data on lactobacilli,
the past ten years has seen the identification of alternative genes to rRNA genes for
determining detailed taxonomic information. PCR techniques have been developed
for the species-specific identification of L. crispatus by sequencing the conserved
regions of S-layer genes (Horie et al., 2002); spacer sequences between the 16S, 23S
and 5S genes of the rRNA operon have led to further delineation of the L. casei group
(Chen et al., 2000); comparison of the housekeeping tuf genes between lactobacilli
conforms with the 16S rRNA groups, but provides further delineation (Chavagnat et
al., 2002); and analysis of the pheS and rpoA genes has provided scientists with still
further discriminatory methods by which to detail the taxonomy of the Lactobacillus
genus (Naser et al., 2007). These techniques are preferable to phenotypic studies,
which are often time-consuming, expensive and because of the similar nutritional
requirements of the lactobacilli insufficient for accurate identification (Horie et al.,
2002).

4.1.2. Production of 10-Hydroxyl Fatty Acids by Bacteria
The production of 10-hydroxyl fatty acids, specifically 10-hydroxystearic acid (10HSA) has been observed in a wide range of microbes, including bacteria such as
Bacillus (Soda and Kido, 1987), Flavobacterium (Hou, 1994), Micrococcus (Blank et

al., 1991), Mycobacterium (El-Sharkaway et al., 1992), Nocardia (Koritala et al.,
1989), Pseudomonas (Wallen et al., 1962), Rhodococcus (Litchfield and Pierce,
1986), Sarcina (Blank et al., 1991), and Staphylococcus (Lanser, 1993), as well as
resting cells of Saccharomyces cerevisiae (El Sharkawy et al., 1992; Yang et al.,
1993). The ability of the lactobacilli isolated in this study to produce 10-HSA from
oleic acid, as well as 10-hydroxylpalmitic acid (10-HPA) from palmitoleic acid, was
assessed as an indicator of the production of lactones during the fermentation, which
could have a positive impact on whisky flavour.
High Performance Thin Layer Chromatography (HPTLC) was used to detect the
hydroxyl fatty acids and 41 strains were selected for their positive hydroxylating
activity. Of these, more than half were identified as L. paracasei, suggesting that this
bacterium commonly performs this reaction.

Hydroxylation activity was also

detected in eight strains of L. plantarum and four strains of L. fermentum, although
the L. fermentum strain (CY7) with highest activity was later revealed to be L.
paracasei, further supporting the concept that hydroxylating activity is most prevalent
in L. paracasei. The single strain of L. brevis that was studied in this project showed
the most interesting hydroxylation activity of all the isolates, as not only did it
produce 10-HSA from oleic acid at high levels, but also produced the ketolated form
of oleic acid, 10-ketostearic acid (10-KSA). This was deemed as important as ketone
groups are inherently more reactive than hydroxyl groups, increasing the likelihood of
the formation of γ-lactones in malt whisky fermentations when bacteria that produce
10-KSA are present.
It is thought that the ability to produce hydroxylated fatty acids from oleic acid is
common among lactic acid bacteria (Morvan and Joblin, 2000). Moreover, the
production of such fatty acids is known to occur in malt whisky fermentations and the
presence of LAB in fermentations leads to an increase in observed 10-HSA and 10KSA concentrations (Wanikawa et al., 2000b). Hydroxylation activity can be induced
in LAB by incubation with oleic acid leading to greater 10-HSA production by the
bacteria, but this does not correspond to an increase in 10-KSA. This suggests that
10-HSA may be a precursor of 10-KSA or is produced by a different pathway
(Wanikawa et al., 2002b), which could explain the observed scarcity of 10-KSA

produced by the LAB in this study, particularly if different biochemical pathways or
enzymes are required for 10-KSA formation.
It has also been observed that the production of hydroxylated fatty acids may be
subject to glucose repression, as comparative studies using yeast-peptone broth as a
growth medium for LAB revealed that the 10-HSA yield was lower when glucose was
included in the medium (Wanikawa et al., 2000b). However, this would contradict
findings indicating that β-oxidation of long-chain fatty acids in Gram-positive
bacteria is actually stimulated by the presence of glucose (Banchio and Gramajo,
1997) and more work is needed to understand the physiology of these reactions.
In this study I showed that, not only are L. paracasei, L. plantarum and L. brevis able
to produce 10-HSA (and 10-KSA in the case of L. brevis) from oleic acid, but they
were also able produce these compounds from linoleic acid (cis-9-cis-12octadecadienoic acid). This concurs with previous findings that L. plantarum is able
to synthesise 10-HSA from linoleic acid via the hydrogenation of the double bond of
10-hydroxyl-12-octadecenoic acid (Kishimoto et al., 2003).

Generally, the

lactobacilli involved here produced lower yields of 10-HSA from linoleic acid than
from oleic acid which could be explained by the fact that the formation of 10hydroxy-12-octadecenoic acid from linoleic acid has been observed as an
intermediate step in the formation of conjugated linoleic acid (9,11-octadecadienoic
acid) (Ogawa et al., 2001 and 2005), and as such it is possible that lactobacilli
produce conjugated linoleic acids in preference to 10-HSA.
Hydroxyl fatty acids are highly valued industrial materials, primarily because the
presence of the hydroxyl group confers higher viscosity and reactivity to the molecule
than in their non-hydroxylated counterparts. These desirable qualities have resulted
in hydroxyl fatty acids becoming important in the production of resins, waxes, nylons,
plastics, corrosion inhibitors, cosmetics, and coatings, as well as components of
grease formulations used in military and industrial equipment (Hou et al., 1999). As
such, the microbial hydroxylation of fatty acids, such as oleic acid, is exploited on an
industrial scale. Given that such reactions are common in the microbial world (Hou,
1994), and that within the various taxa that perform such reactions there is substantial

variety in the type of molecules produced, the commercial and industrial exploitation
of these organisms and reactions becomes very attractive.
Indeed, the production of 10-HSA and 10-KSA has been observed in a wide range of
microorganisms:

in

Gram-negative

bacteria

such

as

Pseudomonas

and

Flavobacterium (Wallen et al., 1962; Hou et al. 1999); high G+C Gram-positive
bacteria including Corynebacterium (Seo et al., 1981; Hou et al., 1999),
Mycobacterium (Hou et al., 1999), Nocardia and Rhodococcus (Hou et al., 1999); and
finally in low G+C Gram-positive bacteria such as Staphylococcus (Lanser, 1993),
and now Lactobacillus.

The yields and proportions of 10-HSA and 10-KSA

generated from oleic acid by these bacteria varies from >90% 10-KSA with <5% 10HSA observed in Staphylococcus (Lanser, 1993), to >90% 10-HSA with <5% 10KSA seen in Nocardia and to as little as 14% 10-HSA yield in Pseudomonas (Wallen
et al., 1962; Hou et al., 1999).

