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Abstract

Beer is the second most consumed beverage in the world. The inaeket has changed
drastically in the last decadesspeciallywith the rise of smallscalecraft breweries, driven by the
enthusiasm to experiment with uniqgue and new recipes and cater to a market that appreciates
artisanal products @ y & dzY SNA Q niR &dmplBx flav@uNDrofileslemands abetter
understanding of molecular explanations of how flavour arises in @éer.biochemicatomposition
of beer is complex, comprising hundreds of compoufrdsn different chemical classes arisity
various mechaisms. There are a wide range of analytical approaches that can be implemented to
addzRe 0SS NIaadwin2thé lide &fhighly Befsitive extraction, separation, and detection

methods coupled to multivariate analysis modegsnmergent properties obeer can beevealed

The aim of this PhD thesis is to des@gyhrewing procesbased onmodern brewing practices
take samples at various stages of the progemsdthen to analyse these samples using various mass
spectrometrybased methods and a metalashics workflow.Key compoundgliscriminant to each
brewing stagewere putatively identified discussed, and compared between the methods; the
methods themselves and the workflow implemented was critically assessed, along with their
limitations and relativenerits. The UPLMS approach results shad the most discriminatory power
within sample classesand a larger diversity of chemical classess putatively identified from its
results Alack of foodrelated metabolomicplatforms in the databaseavailablemakesthe deeper

analysiof these resultstill a challenge.

Compounds derived from phenolic amino acids (phenylalanine and tyrosine) show promise as
precursors of flavouactive compounds. The phenylpropanoid pathway that is ubiquitous inglan
andthephenydf @ 0O23aARSA F2dzyR FGdF OKSR G2 YI f in@de Kdza | (

compounds that may be released and transformed during the brewing process.
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1. Chapter 1Generalntroduction

1.1Brewing
Beer is a fermented beverage with a very distinct flavour and mouthfeel, traditionally produced

from the fermentation of malted barley, although other carbohydrate sources may be used, and
flavoured with hops. The main ingredients to produce beer are watatted barley, hops, and yeast;
however,adjuncts in the form of gri liquid extracts or processed grainmmay be used to substitute

certain ingredients, to supplement the process and/or reduce the processing time.

The process of brewing is reafiydiscipline that combines biochemistry, botany, microbiology,
and pure chemistry. Although brewing has been practiced since before 4000 BCE (Moll, 1994), the
concepts from the applied sciences to optimise the process have only been gradually applies for t
past 150 years. Aspects such as: adjusting pH and temperature during the mashing to achieve a more
efficient extraction; controlling the environment during the fermentation to ensure the quality of the
yeast culture; and controlling for undesirable bextal and fungal contaminants, had previously only
been overcome by the empirical and pragmatic efforts of brewers and the intrinsic properties of beer

itself.

For example, brewing has several aspects that make infection difficult (but not impossibée) und
normal circumstances: hops havetmal antimicrobial propertie$De Keukeleire, 2000the pH drops
during fermentation from 5.6.2 to 3.84.0 (Priest and Campbell, 2003); the concentration of CO
rises and further develops the anaerobic conditions; and the concentration of ethanol incredles as
waste product of the fermentation of yeast. Brewers unknowingly evolved the brewing process to
overcome potential infections while their main concerns were others. The main drivers for changing
brewing practices were the availability of the supplibg desire for a better quality product, greater
control and efficiency, economy, and decent proftdditionally, these drivers were limited by
external factors such as consumer preference and government policies about taxation related to

alcohol consumpon.

The overall process diagram of brewing is showFigirel.1, from the handling and preparation
of malt to beer dispense. In brief: malted barleylled to a certain size; then the fermentable sugars
are extractednto the waterthrough a process called mashing; thash is theriiltered into the sweet
wort which is therboiled vigorouslythen during the boiling the hops are added at a speaifiedule
to control for bitterness and aroma; the next step is to cool the hopped wort quickly while preventing
infection; then he boiled wort is whirlpooled to remove suspended solidsansferred into the

fermentation vessel and pitched with the yeast,avé it will continue fermentation for weeks; finally,



the green beer can be filtered or supplemented with agents that aid with clarification before the

packaging and/or dispense method of choice.

IMashing-wort
separation

Wort Clarification

Cooling and
aerating

Fermenting

Aging and

conditoning

Clarification

Biolagical
stahilization

Packaging -
Packaging Cask and hoitled

- conditioned beer
Biological

stabilization

Dispense

Figurel.1 Overview of brewing process (Adapted from Lewis and Young 1995)
1.1.1Barley
As it is barleyHordeum vulgarkis unsuitable for mashing and has to undergo the process of
malting in order to provide the wort with the necesgaenzymes, carbohydrates, and nitrogenous
compounds to ensure a successful fermentation. Malting consists in the controlled germination of the
barley kernel up to a stage where the content of hydrolytic and proteolytic enzymes is stimulated into

biosynthesis and diffuses from the embryo into the endosperm, which will make them able to infuse



into the water during mashing. The protein contémmalting barleyis of 1312% (Baxter and Hughes
2001). By controlling the humidity and time of the germinatiomltsters achieve a desirable degree
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starch to remain intact.

husk
\ distal end

scutellum

aleurone layer starchy endosperm

Figurel.2 Longitudinal sectional vievof a barley grain (left) and Scanning electranicroscopy (SEM) of starch
granules (Sole and Griggs, 2005; Fuwa et al. 1979)

Afterwards, the kilning consists in drying the green malt frorb@% to 35% moisture content
with currents of heated air. The ddjtive of kilning is to stop the germination process while conserving
the integrity of the enzymes produced during the germination. The temperature of the air during the
kilning is controlled in order to produce a wide variety of malts. Lighter kilnedsnfayit to 85 °C)
produce lager beers; higher temperatures {800 °C) give lightly coloured and flavourful pale ale
malts; specialty malts with flavours that range from toff@ed carameto sharp astringent roasted
malts areroastedat much higher temperaftres (200 °C). Kilning is unsurprisingly the most energy

intensive stage of the malting proce@riggs, 1998)

1.1.1.1Malt
Malting barleyis classified as either sigw or two-row based on their grain symmetry and

morphology(Briggs, 1998)Sixrow malt tends to have a thicker husk and higher pmoteontent and

thus a higher starch conversion potential. Malt quality is determined by the choice of grain and the
skill of the maltster. Brewers are concerned with several variables that are used to assess malt quality.
A malt specification sheet will otain these variables in order for the brewer to adjust quantities and
process parameters within their brewing system. These varsaate determined by standard,
laboratory-perfect mashes in where theoretical maximum values can give brewers an idea of the
highest yields possible with that batch of malt and how to optimally use that particulaimmattipes.
Depending on the organization responsible on obtaining these benchmark values (American Society
of Brewing Chemists or the European Brewing Conveptibe units of measurement employed may

vary, but can be mathematically converted.



1.1.1.1.1Base malts
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soluble proteins, conversion enzymes, etc.). Some of the more widely used base malts, in order of
ascending order, are: pilsner, lager, pale, mild, Vienna, and Mumiee last two are closer to the
specialty threshold and are usually used at2B36 of the total grainbill, mostly for flavour

contribution.

1.1.1.1.2Specialty malts
These malts are used to provide the wort with significant colour, flavour, mouthfiedlacoma

and will contribute little to noenzymes for conversion potential. Some of the more widely used
specialty malts are: caramel, crystal, amber, black, roasted, and chocolate. Higher Kkilning

temperatures form increasing numbers of flaveastive compunds product of the Maillard reaction.

1.1.2Yeast
The main yeast species used for brewing§dscharomyces cerevisiahich was first isolated and

named by E. C. Hansen in the 18&)<erevisiaisa unicellular fungughat reproduces asexually and

can live under aerobic or anaerobic conditions (Palmer, 2006). Yeast is responsible for the
fermentation of the wort, during fermentation ethanol and carbon dioxide is produced from the
consumption of carbohydrates in the wort. Alcohol is generated so thay#ast can replenish NAD

and be able to produce energy through glycolysis. Carbon dioxide is released-psodinst of the
transformation of pyruvate into acetaldehyde, the latter is subsequently reduced into ethanol
(Bokulich and Bamforth, 2013).

Theessential properties that brewers look for in yeasts are (Priest and Campbell, 2003):

0 rapid fermentation
0 consistent production of flavour and aroma compounds
0 efficient fermentation, i.e. maximum production of ethanol with minimum production of
biomass
0 resiience to the osmotic stress of fresh wort and finished beer
0 suitable flocculation and sedimentation properties at the end of fermentation
0 high final viability for recovering and use in next fermentation
0 high genetic stability over margenerations.
1.1.3Water

Water is the most abundant ingrediemm beer (up to 90% of beer is waterewers are
interested to brew with water that is suitable for brewing a particular type of beer. Some of the
aspects thafre takeninto consideration foigood brewing water are its hardness and alkalinity. The
amount of dissolved ions affects the efficiency of the extraction of fermentable sagaveell as

desirable and undesirable flavour compounds from the raw materials.



1.1.4Mashing
Mashing consistdn mixing the grist with water at a controlled amount and at a desired

temperature. The grist consists on the combination of milled malt grains, adjuncts, and supplementary

materials.

The amount of water used can vary depending on the mashing method aneédghipment
configuration itself. There is controversy amongst brewers whether which methods are more efficient
at extracting the most fermentable extract as a very large number of enzymes act simultaneously on
the grist and the optimal conditions of adtiw for each enzyme are not the same. Brewers can vary
the mashing regime to achieve certain desired characteristics on the final beer. Ultimately, it is agreed
that much of the characteristics of the wort obtained is much more dependent on the qualite of

malt and on the barley strains from which it is made (Briggs, 2004).

Based on the level of modification in the malt used, brewers can selectively mash through at
different temperatures to get optimal activity of certain enzymes. Some of the most tanuor
enzymes during mashing are proteases (for protein breakdown for free amino nitrogen and haze

reduction), glucanases (for gum conversion), phytases (for mash acidificatianjyl&se (for the
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complex carbohydrates) (Palmer, 2006).



Tablel.1 Enzymatic activity along mashing temperatures

Mashing Enzymes Activity

Temperature Working pH Enzyme Activity
range
35°C 4555 R-glucanase Start
38°C 5.05.5 Phytase Start
40°C 4.65.3 Protease Start
40°C 5.055 R-amylase Start
45°C B-glucanase Peak
4555°C Phytase Peak
50°C Protease Peak
55°C B-glucanse Denatured
56-63°C Phytase Denatured
60°C Protease Weaken
60°C 5.35.7 h-amylase Start
65°C B-amylase Peak
70°C B-amylase Denatured
72°C h-amylase Peak
80°C Protease Denatured
80°C h-amylase Denatured
T(°Q)
70
65
60
55
50
45
40 o PSS
35 ............... e, e
Beta Glucanase

pH 4.5 5.0 5.5

Figurel.3 Typical pH and temperature enzyme ranges during méatapted from(Palmer, 2006)



Some of the most commonly used methods of mashing are:

0 Infusion mashing: Consists on mashing at set temperaturé&$8£) in a nostirred tank for
a period of time (2660 min) to convert the most extract in a thick wort. The saffis then
washed off with sparge arms at a higher temperature-800C).

0 Decoction mashing: Consists on heating up (usually to boiling point) a portibe ofash and
then adding it to the main mash. This method has the advantage of gelatinizing the starch and
making it completely available, however it also affects the DP as the high temperatures
denature the total amount of converting enzymes.

0 Double mashing: consists on addimgnash separately prepared at a higher temperature to

an already orgoingmainmashto create a ramp up in temperature in order to increase the
extract content

Although temperature has the biggest impact during theshing, the following factors also

determine the fermentability of the wort:

0 pH

0 mashing time

0 water/grist ratio
0 mash schedule.
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content of the malt. Malt modification will determine the amount and ratio of starch and enzymes.
Then mashing can be customised to manage the malt in creative wassugh temperature

controlled mashing) so that the optimal fermentable potential can be achieved.

1.1.5Boiling
The boiling phase has several purposes. It is key that the boiling is vigorous and constant so that

any undesirable remaining proteingolyphenols, and other minor components evaporate or
precipitate into insoluble trub (also known as hot break). Boiling achieves chemical, physical, and
microbiological stability of the wort. Near the end of the boiling many brewers implement a technique
known as whirlpooling, which consists in stirring (either by recirculating wort tangentially into the tank
or by stirring manually) the wort to create a vortex that forces the suspended particles to come

together and sink to the bottom of the tank. Thisiactimproves the clarity of the final beer.

1.1.6Hops
Without hops, fermented unhopped malt extract is a very heavy and syrupy beverage that is very

satiating. Hops give beeruniqueand characteristic flavour that increasespedatabilityto consune

in quantity. Hops come from the perennial pladumulus lupulusative to North America, Europe,

and Asia. There are several brewing practices used to infuse the wort with the bitter and aroma
compounds from the hops. Late hopping is performed by bollmgs with the wort, whole hops can

be used but hop products such as extracts and dried pellets are also popular due to their practicality



and resistance to deterioration during storage. Dry hopping is another technique that consists in
adding hops to thavort after it has been cooled, this has the advantage of adding aroma without

further adding bitterness to the final beer.

The resins and essential oils that impart the bitter taste and unique aromas respectively in beer
are contained in the hop cones whi are in the female plant; the female plant is the only one
cultivated commercially. The 0135% of dry weight in hops are essential oils, with a composition of

over 300 organic compounds.