The 10-HSA and 10-KSA yields produced by

Lactobacillus in this study fell approximately in the mid-range of the bacteria known
to carry out this reaction (Table 4.1). Both strains of L. paracasei produced relatively
low yields of 10-HSA, 8.85 and 12.25% respectively and no detectable 10-KSA; L.
plantarum CY8 produced the highest yield of 10-HSA in this study, converting
62.25% of the oleic acid to 10-HSA; while L. plantarum AL3 and L. brevis KD1
produced yields of 25.3 and 20.9% respectively, with a crucial 4.4% 10-KSA yield
observed from L. brevis KD1.
Table 4.1. Percentage yields of 10-HSA and 10-KSA from bioconversions of the five
lactobacilli selected for laboratory – scale fermentations and distillations. Data are a
percent of total amount of oleic acid substrate in each bioconversion.
Bacteria

10-HSA yield (%)

10-KSA yield (%)

L. paracasei AF4

8.85

ND

L. paracasei CY7

12.25

ND

L. plantarum CY8

62.25

ND

L. plantarum AL3

25.3

ND

L. brevis KD1

20.9

4.4

(ND; not detected)

Moreover, reactions of this kind have also been observed in various eukaryotic
organisms, such as Absida, Arabidopsis, Aspergillus, Candida, Saccharomyces, and
Schizosaccharomyces (El Sharkawy et al., 1992; Hou et al., 1999; Smith et al., 2000).
Production of 10-HSA and 10-KSA by microorganisms, as well as some plants, is a
common reaction suggesting that whatever enzyme(s) may be involved, there may be
a degree of conservation across the domains of life regarding the hydration of oleic
acid. The indicative presence of such enzymes in Lactobacillus, one of the most
heavily studied of microorganisms, suggests that it may not be long before the
physiology and biochemistry of the microbial hydration of oleic acid are revealed and
exploited. Given the importance of this reaction in the formation of γ-lactones, an in
silico search for the enzyme(s) responsible using the available Lactobacillus genome
sequences and other databases was conducted.

4.2. Hydration of Oleic Acid by Enzymatic Pathways
4.2.1. Oleate Hydratase
While the studies described above indicate enzymatic conversion of oleic acid to 10HSA, probably through hydration in which H2O attacks the cis-9 double bond of oleic
acid, resulting in the protonation of C9 and the hydroxylation of C10, forming 10HSA (Figure 4.3), the enzymes responsible remain obscure, and attempts to isolate
and sequence such enzymes, have proved unsuccessful (personal communication, A.
Wanikawa).

Figure 4.3. Hydration of oleic acid resulting in the formation of 10R-hydroxystearic
acid (http://www.rsc.org/ej/NP/2007/b508584p/b508584p-s10.gif).
Stereospecific studies on the microbial conversion indicate the preponderance of the
10R form of 10-HSA from oleic acid, with the stereochemistry being dependent on
the specific organism carrying out the conversion (Yang et al., 1993).
Initial studies indicate that, while 10-HSA can be formed microbially by the
stereospecific hydration of the cis-9 double bond, the presence of an epoxide
intermediate cannot be ruled out, and that the potential enzyme involved in this
reaction is specific for cis-configured unsaturated fatty acids, as the trans isomer of
oleic acid (elaidic acid) is not hydrated (Niehaus Jr et al., 1970).

Subsequent

enzymatic studies on the hydration of oleic acid using Pseudomonas sp. NRRL B3266
confirmed the likely presence of an inducible enzyme that converts oleic acid to 10HSA primarily in the R-conformation, which was given the name oleate hydratase
(Niehaus Jr et al., 1978), as well as the presence of hydroxyloctadecanoate (HSA)
dehydrogenase, which catalyses the NAD-dependent formation of 10-KSA.
Literature pertaining to the oleate hydratase enzyme is scarce. An enzyme purified
from Flavobacterium sp. DS5, referred to as DS5 hydratase stereospecifically
hydrates oleic acid at the cis-9 double bond, producing 10-HSA in primarily the R
configuration, and will not hydrate trans unsaturated fatty acids (Hou et al., 1999). It
seems likely that this enzyme is synonymous with oleate hydratase.

This DS5

hydratase was also shown to hydrate a variety of other unsaturated fatty acids at the
cis-9 double bond, including palmitoleic, myristoleic, linoleic, α-linolenic, and γlinolenic acids, with further double bonds on either side of the C10 position lowering
hydration activity (Hou et al., 1999). However, the proportions of products from
bioconversions of monounsaturated fatty acids from Flavobacterium sp. DS5 show a
preference for the production of the ketolated product from oleic and palmitoleic
acids, but for the hydroxylated product from myristoleic, linoleic, α-linolenic, and γlinolenic acids. The reason for this is currently unknown, but the fact that the DS5
hydratase enzyme system is induced by oleic acid at early stages of cell growth (Hou

et al., 1999) is likely to be a factor. Moreover, there is some evidence to suggest that
there are two enzymes involved in this system, oleate hydratase that produces 10HSA from oleic acid, and a secondary alcohol dehydrogenase that converts 10-HSA
from oleic acid into 10-KSA, and that these enzymes are both induced by oleic acid
(Niehaus Jr et al., 1978). As stated previously, bioconversion of oleic acid by the
DS5 hydratase produces 10-KSA in preference to 10-HSA, with residual levels of 10HSA as a by-product indicating its possible role as in intermediate in 10-KSA
production (Hou, 1994). It is possible that, while oleic and palmitoleic acids are able
to induce the full DS5 hydratase system (both the hydratase and the dehydrogenase)
when present at the early stages of cell growth, the presence of other fatty acids
(myristoleic, linoleic, α-linolenic, and γ-linolenic acids) instead of oleic or palmitoleic
acids may be able to only partially induce the system, such that the genes that encode
the secondary alcohol dehydrogenase are not expressed, leading to the accumulation
of 10-HSA instead of 10-KSA.
Very little is known of the properties of oleate hydratase. Extraction and purification
of the enzyme from Nocardia cholesterolicum NRRL 5767 showed a single band on
polyacrylamide gel electrophoresis, with the hydration proceeding linearly for 6 h. It
was also revealed that the optimal pH for the enzyme reaction was between 6.5 and 7,
and that the Km for the hydratase reaction at 30ºC was 2.82x10-4 mol l-1 (Huang et al.,
1991a+b).

Finally, it was proposed that, from estimated molecular weights of

~120,000 and ~32,000 Da from Superhose HR 10/30 gel filtration and SDS-PAGE
respectively, that oleate hydratase is a tetramer composed of four identical subunits
(Hou et al., 1999).
An in silico study in which the terms ‘oleate hydratase’ and ‘DS5 hydratase’ were
used as search parameters revealed that oleate hydratase has been ascribed the EC
number 4.2.1.53, placing it within the hydro-lyase sub-group of the carbon-oxygen
lyase group within the lyase family of enzymes. However, no entries pertaining to the
structure, amino acid sequence, or genetic origin of this enzyme were found in any of
the online databases, including BRENDA, DBGET, ExPASy GO, IntEnz, KEGG, or
NCBI, further emphasising the problems with characterising the enzyme in question.

Initial in silico searches for oleate hydratase were conducted in the NCBI database
and with comparisons done using the BLAST algorithm associated with the NCBI
database, and alignments done using the CLUSTALW program. It was revealed that
the enzyme has no direct protein or gene entry, or any bacterial results and the search
came up with only two proteins, neither of which were of bacterial origin. The first
was a Δ3, Δ2-enoyl-CoA isomerase from Saccharomyces cerevisiae, which had no
significant homology to any Lactobacillus gene, with the closest match among the
Lactobacillales being 42% to a hypothetical protein from Symbiobacterium
thermophilum. Moreover, the gene that codes for the Δ3, Δ2-enoyl-CoA isomerase in
S. cerevisiae, the eci1 gene, did not display any significant similarity to any LAB
gene.

The second protein to arise from the search for oleate hydratase was a

hypothetical protein from Aspergillus niger that bears a close sequence similarity to a
Δ3-cis-Δ2-trans-enoyl-CoA isomerase from S. cerevisiae.

However, the closest

match to any Lactobacillus protein was 39% with a naphthoate synthase from L.
brevis.
Although it cannot be definitively stated that the enzyme oleate hydratase is
responsible for the production of 10-HSA and 10-KSA from oleic acid by
Lactobacillus, nor could any reference to sequenced proteins or genes with significant
homology be found within the several genome sequences available (Kleerebezem et
al., 2003; Pridmore et al., 2004; Alterman et al., 2005; Chaillou et al., 2005; Claesson
et al., 2006; Makarova et al., 2006; Van de Guchte et al., 2006), it nevertheless seems
likely, given the wide distribution of the reaction amongst microbes and some plant
species, that there is an enzyme in Lactobacillus responsible for the reaction. Other
potential enzyme candidates for the hydroxylation of oleic acid were therefore
searched for in lactobacilli using both in silico database searching and literature
review.

4.2.2. Enoyl-Coenzyme A Hydratase
The β-oxidation cycle is a widely distributed set of enzyme-mediated pathways,
employed by both prokaryotes and eukaryotes that metabolise fatty acids (Thieringer

and Kunau, 1991). It was first characterised by Franz Koop’s famous experiments in
1904 in which dogs were fed phenylated fatty acids of various chain lengths and
discovered that fatty acids are degraded by successive removal of two-carbon units
per cycle by dehydrogenation between the β- and γ- carbons of the fatty acid, and as
such the degradation pathway was named β-oxidation (Ghisla and Beinert, 2004).
There are many enzymes involved in the β-oxidation pathway, but the four core ones
are: acyl-CoA dehydrogenase (EC 1.3.99.2 and 1.3.99.3), which introduces a trans
double bond at the Δ2 position using FAD as a reducing cofactor (see Figure 4.4 a);
enoyl-CoA hydratase (EC 4.2.1.17), which hydrates the transΔ2 bond resulting in a
hydroxyl group at the C3 position (Figure 4.4 b); 3-hydroxylacyl-CoA dehydrogenase
(EC 1.1.1.35), which catalyses the NAD+ dependent dehydrogenation of the C3
hydroxyl group resulting in ketolation at the C3 position (see Figure 4.4 c); and
finally, 3-ketoacyl-CoA thiolase (EC 2.3.1.16), which cleaves one molecule of acetylCoA from the ketolated fatty acid (Pawar and Schulz, 1981) (see Figure 4.4 d). After
a single round of β-oxidation, the substrate fatty acid is two carbon-lengths shorter
than the original, at which point acyl-CoA synthetase (EC 6.2.1.3) complexes the
fatty acid with Coenzyme A, and the cycle is repeated until the entire length of the
acyl-CoA has been degraded to single acetyl-CoA molecules (Engel et al., 1998;
Ishikawa et al., 2004).

Figure 4.4 a.

Figure 4.4 b.

Figure 4.4 c.

Figure 4.4 d.

Figure 4.4. The four core enzymes of the β-oxidation cycle; acyl-CoA dehydrogenase
(a), enoyl-CoA hydratase (b), 3-hydroxylacyl-CoA dehydrogenase (c), 3-ketoacylCoA thiolase (d). The reaction proceeds as follows: a » b » c » d until the entire fatty
acid

chain

has

been

cleaved

into

single

molecules

of

acetyl-CoA

(http://dbs.umt.edu/courses/fall2006/bioc380/lectures/041/lecture.html).
The enzyme of the β-oxidation pathway that was of interest in this study was enoylCoA hydratase, which catalyses the second reaction of the pathway, the hydration of
the transΔ2 bond of acyl-CoA. It is not suggested that this enzyme is also responsible
or even involved in the hydration of oleic acid to 10-HSA as a final product, however,
the similarity of the reaction, hydration of a double bond resulting in the protonation
of the first carbon and hydroxylation of the second, leads to the potential functional
and even sequence similarity between enoyl-CoA hydratase and the enzyme
responsible for the production of 10-HSA from oleic acid by Lactobacillus.
The structure of enoyl-CoA hydratase has been resolved at a 2.4 Å resolution
revealing it as a hexamer consisting of two trimers, with each monomer containing an
active site (Engel et al., 1998; Bahnson et al., 2002). The active site of enoyl-CoA
hydratase consists of two glutamic acid residues at amino acid positions 144 and 164
(E144 and E164 respectively), which are reductively bridged by a single water

molecule, forming the catalytic site of the enzyme, and as such these two amino acid
residues act in a concerted manner during catalysis (Hofstein et al., 1999; Yu et al.,
2006). Catalysis involves the nucleophilic attack of this water molecule across the
double bond of the substrate fatty acid, wherein E164 protonates the C2 position and
E144 hydroxylates the C3 position (Engel et al., 1998; Bahnson et al., 2002).
Enoyl-CoA hydratase is part of the crotonase superfamily of enzymes, most of which
catalyse the hydration or isomerisation of enoyl-CoA thioesters (Eberhard and Gerlt,
2004). Moreover, it would appear that the active site for isomerisation is one of the
glutamic acid residues of the hydration active site (E164) (Kiema et al., 1999). This
apparent conservation of the active site of the enzymes of the crotonase superfamily,
the E144 ad E164 residues, as well as the conserved presence of a aspartic acid-lysine
salt bridge (D149-K242) required for active site orientation (Yu et al., 2006), led to
the initiation of an in silico search for this conserved glutamic acid motif in LAB,
particularly Lactobacillus, in an effort to identify the proteins or genes that could be
involved in the conversion of oleic acid to 10-HSA.
The results of database searching for enoyl-CoA hydratase, or enzymes with the
characteristic glutamic acid residues at amino acid positions 144 and 164, among any
of the Lactobacillales, let alone Lactobacillus, were inconclusive.

The only

Lactobacillales with characterised enoyl-CoA hydratases were Streptococcus spp. and
Symbiobacterium spp., to which there was no significant gene similarity in the
Lactobacillus genome, and the closest protein match was with the naphthoate
synthase amino acid sequences in L. brevis and L. salivarius, which is most likely due
to this enzyme’s utilisation of Coenzyme A, rather than any functional or sequence
similarity, as both enoyl-CoA hydratase and naphthoate synthase are members of the
low-similarity hydratase/isomerase superfamily (Müller-Newen et al., 1995). Amino
acid and gene sequences of Streptococcus sp. enoyl-CoA hydratase were compared
with the E. coli and bovine sequences (Yu et al., 2006) and showed that the two
glutamic acid residues (E144 and E164) that form the enoyl-CoA hydratase active
site, as well as the salt bridge formed by D149 and K242, are not conserved in the
LAB that have characterised enoyl-CoA hydratase and β-oxidation pathways, nor
could any sequences be found in which these motifs were present. This apparent lack

of characterisation of LAB β-oxidation pathways, and the fact that those which have
sequenced enzymes appear to have little structural resemblance to the majority of
those in databases, could indicate that the method of β-oxidation in LAB is
fundamentally different from previously elucidated and published systems.
Moreover, the fact there is communication between the β-oxidation cycle and the
electron transport (cytochrome) system, and that one of the characteristics of LAB is
the lack of a cytochrome system, may indicate that β-oxidation pathways in LAB are
difficult to characterise using current techniques (Ghisla and Beinert, 2004).

4.2.3. Non-LAB Enzymes
While it is apparent that Lactobacillus are able to produce 10-HSA and 10-KSA from
oleic acid, most likely through enzymatic hydration of the cis-9 double bond and the
subsequent dehydrogenation of the resulting hydroxyl group at the C10 position in the
case of 10-KSA production, no particular amino acid or gene sequence could be
found in the published Lactobacillus genomes pertaining to such an enzyme, despite
the existence of many enzymes that perform such a reaction in other organisms,
notably oleate hydratase and enoyl-CoA hydratase.