Constituent Percentage by weight
Cellulose and lignin 40.4
Total resins 15
Proteins 15
Water 10
Ash 8
Tannins 4
Fats 3
Pectin 2
Sugars 2
Essential oils 0.5
Amino acids 0.1
Total 100

Hops determine, mostly, the bitterness, hoppy flavour, and foam stability of beer. The bitter taste
02YSa& TFTNRY (K Sacids ZcgntabedEnAti yesir? fiaction) into 4seacids during the
boiling of the wort. Isé'-acids additionally support faa formation and in enough concentration
(enough to give a low pH value) they provide amicrobial properties that enhance the biological
stability of beer, at least to a certain extent, as only giamsitive bacteria are susceptible (Priest &
Campbell 203).

1.1.7Beer design considerations
1.1.7.1Colour
Beer colour is measured by the ASBC in Standard Reference Method (SRM) units or in degrees

Lovibond °L (which are equivalent), in the European system beer colour is expressed according to the
EuropearBrewing Convention (expressed as EBC units). SRM or EBC values are reported by maltsters

and brewers can calculate the estimated beer colour using the following formula:
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Where:

0 SRMare the values of the malts that make up the grain bill

0 M are the amounts of each malt in US pounds

0 Vis the amount of green beer in US gallons made from this grain bill

A formula to convert SRM values to EBC units is:

JOO6 6 pBoYY'YD (ASBC Beer10,
2011)

SRM 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

EBC 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80

Figurel.4 Beer's colour scale
1.1.7.2Moisture Content
Moisture content (MC) is a measure of the malt quality, it shows it underwent a good malting
and kilning process. Low moisturelps to avoid mould growth and the loss of flavour and aroma over
time. Good quality malt ranges from 1.5% to 4%, anything over these range is considered poor quality.
Brewers should take into account the MC to calculate the real extract potential ofbedch or they

may risk varying wort colour, density, and flavour.

1.1.7.3Diastatic power
The diastatic power states the strength of the conversion enzymes in the malt, it is expressed in

°Lintner (sometimes referred to as I0B) and as WK (Win#istttechunits) in the EBC. A higher DP
means higher protein content and thus more enzymes to reduce the starch. British pale ale malts
generally have 385°Lintner, European lager malts around 100°Lintner, and American malts with high
protein can go as high as 1®ntner. The formula to convert WK to °Lintner is:
QU
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These values are used to adjust conversion times of the mashing steps.

1.1.7.4Protein content
Nitrogen content and protein content are usually interchangeable in the context of malting and

brewing, each 1% of nitrogen is equal to 6.25% of protein. Protein values that exceed 12% indicate
that the beer may haze too much or cause lautering problerasabe useful when a lot of adjuncts

are used. Maltsters usually report both the total nitrogen and the soluble nitrogen, expressed as a



percentage of malt weight, these values can then be used to calculate the soluble nitrogen ratio (SNR
%, also known athe Kolbach index) and this is a good measure of malt modification. It needs to be
high enough to give the beer enough body, mouthfeel, to form stable beer foam, and to ensure that
the lack of nitrogenous yeast nutrients does not limit fermentation. Ma#ted in infusion mashing

have SNR values of-3@. Undermodified malts tend not to perform well in a single infusion mash and
are likely to produce thin beers, in these cases, by adding additional rests at lower temperatures, a

better yield can be achieved

1.1.7.5Extract yield measurements
In order to measure the sugar content of wort (measure of fermentability) brewers can track it

by measuring the specific gravity (SG). SG is an intensive property of a substance and it is the ratio of
the density of th& substance at the temperature under consideration to the density of water at a
certain temperature (most commonly at 4°C but in a brewing context it is usually 20°C). SG,

numerically is equal to the density (kg/L) but is denoted as a dimensionless number

In the brewing industry the more typical scale to measure extract is °Plato, which is the percent
solids (w/w) in unfermented worOne degree Plato is approximately 0.004 SG and equals 1 g extract

per 100 g wort.The formula to convert from °Plato gpecific gravity is:

- J
YO P (ASBC Approved Methods)
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Extract yield can be reported in several ways, depending on whether the malt was tested on a
coarse or fine grind (0-2.3 mm are the usual mill gap settingsed), and whether it was done on a
dry basis or as is. When the extract is reported as DBFG (dry basis fine grind) it indicates the maximum
soluble yield possible for the malt adjusted for a uniform 0% moisture content, this can give the brewer
a good iea of the quality of the grain itself. Alternatively, DBCG (dry basis coarse grind) can give a
better indication of the degree of starch conversion that the grain can undergo during a typical
brewhouse mashing. Extract yield can also be reported in légreks per kilogram units (L°/kg). L°/kg
are in specific gravity and one unit means that 1 kg of the material will yield 1 L of wort with a SG of
1.001.

The ASBC provides a formula used to calculate the amount of extract required based on the

desired SG ahe wort and the weight of one barrel of water at 4°C.

~
1 r x7

Ol Mwo ‘IT(@)(E:))(&XASBC Approved Methods)
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Once the amount of extract needed is known, the brewer can calculate how much raw materials
are needed. From the specifications sheet provided the brewer can know realistically how much can
be extracted from the grain and adjust according to its MC if needed. To calculate the amount of
extract required, the total volume of beer, the extract yieldtlodé malt, and the MC of the malt are

required and can be done using the following formula (Lewis and Young 1995):

& G Q6 o 1 KR %’;’m——“gggo ¢ G OtEmI QBE 1RGDHT QU
o 06 0880
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1.1.7.6Eficiency
There are many different ways to measure efficiency in a Brewhouse, depending on where and

when the amount of extract in the wort is measured. The efficiency is the cratipa ratio of the
extract recovered in the kettle (postoil) against the maximum extract potential of the grain
(obtained in laboratory mashes). No brewhouse is 100% efficient as there is always some amount of
soluble mass that the mash is unable torext (Palmer, 2006). The efficiency is a good measure of
the effectiveness of the equipment and to see whether or not grain is being wasted.

A T O Qodd Q& I"@ OL QO W
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The efficiency figure will vary for each batch and depends on the type of wort and how well the
equipment works. An average has to be taken along several batches and then it can be used to adjust

the theoretical mass of malt needed.
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1.1.7.7Hop Utilization
Bitterness is adjusted by international bitterness units (IBU), 1 IBU is equal to 1 m¢j efdits

1 L of beer. The typical range found in beers iQ0BU but exceptional beers with up to 100 IBUs
are not unheard of. Brewers use a simple and pratfmanula to determine the amount of hops to

0 N&id codtdntnfh&ps angl'thep&r&ent bf utilization of said hops. Hop
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utilization is defined as the ratio between the amount ofisb OA R &
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(norrisomerised) in hops usetlvhen using hop conespp utilization rarely exceeds 40Btit other

iKS

hop products like pellets and isomerised extracts that enable higher rates of utilisation. Utilisation is

a function ofseveral factors such as: amount of extratthe wort, humulone solubility, and most

importantly, wort boiling time.
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(Lewis and Yimg 1995)
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Minutes %Utilization

60+ 30
55 29
50 28
45 27
40 25
35 23
30 21
25 19
20 17
15 14
10 10

5 6
0 0

1.1.7.8Selection of yeast strain
In an active yeast datheetsthe specifications of interest to the brewer are:

0

[@]3

O«

O«

Apparent attenuation: It can be reported as high/medium/low or as a percentage (%), it
indicates the degree to which a strain can consume the fermentable carbohydrates in the
wort. Typical values are é8%. Attenuation can also be used to design beers based on
desired relative dryness or sweetness of a beer; less attenuated beers are sweeter due to a
less alcohol to unfermented extract ratio

Fermentation temperature: It is #hoptimum fermentation temperature range, for ale yeasts

it is normally 182°C and for lager yeasts-13°C

Flocculation: It describes the tendency of yeast to aggregate into flocs and sediment out of
the beer, clarifying it. It can be reported as low/nigah/high.

Alcohol tolerance: It is the concentration of alcohol at which the strain can survive. Most
strains have a tolerance in the range e12% ABV.

1.3 The complex nature of beehemistry
Beer is a chemically complex beverage, comprised by rddfgyent chemical classes each of

which can provide beer with various physicakemical properties that can affect its qualiffhe

guality of beer is most importantly dictated by its flavdtaste, aroma, and mouthfeeBy its colour,

and by its ability to keep its properties through time, in other words its flavour stabilger is a

complex mixture of volatile and newolatile componentswhose formation and degradation

mechanisms, their measurement, and control arngeta challenge to fully underesnd.

Briefly, the mostimportant types of reaction mechanisms involved in the formation and

degradation of flavour compounds are:

1 Maillard reaction andhon-enzymatic browning

9 Oxidation of polyphenols and reductones

13



Strecker degradation
Lipidoxidation
Hydrolysis of precursors

Enzymatic reactions
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Yeast metabolism

1.3.1Vicinal diketong
Vicinal diketones (VDK@re compounds thatbove a certain threshold produce stark -off
flavours. Some of the more infamousigll-knownVDKs are 2;Butanediore and 2,3pentanedione

that have a butterscotch and rubbesweet flavour(Hughes and Baxter 2001)

The precursors and mechanisms of formation and degradation of these compounds are well
understood.Diacetyl (2,%utanedione)is a productof the chemical2 EA Rl G A S RS GF ND 2 E& f
I OS2t I OddcaioBydraxyuRyrateé, which are secreted by yeast into the extracellular
environment when there is an excedsring the biosynthetic metabolism ofaline Production of
VDKs is unavoidable, however agténd of the main fermentation and maturatigrhase VDK leval
decrease due to the rassimilation and reduction by yeast into acetoin and-l8anediol,
compounds that have higher flavour thresholds and thus negligible impact on flgvtmilgaard,
1975a; Branyilet al., 2008) Factors that can promote an excess and secretion of precursors are the
yeast pitching and growthate, amino acid content in wort, oxygen content in wort, and amino acid
utilization rate(Verbelenet al,, 2009) By manipulating these factors, brewers can indirectly control

the levels of these offlavours.

1.3.2 Carbohydrates

1.3.2.1 Saccharides
Carbohydrates with less than four glycosil units thie main source of essential carbtmyeast

and responsible for the sweetness in beeredium sized carbohydrates are known as dextrins and
are not generally consumed by yeast, they provide a richer mouthfeel and body to the finished beer
During the initial stages of theermentation, yeast preferentially useglucose and sucrose by
downregulating the genes involved in the uptaékalternative carbon sourcess the fermentation
progresses, and glucosed sucrosedeplete, catabolienetabolism begins to occur amdaltoseand

maltotriose begin to bassimilated CortacereRanfgezet al,, 2003; Briggst al., 2004)

Carbohydratetiaveavaried relative sweetness so the composition and ratithef will dictate
the flavour profiledirectly and indirectlyWorts with a high ratio of glucose and sucrose tend to result
in fermentations with a high concentration of acetate esters, which impart fruity and chemical flavour

characteristics. This is undesirable for brewers and has to be considered when designing mashing
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profiles. How carbohydrates are consumed isiraportant link between tke composition of carbon

sourceand the resulting flavour profiléPriest and Campbell, 2003; Hirst and Richter, 2016)

1.3.2.2 Cell WalPolysaccharides
i -glucansarethe main nonstarchpolysaccharides composed of glucose units that form a linear

backbondinked by (1,3)(1,4) -glycosidic bonds, thegonstitute up to 70% of thbarley endosperm

cell wall and are bound to it by protepolysaccharide and phenekterlinkages’ -glucansmodify

the viscosity whenlissolvelA y ¢ G SNJ Ay | L3INENOYS &idA ApffiecankaMedi ¢ 3 St

effect on wort filtration and lautering, and ultimatelgffects extract yield and haze formatiddinet
al., 2004)i -glucan levels in beer are influenced by malt quality, mash agitation, and the fineness of

grists.

Arabinoxylar(AX)is anothemon-starchpolysaccharide present in barley, it comprises 20% of the
endosperm cell wallAX is composed of two pentoses: xylose and arabiribisese two are arranged
in ai -(1-4)-xylan backbone in which arabinose may be intercalated at thar@?r C3 position.
Additionally, feruloyl ang-coumaroyl groups can be esterified to the arabinofuranosyl residues at
the O5 position. AX is known source of phenolic compounds into(Magbeneden, Van Roest, al,,
2008)

It has been shown thadXis not readily degraded during KS 6 NB ¢ A y JglucaiuBdO S & &
canremain in beer. There have been claims that there are enough levélXiofbeer to provide the

benefits of prebiotic material, but more research is neces@iéanauchi, Ishikura and Bamforth, 2011)

Polysaccharidedegradationduring malting and brewing is divided in two stages: solubilisation
and digestion There are endogenous enzymes known as solubilases that dtiadiarley cell wall
and enable hydrolysis of the polysaccharides into the meditlman glucanases and xylanases can

digest the polysaccharid into oligosaccharides and monomeric uiBamforth 2010)

1.3.3 Fuselalcohols
Fusel alcohols araliphatic and aromatic alcohols that impart subtle aromalsich, when

balanced appropriately, can provide an organoleptic fingerprint of specific fermented beverages. Fusel
alcoholsare products of amino acid catabolism via a pathway proposed in 190FdixEhrlich.Only

the branchedchain amino ads valine, leucine, iseucine, the sulphurcontaining amino acid
methioning andthe aromatic amino acidghenylalanine tyrosine, and tryptophamre metabolised

via de Ehrlich pathwayAn irreversibletansamination othe aminogroupresulia A yketbagidtHat

cannot be reouted into central carbon metabolism, and befatecan beexcreted tothe medium,

yeast converts iinto fusel atohol or fusel acid The amino group ithen translocated into other

structures products of yeast metabolisfiHazelwoocet al., 2008; Hill and Stewart, 2019)

15

A)¢



Therel NB (62 LI K& 2 Tetohdddldthe &livlizhypatidvly aidkaS anabolic
pathway that involves th@ovo synthesisf branchedchain amino acids from gluco¢Edenet al.,

2001; Olaniraret al,, 2017)

Fusel alcohols are a source of flavagtive compoundsThey can have desirable or undesirable
organoleptic properties. In wine and cider, fusel &lols have been described to have pungent,
solventlike aromas in high concentration, whereas in low concentration they can impart fruity
characteristics. Propanol, butanol, and isobutanol have and alcoholic aroma, amyl alcohol and isoamy!|
alcohol have a maipanlike or banana aromg@Hirst and Richter, 2016Fusel alcohols are also an

importantant intermediate in the synthesis pathway of acetate esters.