As a result, it should be

mentioned that there are other potential enzymes, which do not have a LAB origin,
but could be involved in the production of 10-HSA and 10-KSA from oleic acid in
malt whisky fermentations.
One of these enzyme groups is the monooxygenase (EC 1.14.x.y) class of enzymes
known as the cytochrome P450 family, referred to as P450 enzymes. Enzymes of the
P450 family are found throughout nature, and are vital to the both primary and
secondary metabolic pathways, including those that metabolise toxins (Schwaneberg
and Bornscheuer, 2000; Maurer and Schmid, 2005). The proposed method by which
P450 enzymes hydroxylate their substrate fatty acids is through a reaction known as
the “Rebound Mechanism”. This mechanism is the final stage in a complex cycle of
reactions involving a variety of dehydration and hydration, ionisation, oxygenation,
and reduction stages, culminating in FeIV-O- configuration of the active site, which is
reduced to FeIV-O-H upon reaction with the substrate fatty acid. The substrate is

desaturated due to enzyme active site reduction, resulting in the presence of a double
bond. This double bond is then hydroxylated by the enzyme through further active
site reduction (FeIV to FeIII), by which the FeIV-O bond disintegrates, resulting in the
liberation of OH-, which opens up the double bond of the substrate fatty acid,
resulting in hydroxyl fatty acid product (Maurer and Schmid, 2005).
Due to the fact that LAB are unable to synthesise porphyrin (heme) groups, and as
such lack cytochrome systems or associated respiratory chains (Axelsson, 2004), they
will not produce cytochrome P450 enzymes.

Therefore, if these enzymes are

responsible for the conversion of oleic acid to 10-HSA/10-KSA in malt whisky
fermentations, their presence will not be due to LAB, but rather other bacteria or
yeasts. In the yeast Candida maltosa, the P450 enzyme CYP52A3 is responsible for
the ω-hydroxylation of lauric, myristic, palmitic, and oleic acids (Schwaneberg and
Bornscheuer, 2000), while the bacteria in which cytochrome P450 monooxygenase
enzymes have been heavily characterised, such as Bacillus megaterium and
Escherichia coli (Schwaneberg et al., 1999; Kitazume et al. 2002) have not been
detected in malt whisky fermentations.
Another set of enzymes that are functionally related to those of the P450 superfamily,
are those that belong to the family of diiron-cluster containing enzymes, which
catalyse a range of reactions, including desaturation, epoxidation, and hydroxylation,
with the most extensively studied hydroxylating diiron enzyme being methane
monooxygenase (MMO) (Maurer and Schmid, 2005). The method of hydroxylation
by MMO involves the reduction of the diiron cluster from a diferric (FeIII-FeIII) to a
diferrous (FeII-FeII) state, which is then oxidised by O2 resulting in a peroxo structure,
which is then reorganised into a diepoxide-like structure, which allows for hydrogen
abstraction of the substrate fatty acid, resulting in the formation of a double bond that
is then hydroxylated by the “Rebound Mechanism” described earlier (Maurer and
Schmid, 2005). These enzymes are commonly found in bacteria and plants, and while
their expression in LAB is highly unlikely, due to the iron-containing active site and
reliance on cytochrome system electron transport pathways, it remains possible that
these enzymes are present in malt whisky fermentations as constituents of the soluble
malt

enzymes.

The

documented

presence

of

a

bifunctional

oleate

12-

hydroxylase/desaturase, which has a diiron-cluster active site, has been reported in the

flowering

plant

Lesquerella

fendleri,

and

is

involved

in

the

hydroxylation/desaturation of lesquerolic acid (4-hydroxyl-cis-11-eicosenoic acid)
(Broun et al., 2005; Maurer and Schmid, 2005). It is possible that enzymes of a
similar nature are present in malted barley, and as such there is potential for the
involvement of diiron-cluster enzymes in the hydroxylation of fatty acids in malt
whisky fermentation.
The final set of enzymes that were investigated in this study by literature review and,
where

appropriate

in

silico

searching,

were

the

lipoxygenase

enzymes.

Lipoxygenases (linoleate:oxygen oxidoreductases; EC 1.13.11.12; LOXs) are
peroxidating enzymes that are widely distributed throughout the eukaryotic domain
(Feussner and Kühn, 2005), although some bacteria, such as Pseudomonas
aeruginosa also have lipoxygenase activity. LOX enzymes are not directly involved
in fatty acid hydroxylation or epoxidation (Maurer and Schmid, 2005). However,
LOXs are known to be present in malted barley and are typically associated with the
presence of stale, cardboard-like off-flavours in beer due to the accumulation of 2(E)nonenal from the conversion of linoleic acid to 9-hydroperoxy-10(E),12(Z)octadecadienoic acid, which is subsequently converted to 2(E)-nonenal via the fatty
acid hydroperoxide lyase pathway, a pathway conserved throughout the plant
kingdom (Kuroda et al., 2005; Sovrano et al., 2006). The P. aeruginosa LOX uses
linoleic acid as a substrate, converting it into 10-hydroperoxy-8-octadecenoic acid,
which then degrades to 10-hydroxy-8-octadecenoic acid. This molecule contains the
hydroxylated C10 position of 10-HSA, but the additional double bond between C8
and C9 positions make the lactonisation of this molecule unlikely. Moreover, when
the LOXgene from P. aeruginosa was compared to published Lactobacillus genomes,
no significant homology was found, nor was any found with relation to other LAB. It
should be noted that there is a gene in the Lactobacillus genome referred to as the
LOXgene, but this is a lactate oxidase, and thus has nothing to do with fatty acid
metabolism. It cannot be disputed that lipoxygenase activity is present in malt whisky
fermentation, and it is known that hydroxyl fatty acids can be generated by from
unsaturated fatty acids through the auto-, or photo-, oxidation of hydroperoxides, but
such reactions are not expected to occur in malt whisky fermentations (Wanikawa et
al., 2000b), and the activity of lipoxygenase enzymes is most probably associated
with the development of perceived off-flavours which are not bacterial in origin.

4.3. The Accumulation of Microbial Metabolites during the course of Malt
Whisky Fermentation
It has been widely documented that the presence of LAB in S. cerevisiae-mediated
ethanolic fermentations for the production of beverages, as well as for fuel and other
industrial purposes, has an inhibitory effect on the yeast metabolism, with specific
regard to ethanol yield (Narendranath et al., 1997; Thomas et al., 2001). The LAB
compete directly with yeast for nutrients, thus reducing the accumulation of ethanol
(Makanjoula et al., 1992), and also excrete a battery of compounds that are inhibitory
towards yeast metabolism, mainly in the form of organic acids (lactate and acetate),
hydrogen peroxide, and fatty acids (Endrizzi et al., 1996; Lowe and Arendt, 2004;
Ström, 2005). Although the primary purpose of production of these compounds is
presumably to aid the LAB in their competition with yeast for nutrients, they also
have beneficial industrial and commercial properties with regard to the manufacture
of foods and beverages (Stiles and Holzapfel, 1997). For example, they aid
preservation and prolong shelf-life, and enhance flavour, texture, and other
organoleptic qualities (Scott and Sullivan, 2008). One of the aims of this study was to
shed light on the how the interaction between LAB and yeast, and the subsequent
production and accumulation of compounds in malt whisky fermentations, affects the
organoleptic quality of the resulting spirit.

4.3.1. Interaction between LAB and Yeast in Malt Whisky Fermentations and the
Effect on Spirit Ethanol Yield
The initial LAB population in a malt whisky fermentation is quite small and largely
results from bacteria surviving the mashing step complemented by bacteria present in
parts of the distillery plant (Van Beek and Priest, 2002). Rampant yeast growth
(Thomas et al., 2001) and the production of various inhibitory metabolites, such as
ethanol, inhibit LAB growth (Comitini et al., 2005).

Subsequently, the LAB

population rises, increasing 100- to 1000-fold as the yeast population declines due to
exhaustion of fermentable sugars after approximately 40 h (Van Beek and Priest,
2002). The LAB then proliferate using the dead yeast as a source of nutrients. This
profile for both yeast and LAB could be seen in this study, where initial bacterial
numbers in control fermentations to which no additional bacteria had been added
were between 104 and 105 cells ml-1, rising to between 107 and 108 cells ml-1 at the
termination of the fermentation. The differences in LAB population profiles observed
between the control fermentations pitched with S. cerevisiae, and those pitched with
S. cerevisiae and T. delbrueckii indicated that the presence of the wild yeast had an
inhibitory effect on the growth of the native LAB present in the wash, over and above
that of S. cerevisiae alone, pointing to a potential synergistic effect between the two
yeasts with regard to LAB growth inhibition. This may have been due to increased
production of antibacterial proteases and fatty acids by T. delbrueckii, or the mixed
fermentations (S. cerevisiae and T. delbrueckii) resulting in the production of a wider
spectrum of antibacterial compounds than could be produced by either yeast alone.
Pitching of additional LAB into fermentations at a rate of 5 x 10-5 to 1 x 106 cell ml-1
had the predicted effect of increasing the number of viable LAB in the fermentation
at 0 h from between 104 and 105 cells ml-1 to approximately 106 cells ml-1, which then
increased to approximately 108 cells ml-1 after 24 h. However, this did not decrease
the yeast population during the initial 24 h of fermentation suggesting that it is
primarily the accumulation of LAB metabolites (predominantly weak organic acids of
lactate and acetate) that has a detrimental effect on yeast, rather than the utilisation of
fermentable sugars by LAB during the first 24 h of fermentation.
The presence of high levels of LAB in malt whisky fermentations is generally
regarded as undesirable by the industry, as one of the primary effects of LAB is the
reduction of ethanol yield, which translates directly to a loss in revenue for the
industry (Makanjoula et al., 1992). There are reports of LAB / yeast co-fermentations
that are less fraught with competition, such as dairy environments, where mutualism
exists between LAB and yeast; amino acids and vitamins secreted by the yeast are
used by LAB for growth while the end-products of bacterial metabolism are utilised
by yeast as a source of carbon, leading to the development of an environment that
inhibits the growth of spoilage microbes (Viljoen, 2001). In addition, it has recently

been revealed that some LAB / yeast co-fermentations where ethanol is the primary
desired product are not as antagonistic as the malt whisky fermentation environment:
reports from a Swedish ethanol production plant describe a situation where the yeast
Dekkera (Brettanomyces) bruxellensis outcompeted S. cerevisiae in a fermentation
and formed a stable symbiotic consortium with Lactobacillus vini, whereby ethanol
productivity was increased (Passoth et al., 2007).

However, this is unusual,

considering that the Dekkera genus is only fermentative under aerobic conditions
(Campbell, 2003). It may be the case that Dekkera produces amylolytic enzymes that
S. cerevisiae cannot synthesise, thus liberating more fermentable substrate from
barley starch, and subsequently enhancing ethanol yield, rather than actively
contributing to ethanol production itself.
In order to minimise any detrimental effects of the lactobacilli in the experiments
reported here, the LAB were added to the fermentations at rates that would not restrict
ethanol production but that would lead to an amplification of the so called “late
lactic” fermentation, in which LAB grow in the fermentation for up to 48 hours after
the conclusion of ethanol production (Van Beek and Priest, 2000), and in this way
contribute to the organoleptic qualities of the spirit. This approach was successful in
that the fermentations pitched with S. cerevisiae and LAB, as well as the controls
pitched with S. cerevisiae alone, had similar final alcohol concentrations of
approximately 8% ABV (Figure 3.7). However, the introduction of T. delbrueckii
into the system resulted in higher ethanol concentration in the control (S. cerevisiae
and T. delbrueckii) than in those co-fermentations inoculated with additional LAB (S.
cerevisiae, T. delbrueckii, and LAB). Since T. delbrueckii is a fermentative yeast it
could have contributed to the ethanol concentration through fermentation of sugars
that S. cerevisiae cannot use such as higher maltooligosaccharides or pentoses.
The variations in the ethanol concentrations in the fermentation washes were not
necessarily carried over into the concentrations measured in the new-make spirit,
where the highest ethanol concentrations were observed in the two control spirits.
Spirits fermented with additional LAB showed reduced ethanol yield relative to their
control, with spirits fermented from wash containing S. cerevisiae, T. delbrueckii, and
LAB showing further reduction in ethanol yield.

This may be due to higher

concentrations of lactic acid in the wash of fermentations containing additional LAB,

as well as additional LAB and T. delbrueckii, which is combined with ethanol during
the distillation process, catalysed by the presence of copper (Palmer, 1997), resulting
in the accumulation of esters and thus reducing the concentration of free ethanol in
the spirit.

4.3.2. Production of Lactic, Acetic and Fatty Acids and their corresponding Ethyl
Esters during Fermentation
It is widely regarded that the primary mode of antagonism between LAB and yeast in
malt whisky fermentations is due to the production of lactic and acetic acids by LAB
and the associated reduction in pH (Makanjoula et al., 1992; Narendranath et al.,
1997; De Oliva-Neto and Yokoya 2001; Narendranath et al., 2001; Magnusson, 2003;
Lowe and Arendt, 2004; Ström, 2005). Lactic acid concentrations were elevated in
all laboratory-scale fermentations where additional LAB were pitched, corresponding
to a reduction in pH at the conclusion of fermentation relative to control
fermentations. LAB fermentations (S. cerevisiae and LAB) and their equivalent cofermentations (S. cerevisiae, T. delbrueckii, and LAB) showed similar lactic acid
accumulation profiles and corresponding pH reductions. Acetic acid accumulation
was only measured in the wash of the fermentations pitched with both additional LAB
and T. delbrueckii. However, due to the fact that final lactic acid yield and pH
reduction were consistent between equivalent LAB and co-fermentations, it can
assumed that acetic acid concentrations in the LAB fermentations were similar to
those observed in the co-fermentations.
The notable increase in acetic acid accumulation between 72 and 96 h in the L. brevis
KD1 fermentation is likely due to the fact that this was the only obligate
heterofermenter involved in this study.
Lactic acid and acetic acid are both toxic and inhibitory to yeast metabolism, as
exponential increases and decreases in lag phase and growth rates respectively have
been observed as the concentrations of these acids in the medium increase, with
minimum inhibitory concentrations for lactate and acetate around 2.5% (w/v) and 0.6
(w/v) respectively (Narendranath et al., 2001). However, stress in the yeast cells due

to the presence of these acids can be seen at lower concentrations. While both lactic
and acetic acids are inhibitory to yeast metabolism individually, the combined effect
of the two acids is synergistic (Narendranath et al., 2001). The pKa values of lactic
and acetic acids are 3.86 and 4.74 respectively (Narendranath et al., 2001), and as
such, acetic acid can be regarded as more toxic. As fermentation proceeds, the
concentrations of the acids increase and the pH reduces. As pH continues to fall, the
equilibrium between undissociated and dissociated acid shifts towards the
accumulation of undissociated acid, which then enters the yeast cells via passive
diffusion due to the high concentrations of undissociated acid outside the cell. Once
in the cell, the acids dissociate into anions and protons and the latter are pumped out
of the cell by membrane bound H+-ATPase in order to maintain internal pH
homeostasis. The increase in free protons in the medium will further decrease the
external pH thus amplifying the shift in equilibrium towards the accumulation of
undissociated acid, which will then enter the yeast cells. After several cycles of this,
the ability of the yeast to maintain its internal pH is overwhelmed, as 40-60% of the
total cellular ATP will be used to maintain internal pH, resulting in severe depletion
of available ATP for other metabolic purposes such as growth (Narendranath et al.,
2001).