Amino acid

2- oxoglutarate
glutamate
a-ketoacid

&, CO,

fusel aldehyde

oxidation reduction

fusel acid fusel alcohol

1.3.4Esters
Esters are one of the more volatile group of compounds that give flavour to(Baésoret al.,

2009) Esters are formed by reactions between alcohols atids during yeast fermentatiom;fusel
alcohol and a fatty acid react via catalysis of ester synthBEmefinal concentration of esters in beer

is difficult to predict due to the many factors that affect their synthesis. Substrate availability is
dictated by nitrogen and lipid metabofis within the yeast intracellular environmenthe best
characterisedbster synthase are alcohol acetyl transferases | and 1l (EC 2.3.1.84)attiiity is ruled

by the corresponding genes, which adependenton the fermentation conditions (FAN, oxygen
sugar, and lipid content in wartemperature andfermenter design).Thus brewers have a variety of

options to control ester productiofiVerstreperet al, 2003)

The most abundant ester is ethyl acetate (due to acetyl CoA and ethanol as precursors) but the
most contributor to flavour is isamyl acetatgPriest and Campbell, 2008sters commonly give beer

fruity attributes such as banana, appkider, roses, tropical fruit, arathers(Meilgaard, 1975a)
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1.3.5Aldehydes
These are volatile compounds formed during the processing of amaltbyyeast metabolism

Aldehydes play an important mto theodourand aroma of beer, especially during ageidtdehydes
have been identified to be responsible for green, grassyligeaflavoursin malt kilned at low
temperatures. Additionally, aldehydes can be formed during storage resulting in stelavours.
Aldehydes in beer can be classified into thigpes Strecker aldehydedviaillard aldehydesand
unsaturatedfatty acid oxidation aldehydgfRosset al,, 2014)

1.3.5.1 Oxidation of Fatty Acids
Barley lipids are oxidised during germination to intermediate hydroperoxides by actiaveral

mechanismgs the hydroperoxides are then broken down to flavaative aldehydes during

subsequent processing stages (malt kilting, mashing, boiling, fermentation, beer storage).

Specifically, linolenic (C18:3), linoleic (C18:2), and oleic (C18:1) acid are the precursors with higher
susceptibility to oxidation (in that ordetd hydroperoy fatty acids This three fatty acids make up
70% of the fatty acid content in mgliKobayashet al., 1994)

During wortproduction, unsaturated fatty acids can go through autoxidation due to the high
temperature and the presence of oxygdhreductases are active, the aldehydes will be reduced into
their corresponding alcohols as w@llloir, 1992) The particular flavour profile of a food that has the
same type of enzymatic oxidatioreactions is determined by the set of lipoxygenases and the

resultant variety of aldehydes.

One of the more prominent aldehydes is-@=)onanal, a major offlavour with a cardboard and
papery flavour description and is a product of beer staling. Ageouls are caused by a myriad of
compounds and their formation pathways and control measures are still a major research area

(Vanderhaeget al., 2006)

The amountof aldehydes in malts gets progressively smaller as malt is kilned at higher
temperatures. Green malt and pale malt contain the highest amount and variety of aldehydes, then
they are found in smaller quantities in caramelised and roasted malts. Thisecaxptained by the
inactivation of lipoxygenases at high temperatures. The exception is hexanal axécadenial

oxidation of lipid precursors by lipoxygenases during the malting (germination stage)
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1.35.2 Strecker degradation
The Strecker degradation is a reaction that tmgice between a reducton@n the context of

beer a reducing sugaandanamino acid, it involves a transamination, followed by a decarboxylation

of theh -ketoacid produced, resulting in &naminoketone and an aldehyde with one carbon less than
the initial amino acid Theusualreductones aré -dicarbonyl products of the Maillard reactipbut

they can also be produced by other mechanisms like oxidation of polyphenols and excretions.of yeast
Other streckedlike reactions can occur replacing thedicarbonyl with other reductones such as

saturated carbonyls derived from lipitkgradation ofrom the Maillard reaction.

The composition of these reductonelepends on the set of amino acidkat react with the
reducing sugarérom which they derivein the context of beer and considering the concentrations
and flavour thresholds of the possible aldehydes produced there are only a handful of relevant
aldehydes that contribute to the profile of beer.g 2methylpropanal, 2methylbutanal, 3
methylbutanal, nethional, phenylacetaldehyde, and benzaldehyifoir, 1992; Vanderhaegest al.,

2006; Baeret al,, 2012)

During wort boiling the amino acids leucinispleucine, and phenylalanine go through the
Strecker degradation to form-@iethylbutanal(unripe banana flavouyP-methylbutanal(green grass

flavour) and phenylacetaldehydgoneylike flavour)respectivelyRosset al., 2014)
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1.3.6 Nitrogenous compounds
Nitrogenous compounds in wort include amino acids, ammonium iongndi tripeptides and

proteins Assimilable nitrogen is knowas free amino nitrogen (FAN). For a typical femtaéon 100
140mg of FAML is the minimum content required to achieve complete attenuatiobowever levels

up to the 200250 mg FAN/L are recommended as optimal to achieve a healthy growth phase.
Nitrogenous compounds have a crucial indirect relationshigme flavour profile of the final beef.he
majority of the FAN content is generated during the malting of barley, however some endoproteinases
in malt remain active after kilning and can be activated during the mashing. Mashing regimes of 40
50°C favourthe activity of these endoproteinases and can further increase the FAN content in wort

(Hill and Stewart, 2019)

FAN composition and tal content in wort have a direct correlation with the formation of VDKs,
esters, fusel alcohols, sulphur compounds, dMulllard reaction product€Excess FAN levels can also
have a detrimental effect during fermentation such as undesirable levelsoétyl and fusel alcohols

(Lodoloet al., 2008)

Amino acids are classified according to the sequentialmaaby which they are assimilated and

utilised by yeast.
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GroupA Group B Group C Group D

Fast uptake Intermediate uptake Slow uptake Little or no uptake
Glutamic acid Valine Alanine Proline
Aspartic acid Histidine Glycine

Asparagine Methionine Ammonia

Glutamine Isoluecine Tryptophan

Serine Leucine Phenylalanine

Threonine Tyrosine

Lysine
Arginine

1.3.7 Sulphur compounds
The main sulphurcompoundsthat impact beer flavour: sulphur dioxide, hydrogen sulphide,

dimethyl sulphide, and mercaptabut there are a range of different categories of sulphur compounds
in beer. Most have low flavour thresholdsd thus can have a high impact on the flavourfitgoof

beer.

Hydrogen sulphide and sulphur dioxide influence the metabolism of sulpdntaining amino

acids (cysteine and methionine&penzyme¢CoA biotin, thiamine), and other cellular metabolites.

Dimethyl sulphide (DMS) ke main volatile sulphur compound derived from mais source is
the thermal degradation of Smethylmethionine (SMM) wich itself forms during malting
(germination) DMScan be desirable or undesiralflavour characteristicdepending on the style and
brand;it provides acooked vegetable and sulphur flavour; it reakigh volatility and so its presence
in beer can be controlled by ensuring a vigorous boiling, a healthy fermentation (due to purging by

CQ), and good quality raw materials.

1.3.8 Pherolic compounds
Phenolic compounds are chemical substances with at least one phenol unit. Phenols can be

present n monomeric or polymeric forms. Tipaenol compoundd RSY G AFASR Ay 0SSNRa
be divided in three @b-classes: phenolic acids, famoids, and stilbeneshe majority of them still
uncharacterisedBriggs, 1998)Jp to 80% of the polyphenols in beer can be derived from malt and

the other 20% from hopgAron and Shellhammer, 2010)

Benzoic, cinnaio acids and derivatives can be found as glycasimeother bound forms in malt
andhops, andpartially remairthe brewing procesall the way into beerAlong the malting, mashing,
and fermentation these compounds are broken down from their combined forms or from the cell wall

constituents. They can become soluble by water extradfiaring the mashingr by enzymatic action
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during the making by cinnamoyl esterase and arabinoxylan (AX) hydroldses. xylanase,
arabinofuranosidase, and xylosidagB®ebyser, Derdelinckx and Delcour, 1997; Briggal, 2004;
Vanbeneden, &, et al,, 2008; Callemien and Collin, 2009)

azalt 2F GKSY KI @S KAIK GKNBakKz2fR @I fdzSa | yR
but as they are broken down into smaller more volatile compoutlgsse can have a greater impact
in the flawour, being described as giving beedd JK S¥Y A f|l 8O 2 Nast@(Hapber@&y, Gits,
et al,, 2008) They also have an effect on the colloidal stability of beer, haze formation, and provide
antioxidant properties to beer by preventing the oxidatiofi grecursors to known offlavour
(aldehydes, VDKs, etc3pecificallyp-coumaric acid and ferulic acid can be transformed into the
highly volatileflavour-active phenols 4vinylphenol and 4vinylguaicol(lyuke et al,, 2008) 4VG is
producedby yeast by the decarboxylation of ferulic acid by a decarboxylase encoded in the FBC1 gen
and requires the cofactor produced by the Padl gene, encoded in the subtelomeric region of the right
arm of chromosome 4Galloneet al,, 2018) it can also balecarboxylatedy thermalimpactduring
wort boiling Even though it is known what yeast strains are capable of enzymatic decarboxylation of
phenolic compounds, brewers still experience considerable variations in final phenolic content in
identical production batches, indicating a knowledge ghpow the volatile phenolic compounds are

being released into the wort and be@Vanbeneden, Van Rosst, al.,, 2008)

(e} (0]
S
ROZ | OR RO\/ | OH
NS NS
Cinnamic acids Benzoic acids

1.3.9 Compoundslerived from the Maillard reaction

TheMaillard reaction are all the possible react&that occur after an amine group reacts with a
reducing sugarspecifically an aldose, either a hexose or pentdgesse reactions are also known as
& y yzymatic browning reactiorls  Fage Bhe most important reactions in the cooking process of
foodstuff that give rise to myriad flavowsrctive compounds with various chemical properti€bese

reactions start to occur at 3¢ and pH 4 (Baertet al,, 2012)

The reaction starts with theucleophiliccondensation of aamino group and thearbonyl group
in the reducingcarbohydrate which yields a Schiff base (an unstablee) which th@ undergoes a
spontaneous conformational change known as the Amadori rearrangenf{éatoured by
temperature) and converts into the Amadori produthe intermediate stage of the Maillardaction

comprises the fragmentation of the carbohydrate irgtaliverse range of products and the release of
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the amino group. The final stages of the reaction involve the reintegration of amino compounds either
by dehydration, fission, cyclization or polgnization and the formation of a variety of heterocyclic
products with flavowactive properties. It is important to mention that due the complex factors that
dictate the rate and direction of the reaction (initial reactants, temperature, pH, moistureecoont

the mechanisms involved in the Maillard reaction are still disputed.

Furfural and &hydroxymethylfurfura(5-HMF)are quantitatively the most important heterocyclic
aldehydes in beerfurfural is derived from a pentose aneHBMF from a hexoseThey ag synthesised
during the boiling stage of the mashing process; and their concentration is indicative of the heat load
the wort was subjectedThe reductones produced during the Maillard reaction are involved in the
Strecker degradatiofexplained in more etail in section1.3.5.2 Strecker degradationwhich yields
aldehydes and can also lead to the formation of heterocyclic prodactsbrown nitrogenous

polymers known as melanoidins.
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Figurel1.10 Overview scheme of the Maillard reaction and its products, adapted frévran Boekel, 2006; Baest

al., 2012)
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1.4 Mass Spectrometry for beer analysis

The ASBC hascompendium of standard methods of analysis for various quality markers for raw
ingredients, wort, finished beer, sensory aysis, and even adjunct materials. A vast range of
techniques are used in the ASBC standard methods: gravimetric and volumetric methods,
spectrophotometry, acidic hydrolysisnzymatic methodsliquid, and gas chromatographytc. The
intention of these methods is to provide a reliable reference for the brewing indasidy enable

brewers to track quality markers with a common language.

The ASBC standard methods are extremely useful in the case of measuring specific parameter
and very welknown compounds that affect quality in a certain wdut the greater challengef
flavour analysisesidesin the vast number, complexity, and interrelated nature of compounds found
in beer. To analyse a wide range of flavour compoundsukameously, ew trends of flavour
O2YLRdzyR Iyl teara KI @S -2SyASBEEE S\& cad Beluged ta de8 withtheét S 2 T
large quantites of data generatedCoupling high resolution analytical techniques with powerful
separation methods anthe automatization of sampling methods have enabled the deep analysis of

organic samples in fields of biology and food science.

1.3.4 Principles of mass spectrometry
The basic goal of mass spectromeS)is to generate charged particles (ions) from a sample,
separate them, and detect them based on their mésgharge ratio (m/z); differences in the m/z
detected and its relative abundance can yield valuable quantitative and qualitative information of the
Al YL S$Q& O2YLRAAGAZY ® | Yflthied maAnBrSliohBsduRe, sk A & O3
Fylrfte@aSNE YR RSOUSOG2NI GKS LINIaAaQ Fdzy Od A2y I NE

respectivelyand canoperate under vacuum conditions.

There are many ionisation methods and sources that take advanthgtfferent operating
principles in generalionisation methods are classified as hard or sHfird ionisation methods are
characterised by fragmenting the sam@énalytes into a spectra of charge particles. In contrast, soft
ionisation methods arecthallr OG0 SNAaAaSR o6& Sl @Ay3a (GKS al YL SQa |y
methods have enabled widespread use of MS in the biological sciences. In this project two ionisation
methods were used: electrospray ionisation (ESI) and massisted laser esorption ionisation

(MALDI).

Electrospray ionisations commonly used to detect large, neolatile, chargeableorganic
moleculeshowever, it is still very effective at detecting small polar moleculess considered a very
soft ionisation method thiallows the transfer of ions from solution togas phasgit can be used to

analyse=xtremely small sample volumes diluted in a solveéntthis method, the goal is to form a mist
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with electrically charged droplets small enough to overcoswugface tension interactions with
electrostatic repulsion which then tears the droplets apart, this occurs repeatedly forming smaller and
smaller particles which eventually form isolated gas phase ions. In ESI, mist formation occurs at
atmospheric pressureand can be implemented with virtually any standard solvant] can be easily
coupled to liquid chromatographyhese arekey features that havemade it a highly poglar method
(Gross, 201 7ESIMS tends tgoroduce multiplecharged ions which helps extending the mass range

of the analysis. One major limitation of BM8$ is that molecular structural information cannot be

obtained from the resulting mass spectrum.

In ESI the sample is pumped at a low flow tht®@ugh a capillary at atmospheric pressure until
it reaches the end of the capillary tube; then the sample formseaiscusand the mist is formedy
action ofthe electrostatic field. The charged aerosol is then passed to the mass analyser by means of
a differential pumped interface. The are many design layouts and configurations for these basic
principles; sprays can be introduced at various angles and/or redirected by pumps in a way to deliver
I a0t SFYSNE al YLX S Ayl 2l oéctrsSat atnyobphediciptebslire, theé madss ¢ K A
analyser is at a vacuum and to prevent freezing of the sample during the tranigahmust be

appliedeither at the capillary or by a heated counter current inert gas streasually nitrogen or

helium.
electrodes
meniscus
N
Spray needle capillary it formmation at
atmospheric pressure transfer capillary
] - T ‘ at vacuum
Syringe . °
t - . .

PUMP 2L ol liquid sample A _reX . === to mass analyser
low flow . ® L]

rate

_

Countercurrent
heated inert
gas (nitrogen or
helium)

power supply

There are two main ionisation mechanisms proposed for ESI: the ion evaporation model (IEM)
and the charge residue model (CRM). Low molecular weight compounds are thought to follow the
IEM. Low molecular weight analytes are typically protonated due to kh&rsJt SQa 24y f 2 ¢

assisted by the addition of an orgarmicid, IEM is based on the theory that the electric field imposed
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on a small enough droplet can be strong enough to cause the ejection of the charged analyte from

inside the droplet by overcomingy 4 SN} Ol A2y a 6AGK GKS RNRLX SiQa adz
the gas phasgeady to be analysed by the detector. Whereas high molecular weight compounds such

as proteins follow the CRM model. The CRM model says the charged analyte is reltates gas

phase by the result of the evaporation of the solvent from the drdplatirface towards inside the

droplet, shrinking until only the charged analyte is ([&nermanret al,, 2013)
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Figurel2 The two main ionisation mechanisms during ESI: IEM model showing how analyte molecule is ripped
FNRY gAGKAY (GKS OKINEBSR ylIy2RNRLX Si o0& GKS StSOGNRAaGIGAO 1
evaporates until only the charged analyts left.

It is important to say that ESI is not reallyionising method, the ions are already present in the
sample and E8klivers them into the gas phase and makes them available for detection. In reality ESI

is an ionising interface methgéKandiah and Urban, 2013)

Matrix-assisted laser desorption ionization (MALDI) basic principles of operation and mechargsms

explained in Chapter 3.

1.4.1 Extraction methods

Sample preparation methods can be crucial in determining the success of anjitgtive or

qualitative analysis.

Gas chromatography (GC) methods require special methods of sampling and extraction to isolate
the volatile compounds. Headspace sampling () been widely used ttarget volatile aroma

compoundsHS is commonly coupled witolidphase extraction (SPE), sefidase microextraction
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(SPME), stir bar sorptive extraction (SBSE), and derivatiz&tiaréslglesiaset al, 2015) Out of

these, SPME has become the most popular due to the fact that it is has the advantages of simplicity,
rapidity, solvent elimination, high sensitivity (capable of detagtppb levels), high reproducibility,
requires a small sample volume, lower cost, and can be auton(@edacereRanfgezet al., 2003;

Silva, Augusto and Poppi, 2008; Tian, 20$0)ne of thedisadvantagesf using SPME are that the

fibre is fragile, and volatility of analytes may vary so some derivatization may still be needed.

To targeta wide range ofhon-volatile compounds, liquitiquid extractionis the method of
choice. By using solvents, polar and woiar aralytes will sepaate into phases based on their
solubility. This method of extraction has thelisadvantagesof being timeconsuming and

environmentally unfriendly.

1.4.2 Chromatographic methods

Gas chromatography coupled to a flame ionization detectorf(B] or a mass sptrometer (GE
MS) are currently the most widely used methods to analyse voldatiéeour compounds in beer.
Another popular method to detect aroma compounds is-@actometry (G€), although some
authors claim it is not enough to identify key compoutliat explain the hoppy aroma character in
beer. GC basednethods are capable afeparating and measuringthers, esters, organic acids,
aldehydes, ketones, alcohols, sulphur compounds, hydrocarbons, and aromatic compounds

simultaneouslyBernotienéet al,, 2004 Sterckx, Saison and Delvaux, 2010)

There are many studies applyinBPMEGCGMS to characterize the volatile profile and
differentiate between bottom and top fermenting yeastéRossiet al, 2014) alcoholic and non

alcoholic beergAndrésiglesiaset al,, 2014) beer and its raw material&Soncalvet al., 2014)

Electrospray ionization mass spectrometry {ES) has been used to analyse different types of
beers and has provemtbe a promising method for beer quality contféradjoet al., 2005; Almeida
et al,, 2006) Several studies on the profiling and tracking of select metabolites that are representative
of beeraginghave been done by the research group of the Colorado State Univ@tstibergeret
al., 2012) their findings have shown that the purinendethylthioadenosine (8MTA) plays an
important role in the stability of bedtavour (Heubergelet al., 2016)

1.4.3 Metabolomis approach

G¢KS YSGlFro2t2YS Aa FT2N¥xlffe RSTAYSR a GKS
OKSYAOIfa GKFIG OFy 0SS F2@E¢hR, 202) It ihcluddsSekdgenous and |y
endogenous species ingested or synthesized. It is the study of every compound present in the

biological sample. The small molecule aspect refers to anything <1500hBacomplexity of the
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metabolome can quickly rise wheell type, tissue, and environmental conditions can greatly alter its
composition. It is important to report experimental conditions as exactly as pos$hemain goal of

metabolomics is to formulate knowledge from the features or patterns obtained flandata.
There are twaapproachedor generatingmetabolic data(Wishart, 2008)

1 Chemometric approachntargeted profilingg samples are analysed and thefrectral patterns
and intensities are recorded, then they are statistically compared and used to reveal the
spectial features that distinguish sample classes. These statistical comparisons and feature
identification techniques usually nvolve unsupervised clusteringand/or supervised
classification allows an unbiased analysis

1 Quantitative metabolomics/targeted prdiing approactt, the focus is to identify or quantify as
YIye O2YLRdzyRa Ay (GKS &FYLXS |a LI2aaArofSod ¢ KA
spectrum to a spectral reference library obtained from pure compounds. Once the constituent
compounds are idatified and quantified, the data can then Ipeocessed to identifjmportant
biomarkers or informative metabolomics pathways. Depending on objectives and instrumental
capacity, quantitative metabolomics may be either targeted (selective to certain classes

compounds) or comprehensive (covering all or almost all detectable metabolites).

Both approaches have their advantages and disadvantages, but depending on the analytical
method used,metabolomicsbased studies can allow the simultaneous characterizatiof large
numbers of chemicalén biological sample matrice§.argeted profiling can take a considerable

amount of time because the identification of compoundsrianost casesa manual process.

1.4.3.1 Multivariate statistical analysis

Multivariate analysis(MVA) is an important tool used inmetabolomics For unsupervised
clusteringprincipal component analysis (PG&\usedPCA is a statistical technique used to transfer a
data space of high dimension into a featured space of lower dimension while retaining the most
significant features, this allows to visually assess the data and find patterns within the data set. Other
advantages of dimensionally reducing the data are that the data can be manipulated more easily, and
the data is compressed so it can be stored in less space. This technique is useful when many variables
are associated with a sample. PCA will find axis (compgshéhat will explain most of the variability

in the data set wher¢hese axesre completely orthogonal from each other.

Afterwards, a superviseclassificatiormustbe done to find out in a more objective manner how
much difference there is between thgatterns or sample clusters identified by the PCA. Partial least

squares discriminant analysis (H&) is an algorithm commonly used in theprecessing stages for
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the classification of sample classéBarker and Rayens, 2003; Brereton and Lloyd, 2014¢
disaiminant analysis will help revealing the variables that are driving the separation between the
clusters. While the unsupervised approach allows for an unbiased projection of the data set, the
supervised approach requires the input of class informationvisied by the userto guide the
algorithm into maximum separation. That is why the PCA needs to be done and interpreted
beforehand.Score plots can be extracted from the model that will tell us which variables have the
largest discriminatory poweiOnce thevariables with the most significant discriminatory power are

identified, inferences and hypothesis can be formulated.

There are countless approadthat can be done usingetabolomicdechniques, and each study
has its own aim.Traditionally, GBS haseen the gold standard to analyse beer and profile its small
molecule composition. Now, numerous studies have been published using modern approaches and
workflows (Heubergeret al,, 2012; Broecklingt al., 2014; Viviaret al, 2016; Bettenhausest al.,
2018) There is no clear standard way of approaching the studyeef, eachstudy uses a different
combination of preparation methods, analytical method, and data processéigods.Depending on

the aim of the study and the experimental design used the resulting metabolome can vary

In this project, three different MS methods were used to analyse.lda&LDIMS and DESIMS
were compared first; their main difference being the ionisation method and the sample preparation
involved. And lastly UPHES was used, which is the same ionisation method &3NS but is now
coupled to a separation method fre the analysis; this technique was used in hopes of being able
to use state of the art data processing algorithms which results can be easily imported into metabolic

pathway databases.
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1.4Thesis ams

Firstly, a brewing process will be designed and standardised lmasbtewing practices used in
Sheffield, UK. The brew will be analysed using ti&CASandard methods of analysis and samples will
be taken at key stages of the brewing proce&dditionall, a flavour and metabolome database of

beer and its ingredients will be developed.

In chapter 3 MALEMS and DMS will be used to analyse the brewing samples. A metabolomics
workflow will beapplied to the data generatedVhat compounds are identifiedsing an untargeted

approach using an optimised method for small molecules found in wort and beer?

In chapter 4JALGMS will be used to analgghe brewing samples. A metabolomics workflow will

be applied to the data generated. Metabolitesliquid form wil be targeted and identified.

The objective of this thesis is to develop and implement an analytical approach using mass
ALISOGNRYSONRO (SOKYyAldzSa IyR | YSidlroz2t2yAada
composition, this can lead tolzetter understanding of how flavour arises in beén this thesigt has
been chosen texclude the influence of hop derived flavotar avoid the added complexity in the

analysis
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2. Chapter 2 Development ofa brewing processand sampling
methodfor metabolomics aalysis

2.1Introduction
For centuries, much like many other food preparations, brewing has been considered a

specialised craft almost hold to the same level as making art. Brewers have created a distinct identity
separate from conventional academia, perlsdgecause of fears of demystifying some of the practical
knowledge they have acquired of their craft for years. L@sginginstitutions have a tendency of
adopting new technologyt a slow pace, and sometimes only when the market pressure is so

overwhelmring that there is no other choice if they want to continue existing.

The newly emergent market for craft brewing calls for a deepelerstandingf the mechanisms
that rule the formation of flavour in beer. While brewers can in practice controtti@acteristicof
their product in general terms, it is by using techniques that are questionable in terms of fundamental
operating principles. A clear example is the method by which brewers utilise the hops. The amount of
hops to be used is a function tiie alphaacid content (alphacid being the main precursor of
bittering compounds in beer) and the boiling time. The boiling time then dictates the degree of
Gdzi A £ AT | indstby based KnkuSida rate (from the hop to the wort) and conversioneaat
(thermal isomemgation), but in the scientific literature there is no mentiofthe correlation between
them. Ultimately, while brewers do have in appearance extensive theoretical guidance, brewers
assess the quality of their products by means of exgpere, pragmatism, and their own subjective

tastes.