This is the primary mode of inhibition by acetic acid; the yeast cell is

physiologically exhausted by its constant attempts to maintain its cellular pH.
Lactic acid inhibition is by a different mechanism. While lactic acid is technically
less toxic than acetic acid, due to its lower pKa, it is able to severely reduce glucose
uptake by the yeast cells (Narendranath et al., 2001). Upon entering the cell, most of
the undissociated lactic acid remains in the cell, lowering internal pH, and reducing
the activities of key glycolytic and gluconeogenic enzymes (Narendranath et al.,
2001).

This effect was not observed in the sugar profiles of the fermentations

involved in this study, probably because most bacterial growth occurred after yeast
growth.
The production of lactic and acetic acids is also important from the point of view of
formation of important flavour compounds, in particular the ethyl esters of these
acids, ethyl lactate and ethyl acetate. These esters contribute positive, desirable
flavour and aroma notes to malt whisky, and their accumulation is thought to be
influenced by the number and type of LAB present in during fermentations (Watson,

1993; Van Beek and Priest, 2002). The production of ethyl esters of lactate and
acetate in the fermentation wash is carried out primarily by yeast and it may be
inferred that this is an attempt by the yeast to ameliorate the toxic effects of the acids.
In this study, concentrations of ethyl lactate present in the fermentation were directly
related to the lactic acid concentration in all fermentations. However, ethyl acetate
concentration, while proportional to acetic acid concentration in LAB fermentations,
was higher in the control co-fermentation (S. cerevisiae and T. delbrueckii) than in
those containing both yeasts plus additional LAB, indicating potential synergistic
esterase activity between S. cerevisiae and T. delbrueckii that is inhibited by
additional LAB.
In addition to the lactic and acetic acids produced by the LAB, the medium chain fatty
acids (C6 to C12) excreted by yeasts also have inhibitory activity on yeast growth with
the ethyl esters of these fatty acids providing pertinent flavour activity (Viegas et al.,
1989). The fatty acids and corresponding ethyl esters that were of interest in this
study were hexanoic and octanoic acids and their respective ethyl esters.
The concentrations of hexanoic and octanoic acid were not measured in this study
(only the esters were measured), but they are believed to be toxic to yeast cells and
are often detected in sluggish or stuck fermentations and have been implicated in the
premature stoppage of wine fermentations (Bardi et al., 1998). As with weak organic
acids, medium chain fatty acids enter yeast cells in undissociated form via passive
diffusion, and their toxicity is dependent on high ethanol concentrations and low pH.
The solubility of such fatty acids in membrane phospholipids results in their insertion
into the membrane, whereupon they destabilise the membrane against varying
concentration gradients, resulting in the leakage of important cellular compounds,
such as amino acids, thus inhibiting growth (Viegas et al., 1989). It is proposed that
the excretion of medium-chain fatty acids is due to the prevention of unsaturated fatty
acid biosynthesis due to anaerobic conditions, resulting in an increase in saturated
fatty acids in the cell, inhibiting acetyl-CoA carboxylase activity. These fatty acids
are then excreted by the yeast cell and converted to ethyl esters, allowing for the
retrieval of Coenzyme-A from the fatty acid, which is then reabsorbed into the cell
(Bardi et al., 1998). Thus, esterification of medium-chain fatty acids is viewed as a
reaction to anaerobic stress.

The accumulation in fermentation wash of ethyl esters of lactate, acetate, hexanoate,
and octanoate was measured during the course of this study.

Ethyl lactate

accumulation was directly proportional to lactic acid concentration, which in itself
was directly dependent on high numbers of LAB. As such, control fermentations had
lowest ethyl lactate yield, while fermentations containing homofermentative L.
paracasei

produced

the

highest

levels,

and

fermentations

pitched

with

heterofermentative L. brevis produced the least ethyl lactate of those fermentations
with additional LAB.

Fermentations pitched with T. delbrueckii that contained

additional LAB showed elevated concentrations of ethyl lactate, indicating increased
esterase activity and implying the purpose of esterase activity with regard to lactic
acid esterification might be detoxification. Ethyl acetate accumulation was highest in
the LAB fermentation pitched with L. brevis, indicating that ethyl acetate production
is dependent on acetic acid availability
The concentrations of ethyl hexanoate and ethyl octanoate observed at the conclusion
of fermentation were similar to those observed by Bardi et al. (1998), implying that
accumulation of ethyl esters of hexanoate and octanoate is likely a reaction of
anaerobic stress, rather than a direct effort on the part of the yeast to reduce the toxic
effects of hexanoic and octanoic acids.

4.4. Hydroxyl Fatty Acid Production by LAB
The underlying biochemistry behind the production of 10-HSA by LAB remains
unknown. However, literature review of the antagonistic relationships between LAB
and yeast during ethanolic fermentations, and the apparent antifungal properties of
free fatty acids in general, and hydroxyl fatty acids in particular, could indicate that
the production of 10-HSA by LAB is yet another biochemical pathway in LAB that is
geared towards the antagonism of yeast, with the subsequent lactone production in
yeast being regarded as a detoxification mechanism.
4.4.1.

LAB and Yeast Interaction during the Late Stages of Malt Whisky

Fermentation

During the late stages of malt whisky fermentation, the fermentable sugars have been
largely metabolised, primarily by yeast, resulting in a relatively barren environment
for LAB to grow. As a result, LAB will utilise residual sugars and other nutrients
released by yeast cells, which are dying during the later stages of fermentation (Van
Beek and Priest, 2002).

Fluoresence microscopy of malt whisky fermentation

samples has revealed that during the final stages of fermentation the lactobacilli tend
to form long cells and chains and they attach to dying yeast cells, perhaps utilising the
nutrients leaking through the yeast membrane (Van Beek and Priest, 2002). It is
likely that this is the stage of malt whisky fermentation where LAB encounter fatty
acids such as oleic acid, which is a constituent of yeast plasma membranes, and
hydrates them to form 10-HSA (Wanikawa et al., 2000b).
Furthermore, there is evidence to suggest that during the final stages of fermentation
the high concentration of lactic acid results in changes in the fatty acid composition of
the yeast plasma membrane, whereby there is a significant reduction in the presence
of unsaturated fatty acid residues particularly oleic and palmitoleic acids, resulting in
decreased plasma membrane fluidity and reduced stability of H+ATPase
(Narendranath et al., 2001). This effect was not seen in fermentations that had
increased concentrations of acetic acid, and therefore it is likely that decreased pH is
not responsible for the decrease in unsaturated fatty acid residues in the yeast plasma
membrane.