Although hops have had a big influence on the rise of the craft industry, there are countless
ONBgSNE GKIFIdG adlryR o0& GKS T OG (O KBriggsetval, 2004) A & G KS
And although the use of base malt is already controlled in brewing it is done based on the total amount
of extraction of mass possible into the wort. This extraction comes with hundreds of compounds each
of which may have different implications to the final beer quafdply when using specialty malts are
the flavour characteristics of the grain taken into consideration even though base malt also carries

many relevanflavourcompounds.

The complex nat8 2F 06SSNNR& OKSYAaldNER KIFa I fstddeRe 0SS
basedapproach that can tackle the challenge at hand. Currgahtymain analytical methods used to
assess specific compounds in beer are focused on avoidifigwstir or undesied descriptors. These
methods make sense from a quality control perspective. However, in the future it would be greatly
desired to have analytical methods that can measure desired or favourable flavour in beer. The easiest

way would be for a specific flaundescriptor to come from a single compound, but the reality is much

31



more complicatedThis why ametabolomicsbasedapproach makes sense adirstapproach, as it
allows us taanalysea complicatel matrix and represent chemomet profiles in \gually neaningful
ways.These testganopen up research areas that can be further studied to pinpoint key compounds
which can then be targeted withpecific analytical techniques and were infusion and reaction rate

models can be developed to accurately prediavéiur characteristics in beer.

Maris Otter is a twerow variety of barley popularly used by craft brewess.the beginning of
this research some breweries were visited in theaewé Sheffield to talk to the brewers about their
practices. It was noted thanost of the brewers used the Maris Otter variety for their craft aldaris
Otteris praised for its low nitrogen content, flavour, and suitability for brewing. By now, it has earned
its status as a heritage variety and recently celebrated it #nest. It has been selected in this
study as a sample in order to find a possible explanation for its characteifispicaised flavour
(Malting Barley Characteristics for Craft Brew&@14; Herlet al,, 2017)

A mashing regime will be designed based @tasmdard methodand will beusedin subsequent

methodsto evaluae the extractable malt chemical profile.

The purpose of this chapter is to develop a consistent brewing metstacting from the milling
of the malted grain, followed by a customised mashmegime, and ending with a controlled
fermentation. The brew will beharacterised by traditional brewing methodsd its physical chemical
parameters measured to assdgsconsistency and reproducibilibAlso, samples will be taken at key
points of theprocess points in time where the brewing theory dictates that a change in wort and/or
beer composition is supposed tppen The samples will then bsuitably stored for subsequent

technical analysis.

2.2Materials and methods
2.2.1 Brewing

Brewing pradteswere choserwith the objective ofgetting small samples (1 mL) at key stages
thought to be crucial in flavour developmeinta practical and easy way. The equipment used allowed
for easy manipulation of the brewing stages and also for multiple batichles produced at the same
time. An important consideration was to getansistent brew and a gal quality samplefor analysis.
The following procedure was established as the most consistent and convenient to obtain the brewing

samples.

Standardization of the mill setting was done accordingASBC Mald). 50 g of malt were
weighed to the nearest single kernel and then milled through a previoledyed mill. After grinding

the remains on the rollers were brushed clean and added to the milled graanground malt was
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then put into the top sieve (largest mesh size) stacked on a column of standard sieves of several mesh
sizes ranging from 4 mm t®@@um. The sieves were then mechanically shaken for exactly 3 minutes.
Afterwards the grist remaining on each pan was weighlegending on the amount found at a certain

particle sizehe grindis classified as fine or coarse.

Sample wortwas obtained thraogh a modified version of the ASBC hot steep malt evaluation
method (ASBC sensoryanalydis The mashing profileras designed to obtain wort with a variety of
fermentable carbohydrates by targeting the optimum temperature range-afylase and -amylase.
The experimental brew was unhoppéal ¥ 2 Odza 2y G KS YI f 60poof{ XShlae yQuaaG S
Pale Ale Mari©tter base malt was ground in a gristmill with an aluminium unibody and stainless steel
NREfSNI YIydzZFl OGdzZNER o0& apufirfsidleNdire nytoi Had aplaced i K Sy K ¢
1L stainless steel insulated container and 500 mL of 67°C dyinkiter poured in. The container was
capped and shaken vigorously for 20 seconds. The mixture was left for the first mashing step of 30
min, after which the temperature was measured at 64°C. The resulting wort was poured into a beaker,
heated to 75°C, poed back into the insulated container, capped, shaken, and left 15 min for the
second mashing step; at the end the temperature of the wort was measured at 72°C. The procedure
was repeated by heating the wort to 81°C, mash for 10 min, and measuring tempeedtthe end
at 78°C. Finally, the wort was boiled for 60 min and cooled to 24°C, transferred to a 500 ml glass media
bottle adapted with a bunghole and an airloakd pitched with 350 mg of dry yeast Safal@4snd
fermented in a controlled temperare room at 22Cfor 14 days This procedure was done three

times.

1 mL samples were taken using a 1 mL micropipette, wort samples were stored as is and
fermented samples were centrifuged 4000 rpm for 5 mio remove suspended yeagSamples were
taken at the end of each mashing step and labelled M64, M72, M78, MB and then sto#&@f @t
Throughout the fermentation samples were taken each day up until the fifth day and then one at the
fourteenth day and lablled F1, F2, F3, F4, F5, and F14. A diagram of the mashing profile and sampling
points is shown irFigure2.2. Samples that required analysis for plgatchemical parameters was

done the same dain triplicatesafter samplingMS samples were stored é80°C until needed.

Physicathemical parameters of thérewing samplewere measured according to the ASBC
Standard Methods of Analysis. Specificadllcohol, real extract, colour, pH, and specific gravity were
measured bymethods (ASBC beeta, beerba, beerlOa, beerd, and beer2a) respectively Cell
concentration and viability was afysed according tpASBC yeast).

SG was measured using a 25 mL-Basac pycnometeirom BLAUBRANDG@librated to a

measured volume of 25.112 éniThis pycnometer was used to measure the weight of 25.112 mL
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samples in order taalculate density and then obtain SG by comparing against the density of distilled
water calculated by measuring its weight in the same pycnometer & B was calculated using

the formula;

Alcohol by weight measurements of the fermented samples were measured by distillation
following (ASBC beeta). The method in detail is the following: 150 mL of fermented sasplere
degassed and attemperated in a temperature controlled ultrasonic water bath 16 #0en the SG
was measured using the pycnometer. 100 mL of fermented sample were poured into a distilling flask
and collocated in the distilling apparatus showirigure2.1. The sample was distilled into a receiving
flask for 1 hr until approximately 90 mL of distillate were collected to ensure all alcohol was distilled.
The distllate attemperated to 20Cand topped up to a total of 100 mL. The SG of the distillate and of
the dealcoholized beer were measured using the pycnometer. Then, usingathles Related to
Determinations on Wort, Beer, and Brewing Sugars and SYAgBRJ echnical Committe, 2011t)e

alcohol by volume and alcohol by weiglgrcentages were obtained.

g i S A

Figure2.1 Picture of the distilling apparatus used for alcohaleasurements
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Real extract was then calculated using the formula where G is mass of extract in 100 g of
solution of dealcoholized beer in graifsSBC be€esa):

02 YO

YO YO0

The apparent and real degree of fermentation were calculated using the following formulas
(ASBC bees):

000

Zp T YOO z

8 z
Where OG is original gravityiRato, FG is final gravity iflato, and RE is calculated real extract.
Beer colour was measured according to (ASBC-bea)y. A fullyfermented sample was
decarbonated and centrifuged to eliminate turbidity. Then, absorbance was measured in a calibrated

spectrophotometer at a wavelength of 430 nm in 1 cm square cuvettes. Beer colour is determined by

the formula:
6 Q@i & OMYD p &26270
Where 12.7 is the conversion factor when using 1 cm cuvettes instead of ¥ in cuvettes, F is the

dilution factor in case turbidity cannot be achieved easily, and A is the absorbance measured at 430

nm.

pH was measured according to (ASEEr-9). Samples were degassed and centrifuged, then
dzaAy3a I OFftAONIGSR LI YSGSNE LI gtk a YSFAdZNBR F2f

Microscopic yeast cell counting was done according to (ASBC4)eAstample was taken each
day during the fermerdtion and viable yeast cells were counted using a haemocytometer from Sigma
l'f RNAOK F2ft2¢gAy3 GKS YI ydzZFl OGdzZNENRA AyaidNUHzOGA 2y

All physicathemical parameters were measured in triplicate for all three experimental

replicates.
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2.4Resuls and disassion

Sieve Mesh Size Crushed grain (g)
4 mm 0.53+0.24
2mm 25.03 £ 0.47
1 mm 10.2 £0.37
600 um 4.63+£0.17
500 um 0.7 £ 0.00
200 um 3.1+0.08
Bottom 4.27 £ 0.05
100 A
O
:J 801 M78
é 60 M64
% 40
[
204 MB
0 0 100 150
Time (min)

The sieving resultéTable2.1) indicate a fine grinding settings the grist collected at the mesh
size of 60Qum is between 4.5 and 5.5 Brewing practices in conventional mash tuns traditionally
dictate that a course grind should be used for the grain. The grinding of the grain exposes the starchy
O2y Syt AyaAaARS GKS YIfdQa whieh gsuallyisilkadedziyrbwesS | G A y 3
by recirculating the wort within the mashing vessel. The grist acts as a natural filter and thus improving
the clarity of the wort. In this setting a fine grind was chosen because a fine nylon bag was used to
filter any insoluble particleanda finer grind will yield a better extraction of malt metabolites into the

wort.

The physicathemical parameters of the experimental brews were measured at each time point
sampled.The original gravity was measured at 1.052, which is a typical value of extract found in pale
ale recipegDornbusch, 2010)

The fermentable extract appears to be consumed almost entirely by the third day, with no

significant changes occurring in any parameter save for pH afted#yqTable2.2). The rate at which

36



the yeast reaches its maximum concentration and quickly drops by the third day of fermentation
shows an unusually fast fermentatioifhe rapid fermerdtion can be explained by the fact that
despite the fermentation temperature being within the recommended range by the yeast

manufacturer it is in the higher limit of that range and thus increasing the metabolic rate of the yeast.

The pH keeps changing tp the fourteenth day Figure2.3). This suggests that the chemical
makeup of the brew is still changing despite its physib@mical parameters and viable cell count
remaining constantlt can also be explained by yeast dgdling as the population has depleted the
nutrients available and has started dying. The experiment was continued to this late stage to compare

the evolution of metabolites against the earlier samples.

Sample pH SG °Plato ABW % ABV % RDF % RE% Colour
M64 5.69 + 0.05
M72 5.56 = 0.07
M78 5.53 +0.03
MB 5.36 + 0.071.052 + 0.003 12.89 0 0 0 12.88 +0.68

F1 3.77 £0.061.037 + 0.0059.381 1.39 +0.311.83 + 0.4023.29 + 5.6610.06 + 1.13
F2 3.42 £ 0.091.014 + 0.001 3.585 3.86 + 0.284.96 *+ 0.3659.74 + 1.51 5.39 + 0.27
F3 3.34 £0.161.010 £ 0.001 2.726 4.25 + 0.185.43 + 0.2365.13 + 1.45 4.70 + 0.42
F4 3.35+0.111.010 £ 0.000 2.76 4.11 + 0.265.26 + 0.3364.44 + 0.34 4.67 = 0.22
F5 3.44 £ 0.121.009 + 0.001 2.526 4.34 + 0.305.54 + 0.3966.26 + 1.57 4.54 + 0.27
F14 3.87 £ 0.061.009 + 0.001 2.404 4.51 + 0.275.66 *+ 0.3466.48 + 0.62 4.52 + 0.26 5.80 + 0.17

Sample Cell Concentration Viability
(cells/ml) %

MB* 1.056E+07 1.232E+06 96.08
F1 3.335E+07 1.625E+06 98.49
F2 2.307E+06 3.242E+05 96.40
F3 8.025E+05 1.557E+05 92.25
F4 3.150E+05 8.042E+04 92.53
F5 1.175E+05 1.947E+04 81.75

F14 1.525E+05 8.860E+04 73.96
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2.5Conclusions

The brewing practice described in thibapter resulted in a convenient and fast method to
produce a well extracted wort and beer representative of modern brewing pracitgslso oented
towards analysis with mass spectrometiyhe physicathemicalparameterswere measured and
showed the onsistency and reproducibility needed to confidently sample a representative sample of
each stage in the brewing proceSamples of 2 mivere taken andtored in cryetubes at-80°C. This
samples will then be analysed by various mass spectrometric tashsignd submitted to a
metabolomics workflowThe beer compound database developed will be used to process the data

generated.
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3. Chapter3: Untargeted metabolomicaalysis of brewing samples
using matrix-assisted laser desorption/ionizatiorg mass
spectranetry and direct injection electreionisation ¢ mass
spectrometry

3.1Introduction

The brewing samples obtained in ChaptemBst contain a progression in terms of chemical
composition according to the brewing theadgscribed in Chapter 1. The complexfithe sample is
poses a challenge in obtaining a holistic representation of the chemical composition of beer. Many
different varieties of chemical compounds interact in complex reaction pathways and so the origins of
many of the organoleptic properties beerremainrelatively unknown. Novel analytical approaches

that can detect new chemical classes can help guide research in the right direction.

Matrix-assisted laser desorption/ionization (MALDI) is a method of soft ionization in mass
spectrometry, usally time-of-flight (TOFMS).It consists in mixing the sample with a matrix with very
specific physicathemical properties with the intent of aiding ionization, and an organic solvent that
allows polar and no#polar molecules to dissolve into the solution. Afterwards, the mixture asteg
onto a metal plate and the solvent evaporates leaving the sample and matciystallized; the plate

is then loaded to the machine where in a vacuum chamber $ag&f will ablate the sample spots.

Rapid evaporation

. of matrix molecules
Incident

|laser beam +/-

lon formation due .
Protonated sample/matrix molecule
to electron and
proton transfers
(pl)e A0

Sample and matrix
co-crystallised on
metal plate

D Matrix crystal

©® Embedded sample molecule

Figure3.1 Simplified drawing of the operating principles during MALDIhe drawing shows the laser hitting the
matrix:sample crystal lattice, the mergy absorption, ionisationand formation of molecular ions

Reproducibility of MALDI is a known issue where the same analysis protocol can output different
mass spectra when applied in a different setting and so MALDI protocols have been mostly developed
empirically through trial and error. Sample preparation ikey aspect, which involves several
G NRFOAfAGE a2dNOS&a &dzOK & YIFIGNRE OK2A0S3z (KS
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concentrations of the solutions. Another key aspect is the calibration of the MS, which involves the
laser characteristics shcas wavelength, spatiahode, and temporal pulse shap@enobi and
Knochenmuss, 1998; Karas and Krlger, 2088jne of its advantages are relatively low sample

requirements, sensitivity, and straigfdrward mixture analysis.

The laser usually shoots several times at the laser gpat predefined pattern because the
matrix-sample mixture spotted is not homogenous due to the polarity differences that lead to uneven

solubilisationof the substances during exrystallization.

MALDIMS has been used to analyse beer and its ingredierferé (Schulte, Flaschel and
Niehaus, 2016)The study consisted inpmoteomics study to analyse the adaptation of f@ims during
long storage periodsvhere theinterest wasin uncoveringthe composition of haze proteome and
ultimately better understandhe colloidal stability of beefhe authorconcluded that the detectable
proteins correlated with haze formation contain multiple species of beer proteins rather than the
hypothesised predominance of prolamins.d., hordeins). Maillard related reactions have been

proposed as an explanation to tliepletion of prolamins during storage of beer.

MALDiIMShas been usetb develop a method to measure the oligosaccharides in i@arket
al., 2012) They compared 3 matrices derived from dihydroxybenzoic @ziB), varied the dilution
factor, and compared different cationization agemasfind the optimal conditions for ionization and
quality of spectra. They concluded the isomer -BBIB, a dilution factor of 4, and NaCl as the

cationization agent provided the best results for the analysis of oligosaccharides in beer.

Characterization of the brewing process usingMS(Vivianet al, 2016) They were able to
differentiate the stages of the brewing process and identify key compounds present at each stage. A
variety of carbohydrates were identified in accordanaéth the brewing process and phenolic
compounds related to catechin and gallic acid in the fermentation stBige.conclusion of this study
was that using direct injection EBIS proved to be a suitable armbnvenientmethod of assessing
quality of beer during its production stages allowing for quality assurance at various stages of the

process.

There is extensive research on targeted analytical methods to monitor the kinetics of known
flavour compounds. Thentargeted approaches are sparse and not toedépth regarding the
biochemical pathways of flavour formation. The majority of the research islemepilager type malt
and beer and not much on tefermenting all grain ale bedAndréslglesiaset al., 2014; Spevacedt
al., 2016)

40



The aim of this chapter is to perform and optimiseo MS methods to obtain a discriminant
metabolic profile of an unhopped wort and beer produced from a heritage pale ale base malt (Maris

Otter variety).

MALDIMS has not been used to examine the low molecular weight metabolites in beer. In this
chapter a method will be developeging MALDMS that will have good ion yields and reproducibility
to gain access to new classof compounds present in beer brewedrfr a heritage pale ale malt
variety (Maris Otter).The procedure to process brewing samples by MAUSIwent through an
optimisationprocessdescribed irthe Appendi® ¢ KS F2ft f 26Ay3 SELISNAYSy il f
result of the optimisation procesgdditionally adirect injection EEBMS method will be developed in
parallel in order to compare the resulting chemometric profiles and asses the relative merits of each

approach.

3.2Materials and methods

3.2.1MALDIMS

After -80°C storage, samples waseepared for MS analysis by freeze drying for 3 days, then the
remaining organics were dissolved in 10I070:30 v/v methanol:water solution and vortexed until
there were no suspended solids. Then the samples were diluted 100 fold in the methanol:water
solution. "-Cyane4-hydroxycinnamic aciqCHCA)Sigma Aldrich, UK solution (5mg/mL) with
methanol and 0.1%rifluoroacetic acidas a cationization agent was used as the matrix. Theh, 1
spot per sample of a mixture of 1.1 v/v (sample:matrix) was loaded intovaelitarget plate and
allowed to crystallise on a heating block at 60°C. Tlgeerimental replicates werdivided and
spotted into three technical replicates of each sampbed spotted in a random sequence.
Phenylalanindmonoisotopic mas$65.0789 Dawas used as a lock mass for mass drift correcimh
instrument calibration Sample preparation and conditions were optimised based on previous tests

described in the Appendix.

The MALDTOFMS analysis was done in a SynaptNE2 (Waters Corporation, UKih both
positive and negative ionization mode. Samples were scanned in a rangel@afB6én/z with ascan
time of 120 sec/spot. The laser energy was set at @@@rnal units)in a spiral pattern with a firing

rate of 1000 Hz and.N\vas used as the carrier gas.
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The Synapt G2 system has the following specifications according to the manufacturer:

Specification Value

Operation mode (detector) a)Timeof-flight (TOF) mode
b) Mobility- TOF mode

TOF Mass resolution a) Sensitivity mode; 10,000 FWHMfull width half maximum)
b) Resolution mode 20,000 FWHM
c)Highresolution modeg 40,000 FWHM
d)MALDI resolution mode 16,000 FWHM
€)MALDI high resolution mode32,000 FWHM

Positive lon MS sensitivity a)Sensitivity mode; 1700 ions/s @ 10,000 resolution
b) Resolution mode 850 ions/s @ 20,00fesolution
¢)EDQ; 1000 ions/s @ 20,000 resolution

Negative lon MS sensitivity a) Sensitivity mode 1800 ions/s @ 10,000 resolution
b) Resolution mode 900 ions/s @ 20,000 resolution

Mass scale calibration accura At high resolution mode <1 ppm avihe range of 15B800m/z
Mass measurement accurac At high resolution mode better than 1 ppm

Mass range The TOF mass range is:
a)Resolution mode @100,000m/z
b) High resolution mode 20-32,000m/z

Acquisition rate 20 scans/s
Dynamic range At high resolution mode, defined as the rarmgfepeakintensities

that will give better than 3 ppm accurate mass for 10 s of dat
>4 orders of magnitude

3.2.2DKMS

Three experimental tewing samples were taken directly from tH&0°C storage and diluted to
80% ethanol:20% sample. Then 2 mL aliquots were centrifuged at 140000 rpm for 10 min. Afterwards,
the supernatant was transferred to a new centrifuge tube and centrifuged again at the same
conditions as above. Finally, the supematwas transferred to a new Eppendorf tube and mixed in
a 1:1 ratio with a 50% methanol: 50% distilled water solution and 1% formicAdcahemicals were

sourced from Sigma Aldrich, UK.
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Biological samplewere injected into a QStar ElitelS System(Applied Biosystems)which was
previously calibrate by the technical staff usingfadimethoxine(monoisotopic mas810.0735 as a

standard, in a random ordeunderthe followingoperatingparameters:

Specifications Value/Type

Component Hybrid Quadrupole
Timeof-FlightMS

Source type Turbo spray
Source temperature 200°C
Vacuum gauge 10e5 Torr
Injection manifold Direct injection
Syringediameter 2.3 mm
Flow rate 10 pL/min
Sample Acq duration 12 min
Scan polarity Positive mode
TOF mass range 50-1200 Da
Calibration standard Sulfadimethoxine

Of the 12 min of data acquisitiothree 30 s intervals of stablgignal wereselectedusingthe
software Analyst QS 2.MarkerViewt (SCIEXinto peak listsThe QStar Elite MS system has the

following specifications:

Parameters Value
Operation mode (detector) Hybrid quadrupole timef-flight
Flow rate precision <1 nL/min

Mass resolution in positive ion mode 8,000 FWHM @ 82%/z
10,000 FWHM @ 1,168/z

Minimum accumulation time 100 ms
Mass accuracy 5 ppm
Mass range 50-40,000m/z
Physical dimensions Width 160 cm

Height 107 cm
Weight 592 kg
Depth 79 cm

3.2.3 Datapre-processing and multivariate analysis
In both massspectrometry runs he resulting spectra were visualised and peak corrected in
MassLynx 4.0 (Waters Ltd). Noise reduction, normalization, and binning was performed as described

by (Overyet al, 2004)using a Visual Basic macro in Microsoft Excel (Microsoft Corp, USA). Triplicate
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samples are combinetb eliminate false positive peaks, only peaks that are present in all three
replicates are preserved. To determine which peaks are elgnit¢éo each other a linear function is

used to define an acceptable mass variance. For positive ionisation mode the equation @sed is,

31 Tt Ttax ordt 11 ¢ and for negative ionisation modey Tt T TTAx or@t T T Wherey is the

standard deviation of the theemasses anglis the mean of the three masses. After a peak is selected

Fa F GNXzS LRaAaAGAGSET GKS YlFraasSaQ AyaSyaiaidaarsSa | NB
Ay SIOK NBLXAOFGS FyR I RRSR (2 3thaksnbdDanuwrse | 2C
NBadzZ GAy3 LISH] tAadQa &adl GA waskdé ih SINOMSUrdexi&y G | YR
Sweden)The resulting peak list from the pyrocessing algorithm was transposed and imported into

SIMCA so that thenass bins are the independent variable and the sample label (e.g. M64, F1, etc.)

are the dependent variabl&hen, thedataset was Pareto scaled teduce the relative effect of peaks

with high relative intensity while partially retaining the data struct(Méorley and Powers, 2018his

is done to have a higher discriminating power on changes of intensity that are otherwise too small to
detect. Then, adducts related to the matrix (CHCA) were removed from thesdatdhen, the PCA

was done using the defilt parameters provided by the software, depending on the results of the PCA,
sample labels were inputted, and OFDS executed. The ORD& outputs loading scores which were

arranged in column plots and arranged in increasing order, the top discringniaitis were selected

for annotation and analysis; this step was performed for each sample label identified.

3.2.4Development of a beer flavour compound database to use with MS data

The processing and functional interpretation of untargeted metabuts data is a noticeable
bottleneck in current research pipelines. Many methods for peak identificatigmectral
deconvolution, and peak annotation have been developed withgbal of streamlining the analysis;
regardinghe first two tasks, some excetiemethods have been developed which cariput practical
da{ LISIF1 f Aa&aiapeak ambiRtidhmusté doBe bynfarudilysearching through
relevant compound and spectral databas&herefore,it was decided to create a database focused

on grainand yeast derived flavour compounds present in beer.

The ASBGeerflavour database was used as a starting poliis database originally contained
574 unique entries of compounds found in beer. Each compound has its chemical name, synonyms,
formula, aveage molecular weight, flavour descriptors, concentration range, flavour thresholds,
flavour units, threshold in water, formation/description, compound class, and CAS nuifitier.
databasewas expanded, updated, and curated by scraping data from 49 acagempers to a total of
1,041 unique entries. Additional information was added: the monoisotopic mass, method of
analysis/detection, extraction method, source sample, HMDB ID, KEGG ID, asichptdied
molecularinput line-entry system(SMILESyasaddedto the database.

44



The new set of information added to the database can be used to identify molecular/parent ions
and its adducts from MS spectral data by comparing monoisotopic mass and calculated adduct ion
masses. HMDB ID represents a unique number iflentin the Human Metabolome Database
(www.hmdb.cg, which is one of the most comprehensive databases today that can be used to analyse
metabolomics data sets specificaWishartet al, 2007, 2018) Additionally the HMDB acts as a
GLI NByidé RIEGFEOFAS T2N 2iKSNhyeastMetabdloyhé Baiabiaseda LIS OA F
(YMDB)Jewisoret al,, 2012; Ramireaonaet al, 2017)and the FooDBaww.foodb.cg. HMDB and
KEGG ID entries were added, as much of its data can be downloaded and then used in other dependant
applications for things such as pathway analysis, enrichment analysis, spectral analysis, biomarker

analysis, etc. The database developed can be accessetbamioaded at:

3.3Results
3.3.1MALDIMS

Sample spotting and loadirfgr both positive and negative mode runssulted in homogenous
spots that crystalized in less than 1 mifhe total ion counts TIQ for both ionization modes
consistently resulted in values over LECcounts(Figure3.3), high and consistent TIC indiea goal
guality mass spectrum fingerprirdnd good reproducibility is a key factor in the discriminatory
potential of profiling methodgQiaoet al, 2009) The spectra appear consistent among samples by
visual inspection (data shown in the Appendix). The matrix peaks were in general the most abundant
but did not completely dominate over the rest indicating a good mégaimple ratio in the spot and

ionisation efficiency.
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Figure3.3 Sum ptal ion count (TIC)n positive (blue) and negative(orange)ionisation mode (MALDMS)

The positiveY 2 RS & | Y LI S Zoeeralt statter pidb (34180% & the variance explained)
followed the progression of the process as the wort samples clustered in the right section of the plot
and the fermented samples clustered the left side Figure3.4). Another PCA (42.9% of the variance
explained) was applied to the pfermented samples and it revealed a subtle progression of the
mashing process, with lower temperature samplesjgeting on the top side of the plot and higher
temperature samples on the bottom rightigure3.6). Another PCA (39.6% of the variance explained)
was done on the posfermented samples and it also hints at a subtle progression between time
points, as less fermented samplegd on the top side of the plot and more fermented samples on the
bottom (Figure3.5).
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Discrete clusters for each samgdeint could not be identified. Despite the subtle progression of
the samples taken from the wort mashing and during each fermentation day there was considerable
overlap between them in the PCASor the previous reason®PLSA was only applied to compare
between the prefermentation and posfermentation samplesKigure3.7) classes as there was not a
significant distinctiorwithin the prefermentation and posfermentation samples to justify further

valid interrogation of the dat@/Worley and Powers, 2016)
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Figure3.7 OPLSDA scoe scatter plot(positive mode)

For the negative mode runhé resultingPCAoverall scatter plot (47.62% of the variance
explained) followed the progression of the process as the wort samples were primarily plotted on the
left side, except for one M64 rdipate; the fermented samples clustered, mainly, on the right side but
a fewoverlapwith the wort samplesKigure3.8). Another PCA (43.8% of the iaace explained) was
applied to the posfermentation samples and it shows no clear groups or patterns, the samples are
spread all over the ploFjgure3.9). Another PCA (47.86% of the variance explained) was done on the
pre-fermentation samples and it shows a clear progression between time points, as lower
temperature samples are on the right and higher temperature samplepraigressively to the left of

the plot Figure3.10).