4.4.2. Potential Antifungal Activity of 10-HSA
The antimicrobial activity of fatty acids has been extensively studied.

Short to

medium chain fatty acids such as hexanoic, octanoic and decanoic acids have
antifungal activity through their solubility in plasma membranes, which are then
destabilised reducing their ability to retain the contents of the cell against
concentrations gradients such as pH (Bardi et al., 1998). The monounsaturated fatty
acid cis-9-heptadecanoic acid produced by Pseudozyma flocculosa, a yeast-like
fungus, was shown to have antifungal activity through its incorporation into plasma
membranes and caused increased fluidity, which ultimately led to cytoplasmic

disintegration (Avis and Bélanger, 2001; Carballeira, 2008). Epoxy- and hydroxyl
fatty acids are known to be present in plants, the production of which is regarded as
antifungal in nature (Kato et al., 1984, 1986; Pinot et al., 2000; Magnusson, 2003
Sjörgen et al., 2003).
It has recently been shown that LAB also produce antifungal hydroxyl fatty acids,
particularly 3-hydroxyl fatty acids, which are believed to exhibit a similar mechanism
of antifungal activity to other fatty acids; incorporation of the hydroxyl fatty acid into
the plasma membrane, subsequent destabilisation of the membrane leading to a loss of
retentive abilities, finally culminating in cytoplasmic disintegration and cell death
(Magnusson, 2003; Sjörgen et al., 2003). There have also been reports of 3-hydroxyl
fatty acids inhibiting the release and germination of fungal spores (Magnusson, 2003;
Ström, 2005).
The potential mechanisms of 10-HSA antifungal activity could proceed along similar
lines to the other fatty acids described above. This seems likely given that the
antimicrobial activity of fatty acids is thought to increase with carbon chain length
(Magnusson, 2003). However, it is also possible that the antifungal nature of 10-HSA
is more passive; once 10-HSA has entered the yeast cell, it will be metabolised by the
β-oxidation pathway. Due to the fact that β-oxidation in yeasts is peroxisomal, and
does not proceed via channelization, intermediates of the cycle, of which hydroxyl
fatty acids are a component, begin to accumulate (Endrizzi et al., 1996; Waché et al.,
2001). Therefore, increased 10-HSA accumulation within a yeast cell is likely to
overwhelm and subsequently block the β-oxidation cycle (Endrizzi et al., 1996). As
yeast cells are already under a great deal of stress during the final stages of ethanolic
fermentation, this disruption of one of the microbe’s key metabolic pathways is only
going to place further stress on the cell, and in all likelihood, hasten cell death. The
biochemical purpose for the conversion of hydroxyl fatty acids into lactones by yeast
is currently unknown, but given the potential toxicity of hydroxyl fatty acids during
the final stages of ethanolic fermentation, it may be that the conversion of these fatty
acids into lactones is a means for the yeast to cope with the stress that hydroxyl fatty
acid accumulation places on the cell.

4.5. The Effect of LAB on Congener Composition and Sensory Characteristics
of New Make Scotch Malt Whisky
During the distillation process, volatile compounds produced during fermentation,
many of which are flavour-active, are extracted and concentrated. During this stage,
the rates of many of the chemical reactions are often elevated due to increased heat
and the presence of copper, which acts as a catalyst for ester formation and the
removal of undesirable sulphur notes (Watson, 1993; Palmer, 1997). The primary
congeners in new-make spirit other than ethanol are: higher alcohols, esters, organic
acids, carbonyls, phenols, and sulphur compounds (Watson, 1993; Palmer, 1997), as
well as fatty acids and lactones (Demyttenaere et al., 2003).
In this study, the influence of LAB on the congener composition of new make spirit
was analysed.

The higher alcohols measured were 2-methyl butanol, 3-methyl

butanol, isobutanol, and propanol; the esters included ethyl acetate, ethyl butyrate,
ethyl hexanoate, ethyl lactate, ethyl octanoate, isoamyl acetate, and isobutyl acetate;
the carbonyls were acetaldehyde, acetone, and the diacetyls butanedione and
pentanedione.

Finally the lactones γ-decalactone and γ-dodecalactone were also

measured. Concentrations of phenols, organic acids, sulphur compounds and fatty
acids were not measured. Special attention was paid to lactones, as it is believed that
increased LAB in malt whisky fermentation can lead to elevated concentrations of
these compounds, resulting in the amplification of desirable organoleptic qualities.

4.5.1. General Congener Composition of New-Make Spirit
It has been extensively documented that elevated levels of LAB in malt whisky
fermentation can be highly detrimental to the perceived quality of the resulting spirit
through reduction in ethanol yield (Makanjoula et al., 1992; Narendranath et al.,
1997). However, it is also known that LAB can contribute to positive flavour notes
during late lactic fermentation, primarily due to the elevated production of esters
(Geddes and Rifkin, 1989; Van Beek and Priest, 2002, Campbell, 2003).

The most abundant congeners in new-make spirit are higher alcohols, with an average
concentration in spirit of approximately 2 g l-1 (Lyons, 1999). The composition and
quantities of higher alcohols in the new-make spirit were affected by LAB in my
experiments.

A general reduction was observed in overall higher alcohol

concentration, most noticeable in the analysis of 2-methylbutanol concentration, with
the most marked reduction in yield observed in the spirit fermented with L. plantarum
CY8. Reductions in propanol and isobutanol were also seen in the spirits derived
from LAB fermentations, but these were less pronounced. No definitive conclusions
could be made regarding 3-methylbutanol concentration. Higher alcohols are formed
during the initial 24 h of fermentation by yeast (Geddes and Rifkin, 1989), and as
such, increased LAB during this stage of fermentation is likely to be the cause of
reduced higher alcohol concentration in the spirit, as the differences observed in the
levels of higher alcohols detected in the spirit reflected those detected in the wash at
the end of fermentation. The effects of co-fermentation with T. delbrueckii on general
higher alcohol yield were inconclusive, with the only clear difference being a slight
increase in propanol concentration. Isobutanol and 2-methylbutanol concentrations of
new-make spirit were increased in T. delbrueckii co-fermentations with L. paracasei
CY7 and L. brevis KD1, but remained relatively unchanged in spirit distilled from L.
plantarum AL3 fermentation.
It has been reported that the development of green/grassy notes in malt whisky is
influenced by the presence of higher alcohols and aldehydes, which in turn are
influenced by the presence of wild yeasts (Wanikawa et al. 2002a; Neri 2006), likely
due to lipoxygenase activity.

The only aldehyde measured in this study was

acetaldehyde, of which elevated concentrations were detected in the spirits distilled
from fermentations pitched with L. paracasei CY7 and L. plantarum AL3, which
were increased further by co-fermentation with T. delbrueckii.

The elevated

concentrations of acetaldehyde in both LAB and co-fermented spirits with L.
paracasei CY7 and L. plantarum AL3, combined with the relatively high
concentrations of propanol and isobutanol in L. paracasei CY7 spirits, and 3-methyl
butanol in L. plantarum AL3 spirits, could explain why these spirits scored
significantly higher for green/grassy notes during sensory analysis. However, PCA of
these factors did not fully support this hypothesis; acetaldehyde was closely
associated with green/grassy notes, but not necessarily with the presence of these

notes in the spirits distilled from LAB and co-fermentations pitched with L. paracasei
CY7 and L. plantarum AL3, indicating that it is likely that there are other higher
alcohols and aldehydes present in these spirits, the quantities of which were not
measured in this study, but which also impact on the development of green/grassy
characteristics. Such compounds could include: higher alcohols 1-octen-3-ol, 4heptan-1-ol, and nonan-2-ol; and aldehydes 2(E),6(Z)-nonenal and 2(Z)-nonenal
(Wanikawa et al., 2002a), as well as various cis-, trans-, and saturated isomers of
hexanol and hexanal (Schrader et al., 2004). This association of nonenal is unusual
however, as it has previously been documented that the presence of 2(E)-nonenal, as a
result of lipoxygenase activity, is associated with stale, cardboard-like off notes in
beer (Kuroda et al., 2005; Sovrano et al., 2006). This could indicate that it is the
trans-double bond of 2(E)-nonenal that is responsible for the off-notes, or that its
presence in whisky does not exhibit the same organoleptic quality as it does in beer,
due to the different nature and composition of the two beverages.
The assessment of fruity/estery notes in the new-make spirit did not reveal any
significant differences between spirits distilled from fermentations pitched with
additional LAB and the control spirit that was fermented using solely S. cerevisiae.
This was unexpected given the high concentrations of lactic acid and ethyl lactate
observed in at the conclusion of LAB fermentations relative to the control. However,
analysis of ethyl lactate concentrations in the new-make spirits showed that little of
the ethyl lactate in the wash appeared to be carried over during distillation, as can be
seen in the low concentrations detected in the new-make spirit, all of which were less
than 1 mg l-1 in the LAB-fermented spirits. More surprising was the fact that sensory
evaluation of the co-fermented spirits showed reduced fruity/estery notes in these
spirits relative to their LAB fermented counterparts, despite the increased
concentrations of ethyl lactate in these spirits, reaching as high as 6 mg l-1 in the case
of the L. paracasei CY7 fermented spirit.