As with the positive mode runQPLSDA was only applied to compare between the Jre
fermentation and postfermentation samplesKigue 3.11) classes as there was not a significant
distinction amongst the préermentation and posfermentation samges to justify further valid

interrogation of the datgWorley and Powers, 2016)
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Positive mode Negative mode

Prefermentation Postfermentation
(Table7.1) (Table7.2) Prefermentation Postfermentation

175.0 551.4 N/A* 144.0
265.0 552.4 189.0
381.0 567.4 311.0
496.4 581.4 333.0
543.2 582.2 343.0
543.4 582.4 375.0
713.4 583.4 387.0
714.4 595.4 431.0
743.4 597.4 576.0
744.4 598.4 604.0
773.4 611.4 620.0
775.4 612.4 621.0

613.4 779.2

808.0

The OPLBA revealed the top discriminating bins between the -faementation and post
fermentation samples in both positive and negative ionisation mddeable3.4) and for full loadings
score visualised iRigure3.12, Figure3.13, Figure3.14, andFigure3.15. The top discriminating bins
chosen to be associated to each sample<k® enclosed in black boxdke top discriminating bins
were chosen based on an apparent statistical significance and the standard deviation clearly showing

the bin detected is not present in the other sample class

A visual inspection of the spectrai the MS in negative mode shows not much discrimination
from the prefermentation and posfermentation samplegFigure7.20, Figure7.21, Figure7.22,
Figure7.23). There was also poor ionisation yield when compared to the positive nieiderg3.3).
Themost abundantpeaksat m/z 93.0172 and 188.0168orrespond to thematrix [M-2H] and [M-H]
adducs respectively;these two peaks have notably higher relative abundance throughout all the
samplesitigure?.20, Figure7.21, Figure7.22, Figure?7.23), especially the peak at/z 188.1035. While
there is a high amount of TIC in H8bde, it appears that the matrix is not fulfilling its purpose of
providing a charge to the sample, this chea inferred by the low intensity peaks throughout the
spectrum tested when compared to the matrix peakhe chosen matrix is not suitable for negative
ionisation mode mass spectrometry. For a better ionisation efficiency in negative mode samples
should bealkalized instead and nucleophile such @&Aminoacridineshould be used to deprotonate

the sampleduring the laser ablatioand produce negative adductgenobi and Knochenmuss, 1998)
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No further interrogation of the data set is recommeaytti No further tests with other matrices were

done due to lack of interest, funding, and time.

The results are corroborated by the MVA where no bins were discriminating enough to explain
the small variance between the sample gro@pgure3.15and Table3.4). For these reasons, the data
obtained from the negative mode MS will not be processed furtlrerther research in negative

jonisation mode was not conducted due to time constraints.

3.3.2DKMS

Theoverall PCA showed two distinct clusters of experimental samples, distinguished betwee
the prefermentation and posfermentation samples, and with a total variance explained of 82.4%
(Figure3.16). The PC2 (28.3% of the variance expéalh followed the progression of the brewing
process as the mashing samples clustered on the top and the beer samples clustered on the bottom

of the plot.

Supervised clustering was applied to the two clusters identified and the top most statistically

signficant discriminating bins for each sample class were identifiegli(e3.18, Figure3.19).
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Figure3.16 Overall PCA score scatter plot I-ESIMS
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3.3.3Statistical significance of the relative abundance between sample classes

The relative abundance of the discriminant oivas subjectedot at-testin order to determine
whether or not there is a significant difference between the sample classes. Despite the identification
of the mostdiscriminantbins through the supervised multivariate analysis, it is necessary to use a
quantitative measte to determine the significance of each bin. { { dzRt&sywafused The
results can be seen ifable3.5, Figure3.20, andFigure3.21 for MALDIMS. In general, all except one
identified bin resulted statistically different. The bin 613.4 was-sigmificant with a p = 0.3.

Bin p value t df Bin p value t df
175 <0.0001 6.334 28 551.4 <0.0001 8.355 28
265 <0.0001 7.011 28 552.4 <0.0001 7.954 28
381 <0.0001 6.566 28 567.4 <0.0001 5.378 28
496.4 <0.0001 9.35 28 581.4 <0.0001 8.287 28
543.2 0.0001 4.505 28 582.2 0.001 3.693 28
543.4 <0.0001 7.403 28 582.4 <0.0001 7.059 28
713.4 <0.0001 7.089 28 583.4 <0.0001 5.008 28
714.4 <0.0001 6.979 28 595.4 0.04 2.154 28
743.4 0.0298 2.289 28 597.4 <0.0001 8.719 28
744.4 <0.0001 4.645 28 598.4 0.0007 3.83 28
773.4 <0.0001 8.914 28 611.4 <0.0001 15.58 28
775.4 0.0316 2.263 28 612.4 <0.0001 23.84 28
613.4 0.3 1.056 28

The results for the BESIMS can be seen ihable3.6, Figure3.22, andFigure3.23. Overall, all

bins identified were statistically different between sample classes.
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Bin p value t df
120 0.0001 4.41 28
381 0.0003 4.073 28
382 0.0002 4.238 28
383 0.0003 4.183 28
474.2 <0.0001 6.171 28
496.2 <0.0001 10.4 28
497.2 <0.0001 10.76 28
520.2 <0.0001 10.83 28
522.2 <0.0001 9.091 28
534.2 <0.0001 9.388 28
535.2 <0.0001 9.097 28
558.2 <0.0001 9.719 28

Bin p value t df
58 0.0003 4.175 28
70 <0.0001 4.563 28
152 <0.0001 8.45 28
258 <0.0001 6.427 28
268 <0.0001 7.286 28
280 <0.0001 8.108 28
296 0.0004 3.976 28
309.2 <0.0001 8.305 28
322 <0.0001 4.659 28
407 <0.0001 5.428 28
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3.3.4Data processing and putative identificat@frdiscriminant compounds
After data preprocessing, the discriminant features obtained from eacha®~ere annotated

usingthe internal database developed, the HMDB, FooDB, and YMDB

The MALDMS (positive mode)and DIMS data resulted in discriminant bins for each sample
class. All the masses detected in each discriminant bin were considered and searched for in three
reference compound databases: the-houseflavour database previously developed, FooDB, and
YMDB. An important assumption made during the annotation processtaaonsider the detected
masses as either the molecular/parent ion of potassium [M+ispdium [M+Naf, and hydrogen
[M+HJ*adducts only. The molecular weight tolerance a8 ppm.The ppm threshold foidentifying
compounds used in MS is not a measaf concentration as it is traditionally used in chemistry, but a
measure of the difference in the mass detected as a function of the mass exp@&biisdorocess of
identification corresponds to a level 2 according to the Metabolomics Standard Init{&iveneret
al., 2007) Level 2 annotation is when only one analytical measurement matches to the candidate
compound, in this casie adducQ @/z. The full lists of putatively identified compounds can be seen
in the Appendix(Table7.1, Table7.2, Table7.3, Table7.4).

Chemical classification of putatively identified compounds was done via the ClassyFiraseeb
applicdion for automated structural classification of chemical entiti®oumbou Feunangt al,
2016)Ay 6 KSNB SIOK O2YLIRdzyRQa {alL[9{ 6l a AyLdziidSR
category was chosen from the classification sectfarthermore,in order to simplify and reduce the
number of categories required to be plotted and analysed some compounds were lumped together

into ahigher parent class

Afterwards, the matching tables of compounds were shortened through a manual process of
elimination based on how contextually relevant each compound may be to the sample (wort and
beer).The criteria used to shorten the list was whether the compound was found in cereal plants like
wheat, barley, oats, etc.; product of roasting, baking, cooking, e#tl;rblevant flavour descriptors;
or is a product of fermentation or detected in alcoholic beverad®gh this additional shortlisting
LINEOSaa o0lFaSR 2y NBtS@IryOS G2 GKS alyYLiES (GKS Lk
LJ2 & A (Wistad, £011)
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For the MALDMS run prefermentation sample class total of68 compounds were putatively
identified belonging to22 distinct chemical classe$he compounds range from carbohydrates,
phenolic conpounds, nitrogenous compounds, lipids, carbonyl compounds, and sulphur compounds.

The overall distribution can be seenRigure3.24.
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Figure3.24 MALDIMS prefermentation chemical clasproportional distribution of putatively identified
compounds Outer ringshow the chemical class and inner ring shows the parent class.
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For the MALDMS runpostfermentation sample class, total 76compounds were putatively
identified belonging td 4 distinct chemical classes. The compounds range from phenolic compounds,

nitrogenous compoundsndlipids. The overall distribution can be seerrigure3.25.
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Figure3.25 MALDIMS post-fermentation chemical clasproportional distribution of putatively identified
compounds Outer ring show the chemical class and inner ring shows the parent class.
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For the DIMS run prefermentation sample class, a total of 69 compounds wputatively
identified belonging to 24 distinct chemical classes. The compounds range from carbohydrates,
phenolic compounds, nitrogenous compounds, lipids, and carbonyl compounds. The overall

distribution can be seen iRigure3.26.
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Figure3.26 DFESIMS prefermentation chemical clasproportional distribution of putatively identified
compounds Outer ring show the chemical class and inner ring shows the parent class.
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For the DIMS run postfermentation sample class, a total d¢fl compounds were putatively
identified belonging to25 distinct chemical classes. The compounds range from carbohydrates,
phenolic compounds, nitrogenous compounds, lipgigphur compoundsand carbonyl compounds.

The overall distribution can be seenHigure3.27.
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Figure3.27 DI-ESIMS post-fermentation chemical clasproportional distribution of putatively identified
compounds Outer ringshow the chemical class and inner ring shows the parent class.

It is important to state that the distribution of chemical classes previously showed includes
isomeric forms of compounds identified in each discriminant bin and therefore does not represent a
real proportion of the chemical diversity of each sample class in absolute terms. There is no reason to
believe all isomers are present in the sample or even a single one. The selection of contextually
relevant compounds in each bin went through a procek&limination that is entirely subject to
individual criteria and bias. This fact is unavoidable with the nature of the data obtained as no other

targeted experiments were conducted to confirm the identity of the discriminant bins.

3.4Discussion
The bewing method developed in thierewingchapter was designed and sampled in a way that
would allow the elucidation of the chemical compositiorwairt and beer throughout keystages in

the brewing process. The PCA of both techniques resulted in only twolesapters (labelled pre
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fermentation and posfermentation) instead of the expected ten sample classes. These resajts

be explained several ways. It could be that the sampling -tiimelow chosen is too long and the
changes are happening in a shortan¢ interval; this can be inferred by how the physicla¢mical
parameters measured in Chapter 2 remain relatively constant after the F1 saltngdelld also mean
that the binning algorithm used to pxgrocess the MS raw data is masking the subtle chaagesgst
metabolites with similaim/z which is highly likely in compounds that are consecutive in reaction

pathways.

However, the MVA and data processing workflow implemented was successful in the
identification of statistically significanbins discrimirant for each sample clas3he significant
differences between the two sample classes is also evident in the changes of relative %TIC of the
discriminant mass bins. In both MS methods the separation between sample classes can be
confidently tied to the agbn of the yeast and its metabolism. This can be inferred by the reduction of
the carbohydrates in the overall distribution between the pa@d postfermentation sample classes
in both MS runsA clear example is the reduction ofmaltose (identified ifbin 381) which is the main
source of carbon in yeast metaboliskowever, other mechanisms should also be in play in order to

explain the rise and fall of thether chemical classes identified.