This suggests that fruity/estery

organoleptic qualities cannot be simply attributed to one or a few esters but are the
result of complex interactions of numerous esters and similar molecules.
The concentrations of ethyl acetate, the most prominent ester in malt whisky newmake spirit (Neri, 2006) were measured, and it was shown that addition of LAB at the
fermentation stage reduced ethyl acetate concentration relative to control, and that the

accumulation of ethyl acetate in the wash was not directly related to the accumulation
of ethyl acetate in the distillate.
The relationship between wash and spirit concentrations of ethyl hexanoate and ethyl
octanoate was similar to that of ethyl lactate and ethyl acetate, with little apparent
correlation between the concentrations detected at the end of fermentation and the
concentrations detected in the new-make spirit. At the end of fermentation, ethyl
esters of hexanoate and octanoate were higher in the control fermentation (S.
cerevisiae only) than in all other fermentations.

However, there was very little

difference between detected levels in the control and LAB fermented new-make
spirit.

Co-fermentations with T. delbrueckii resulted in reduced yields of ethyl

hexanoate and ethyl octanoate in the new-make spirit.
Much has been made of the benefits of late lactic fermentation in producing a spirit
that is rich in fruity and estery notes (Geddes and Rifkin, 1989; Van Beek and Priest,
2002, Campbell, 2003). However, such benefits could not be seen in this study, as the
increased presence of LAB during fermentation did not result in increased ester
concentration in the new-make spirit, and as such, there was no significant difference
in the perception of fruit/estery notes between any of the spirits. This may be the
difference between distillery processes and lab-scale fermentation/distillation. The
distillation process is likely to have an impact on ester accumulation in the spirit, as
distillation is not simply an extraction stage (Watson, 1993). Many of the chemical
reactions that occur in the fermentation continue at an increased rate during
distillation, and it is likely that there are many other reactions that occur that are yet to
be fully characterised. It may be the case that the majority of esters present in newmake spirit are formed during the distillation process, and that these reactions occur
on an industrial scale but are not so evident on the lab-scale.

4.5.2 γ -Decalactone and γ -Dodecalactone Content of New-Make Spirit
The γ-lactones γ-doecalactone and γ-dodecalactone are widely regarded as potent
flavour compounds, producing highly desirable sweet/fruity and fatty/buttery flavours

(Feron et al., 1996; Wanikawa et al., 2000a, 2000b, 2002b; Waché et al., 2001;
Schrader et al., 2004; Neri, 2006; Schrader, 2007). These molecules currently have a
market price of approximately US $300 per kilogram (Schrader, 2007).
Lactones are known to be present in malt whisky: β-methyl-γ-octalactone is derived
from the oak cask during maturation, and γ-nonalactone is derived from the malt. γDecalactone and γ-dodecalactone, however, are produced during the fermentation,
and concentrated during distillation where they contribute to the development of
pleasant sweet and buttery notes (Wanikawa et al., 2000a).
γ-Decalactone and γ-dodecalactone are typically formed by yeasts through either de
novo synthesis (Endrizzi et al., 1996), or through the biotransfomation of hydroxyl
fatty acid precursors (Endrizzi et al., 1996; Wanikawa et al., 2000b). In malt whisky
fermentations it is the LAB that are believed to be the primary producers of hydroxyl
and keto fatty acids, and as such it was hypothesised that the increased presence of
LAB during fermentation would result in increased yields of γ-decalactone and γdodecalactone through increased accumulation of 10-HSA and 10-KSA (Wanikawa et
al., 2000b, 2002b).
Analysis of γ-decalactone and γ-dodecalactone concentrations in the new-make spirits
showed that increased LAB numbers during malt whisky fermentation increased the
concentrations of γ-decalactone and γ-dodecalactone in the new-make spirit, with cofermentation with the wild yeast T. delbrueckii further increasing the concentration.
This increase in γ-lactone concentration is the most likely cause of the increased
sweet notes observed in both the LAB and co-fermented L. brevis KD1 spirits, further
supported by principal component analysis, which indicated the probable association
of sweet notes with γ-decalactone and γ-dodecalactone, particularly in the cofermented L. brevis KD1 spirit. This is supported by the findings that T. delbrueckii
has high lactone-producing ability (Neri, 2006).
However, given that γ-decalactone and γ-dodecalactone concentrations were also
elevated in the other new-make spirits, it is probable that there were additional factors
and compounds to be considered in the development of the increased sweet note

observed in the L. brevis KD1 spirits. For example, concentrations of butanedione
was higher in the L. brevis KD1 new-make spirits than in the other spirits, and given
the low sensory threshold of this compound and its butterscotch-like aroma, it is
probable that the increased presence of both γ-lactone and butanedione together
contributed to the elevated sweet aroma observed in the L. brevis KD1 new-make
spirits, which may not have been achieved to the same intensity by either compound
individually. Such synergy between congeners in producing specific organoleptic
qualities is likely to impact on the perceived sensory properties of the other new-make
spirits as well. Chemical analysis is currently unable to determine the interactions
that occur between different congeners providing the sensory characteristics of
whisky.

4.6. Conclusions and Future Studies
Of the lactobacilli that dominate the final stages of malt whisky fermentations, it is
those belonging to the species L. brevis, L. paracasei, and L. plantarum that are the
most prevalent. Strains of these bacteria varied in their ability to produce 10-HSA
and 10-KSA through the hydration of oleic acid but the enzymology of the reaction
remains unknown. Similarly, the physiological rationale behind the production of 10HSA and 10-KSA from oleic acid remains unclear. However, there is evidence in the
literature to suggest that these compounds may have potential antifungal properties,
which would benefit the bacteria during competition with yeast for nutrients.
LAB influence the congener composition of new-make spirit through the production
of various metabolites during the later stages of fermentation, the so-called “late
lactic” fermentation, and as such impact on the development of flavour and aroma of
the distillate.
Much of the influence of LAB over congener composition is derived from antagonism
between LAB and yeast during the fermentation stage of malt whisky production,
during which LAB produce organic acids that are converted to esters through yeast
esterase activity and through catalytic transformation during distillation. This study
indicated that fermentations pitched with additional LAB, while increasing the

concentration of organic acids present in the fermentation wash at the conclusion of
fermentation, did not significantly affect the development of fruity/estery notes in the
new-make spirit, indicating that the numbers of LAB in the fermentation and
subsequent production of organic acids, ceases to be an influencing factor over ester
concentration in new-make spirit once a sufficiently high concentration is reached.
Higher numbers of LAB during malt whisky fermentation increased the concentration
of the γ-lactones, γ-decalactone and γ-dodecalactone, through the production of
hydroxyl fatty acid precursors.

The impact of increased concentrations on the

perceived sensory characteristics and organoleptic qualities of new-make spirit was a
significant increase in desirable sweet notes.
Future studies in the field of LAB-yeast interaction in ethanolic fermentations, such as
investigations into the changes in LAB and yeast transcriptomes when the two
organisms are grown together would further elucidate the complex relationships that
exist between microbes during the production of malt whisky and other alcoholic
beverages.
Finally, the isolation and characterization of the LAB enzymes responsible for fatty
acid metabolism, and in particular those responsible for the production of 10-HSA,
would be of great benefit to the distilled beverage industry, as well as LAB research
in general.