The two MS techniquegesulted on a markedly difference in the proportion of discriminant
chemical classes identifiedhis shows a clear ionisation preference between both techniqlies.
logic behind the structuring of thdiscussion is to use the variation in the chemical class promsrtio
found in each discriminant class and try to find interactidoetween the putatively identified
compoundshat arerelevant in the formation or degradation of flavour compounds relevant to beer
and wort. The relative intensities detected in the MS rwere not taken into consideration as an
indication of importance or significance because the role each flavour compound has is related to its
flavour threshold and concentration. Relative intensity can be used to indirectlp getasure of
abundance in tB sample but since no calibration curve was used with pure standards no
concentration data can be calculated from the dé@ame compounds putatively identified could not
be discussed in deeper detail because no relevant explanations and interaction®edaidd in the

literature relevant to flavour formation in beer, wort, or other related foods.

In bin 551, 56 {Table7.2) the lipidbiomoleculescomprisedd0% prefermentation class an85%
of the postfermentation compounds in the MALIMS. Incontrast to the reduction from 19% to 10%
found in the pre and postfermentation samples respectively in the Bl15.Most of the unique classes
within the lipids are sempolar amphipathiccompounds with various functional grougsonsidering

the knowledge known of beer biochemistry, the results obtained for the MAM® postfermented
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membrane debris present in the sample; either by using an uncentrifuged sample with a significant

amount of yeast cells suspended in the sample or by cell membrane debris.

Various size tri- and diacylglycerols which are associated with the phosplwblipetabolic
pathway in yeastLipid content in beer is associated with potentiaHidfvour and staling compound

formation through various oxidation pathways.

Carbonyl compounds were a small percentage of the compounds detected in both techniques.
They comprised 1% of the pfermentation samples in both MS runs. Their proportion rose to 15% in
the postfermentation samples in the EMS. However there were no carbonyl compounds
discriminant for the MALEMS postfermented samples;tiis surprising that carbonyl compounds
were not iderified in this sample class as it is well known that carbonyl compoarelgroduct of
lipid oxidation and yeast metabolism aace present in beefVanderhaegemt al., 2006; Olaniraret
al., 2017) Fatty acid esters were identified in bins 152 and 3(Jable7.4) ethyl-2-butenoateand
ethyl pentadecanoate respectively; these are volatile compounds product of yeast metabolism
(reactions between ethanol and carboxylic fatty acig&h typically pleasant sweet aroma&.keto
acid @-Keto-3-methylvalerate and the aldehydd-Acetamidobutanalere also identified in bin 152
(Table 7.4) and are involved in the Strecker degradation. thep notable carbonyl compound
identifiedin bin 258(Table7.4) is pantothenic acid, a known vitamin and essential nutrient present in
many foods; it is a precursor the synthesis of coenzym& and is important in the characteristic

bitter, astringent, and salty flavour of yeast.

Nitrogenous compounds comprised 19% and 26% of the compounds identified in the pre
fermented samples in MALIMS and DMS respectively. As with the carbonyl compounds the
nitrogenouscompounds werénconsistentbetween the two MS runs. Their proportionegy to 44%
in the DIMS and decreased to 1% in the MAIMS.

The majority of the nitrogenous compounds detected are products of the Maillard reaSoone
arespecifically derived from reactigmvolving prolineand 5methylfurfural bins184(Table7.3), 258
(Table7.4), and 309.4Table7.4). While the heteroaromatics identified do not have reported flavour
descriptors, Bmethylfurfural is a flavouring ingredient witimond, caramel, burngndspiceflavours
(Yahya, Linforth and Cook, 2014¥ derivatives detected in bin 184 may potentially have similar

flavour descriptors and have not been previously identified in wort or beer.

The phenolic compoundsomprised 22% and 32% of the proportion of identified compounds of

pre-fermented samples in MALIMS and DMS respectively; in both MS runs the proportion
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decreased to 4% and 12%he phenolic compounds identifiede varied and participate in different

metabolic pathways.

Compounds involved in the lignin biosynthesis were found in bin 381 anladik7.1 andTable
7.3) both in prefermented samples. Coniferin is a glucoside of coniferyl alcamdMatairesinoside
areintermediatesin cell wall lignification fond in many foods and vegetabléghese compounds have
not been previosly identified in beer and are most likely released during malting and could play a
role in the colloidal stability of beer by interacting with peptides and affecting the haze inBeggs
et al, 2004)

Several compounds related to hydroxycinnamic acids have been identified. Glucocaffeic acid
(identified in bin 381)Table7.3) is a hydroxycinnamic acid (from caffeic acid) attached to a glycosyl
moiety with astringent, sour, and bitter flavour descripto@affeoyl tyrosingdentified in bin 382
(Table7.3) is a cinnamic acid amiderobably formed by the reaction between tyrosine and caffeic
acid through an uknown mechanism during mashirfgeruloylquinic acididentified in bin 407 BMS
post-fermentation)(Table7.4), is a quinic acid derivative esterified to ferulic atids compound has
been identified but not quantified in barley and cofiduke, 2016)Ferulic acid is a known flavour
precursor known to be releaseffom the polysaccharide arabinoxylaoy action of cinnamoyl
esteraseqEC 3.1.1.73)he trimer2'-(E}Feruloyt3-(arabinosylxyloseyas also identified in bin 497.2
(Table7.3) which has the xylose and arabinose residuéss unexpected to find two apparently
unrelated ferulic acid¢opolymers one with quinic acid andne with the already well known pentose
residues from the AX main structure; this would suggest that theoild beanother source of ferulic
acid from which it is being solubilised and released into vesrthat quinic acid and ferulic acid

(derived from AX) are interacting during the maktough anunknown mechanism

In bin 175 and 265T@ble7.1) several flavour active compounds were identfified. Two isomers of
hydroxyphenylacetic acid, which has no flavouoparties reported, were identified along with
phenylacetic acid which hasvet, floral, flower, honey, sweetndwaxyproperties. Phenylacetic acid
is the product of the dehydration reaction of hydroxyphenylacetic acid during the metabolism of
tyrosine during yeast fermentationd-Ethylguaiacolvas also identified, it is product of the reduction
of 4-vinylguaiacol which is the product of the decarboxylation of ferulic acid,; it is surprising to find the
end product of this flavour formation pathway in aedermented sample which confirms that
enzymatic activity and/or thermal degradatipand not only yeast fermentatigrcan produce this

flavour active compounds.

Hydroxycinnamic acids are product of the metabolism of aromatic amino acids like phenylalanine

and tyrosine and are part of thehenylpropanoidmetabolism which is ubiquitous in plants. These
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compounds are known to play an important role in the process of ripening fruits by affectiing the
firmness, colour, taste, aroma, and textu(&ingh, Rastogi and Dwivedi, 201®s they are,
hydroxycinnamic acids do not have relevant flavdascriptors but are precursors of potent flavour
compounds once they undergo decarboxylation. Decarboxylation of hydroxycinnamic acids can occur

by thermal degradation during malting and boiling or by the action of yeast fermentation, specifically

the PG-+ phenotype ofSaccharomyces cerevisiaad Brettanomyces/DekkergHeresztyn, 1986;

Cabritaet al., 2012) The mechanisms by whithese compound§ Yy R dzLJ Ay 62Nl FyR 6 S
makeup are poorly understood. The phenolic glycosides identified in this experiment could be initial

steps into what are the precursors of the hydroxycinnamic acids in wort and beer.

The sulphur compoundsomprised 1% of the prermented samples in the MALIMIS run and
were not identified in the BMS run; paradoxically they were not identified in the plsimented
samples in the MALBMIS run and comprised 12% in theMd$ run. In bin 152 and 268 sevetahzole
compounds were identified with notable flavour properties. -B#énethyt1,3thiazole, 2Ethyt1,3
thiazole, and Zacetyt2-thiazoline have bread, chip, corn, nutty, popcorn, potato, roast, taco, and
toasted flavour descriptors and are reportedtyund in yeast extract. The formation nteamnism is
probably the Maillard reaction, specifically the condensation of dicarbonyls derived from proline with

hydrogen sulphide.

It is surprising that ethanol was not detected as a discriminant compound forptst
fermentation samplesn either of the MSrur® 9 I KI y 2 f Q& (ari@ manyickthgr &nownR R dzO (i &
flavour compounds in beeryould fall inside the scanned range of-5200 Da. It could be explained
08 SOGKIy2ftQa f2¢ @ L3 dzNJ HethvlBeivdlaiNBALDIVMRhadj adzle@ | G Sy F

ionisation preference towards relatively larger compounds

It is important to remember that the MAL-BIS sample preparation and analaysiags optimized
based on the TIC with the intention of detecting the largest number of metabolites disregarding
molecular size or tendency to fragmentation. Flavour compounds tend to be relatively small polar
molecules and since MALDI is considered a smfisation method it was assumed that no
fragmentation occurredlin reality the annotation process is confounded by the fact that many
ionisation products will be not only molecular ions but also salt/solvent adducts and neutral loss
fragments of original mtabolites. In the future, strategies that allow annotation based on all potential
ionisation products can be usdd process metabolomics data and obtain more accurate results
(Draperet al., 2009)
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3.5Conclusions

The MS techniques applied to the brewing samples were analysed through a metabolomics
G2N)] Ft260d ¢o2 RAAGAYOG a&alyYLXsS OflFraasSaQ OKSyYz2y
unsupervised and supervised MVAherewas a notable difference of thaliscriminantfeatures
identified for each MS technique. It is not surprising due to the differences in sgrggarationand
operating principles of each techniguthat will inevitably lean toward tocertain ionisation
mechanismsWith some paradoxical results andlack of holistic metabolite identification it is

justifiable to analyse the samples with a more targeted and sensitive technique.

Thisresultscall for further techniques to be applied to the same samples in order to obtain a

more complete analysisofbe@ra Y Sl 62f 2 YS @
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4. Chapter 4Metabolomics of the liquid phase lofewing samples
using ultra performance liquid chromatography mass
spectrometry

4.1 Introduction

Metabolites in wort and beer have thgotentialto be markers of flavour formation during bee
production. The metabols can be the intermediates, fproducts, or enegproducts of complex
flavour formation pathwayslt is important to be aware that the true number of organoleptically
meaningful compounds in beerssll unknown The volatile phae contains the majority of the flavour
active compounds but the precursors are released or synthesised during the processes of malting and
brewing.Due to the complexity of the metabolites involved and the diversity in biomolechigh
resolution separtion and analytical techniques are needed to profile the metabolome of biological

systems.

High resolution separation techniquesupled with MS techniques with high sensitivity and then
combined with MVA can be a powerful tool to identify keympounds. UPLMIS has been used to
profile molecular markers in various populations of malting barley and bedigdt temperature
storage(Heubergeret al,, 2012, 2014)It was demonstrated that some metabolites and lijyatraits
were correlated based on genotype and growing environmental conditions; additionally, -a non
volatile metabolite was identified as a candidate to predict oxidation and staldlafiur

development during beer storage.

Metabolomicsstrategies ¥ R a+! KIF @S 06SSy dzaSR (G2 LINRGS (Kl
harvest, and degree of modification hakey SFTFFSOU 2y osénSoNIrafileyidfiavow 2 £ 2 YS =
stability (Herbet al., 2017; Bettenhauseat al., 2018) However, there are still unknowns in order to
establish a causal relationship between relevant genes and hiniclaépathways that explain specific
flavour profiles. Data indicates that flavour profiles arise by a combination of many flactive

compounds found in beer.

The data generated in H@S based methods contains a saigwith both mass and retentiatime-
0FaSR ALISOATAOAGEZT GKSAS aradaylta | NB -ebiovEdz2yt e |
feature is assumed to originate from a single compouNdvel algorithms to process highass
accuracy data and detect features have been develq@aceryet al., 2004; Smittet al,, 2006; Chong
et al., 2018) and processing methods to automate the annotation process of the detected features
have also been publishg@Kaeveret al., 2009; Broecklingt al, 2014) however all methods have

assumptions that ultimately lead to bias and information can be lost in the process.
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Forthesereasons,UPL@VIS coupled toa metabolomics workflow tailored to brewing samples
has been choseasan analytical approach to characterize the liquid phase of the samples obtained in
Chapter 2Based on the premise that flavour active compounds are derived frorvotatile and
semivolatile compounds this approach offers andapth analysis that can reveal metabolite
pathways of flavour formation and their precursors/derivatives. Metabolites identified here can aid
the identification of quality markers in beer ants ingredients in the effort of developing and

improving brewing and malting processes as well as barley breeding and agronomic practices.

4.2 Materials and methods

4.2.1UPLEMS

Brewing samplesée2.2.1 Brewing.2) were taken from80°C storage and freeze dried. Samples
were thenreconstituted in 1 mL ofmethanol95%: distilled water 5% v/v, vortexed and centrifuged
remove the proteins Afterwards the supenatant was subjected to an ultdaigh pressure liquid
chromatography using an ACQUBM-FTN coupled to a SynaptG2QTCF mass spectrometer with
an electrospray (ESI) ionization sourak équipment fromWaters, UK). Chromatographic separation
occurred in a ACQUITY UPLC® BEWdiino H ®m R p n  Séanfples werk eluted Yising a
gradient of water to acetonitrile edccontaining 1% formic acid. The gradient started at 0.1% and held
for 1 min, then ramped up to 95% over a total of 11 atia flow rate of 0.4 mL/mirThe entire system

was controlled by MassLynx v4.1 software.

Parameter Value/Type
Polarity ESI+
Run time/sample 11 min
Target column temperature 45°C
Capillary 3.000 kv
Source temperature 100°C
Sampling cone 50 kV
Desolvation temperature 280°C
TOF Scan time 1ls
Mass range 50-1200 Da

75



The technical specification of the Synapt&2ZTOF mass spectrometer are the following:

Parameters Value
Operation mode Timeof-flight
Mobility-TOF
Mass resolution a) 60,000 FWHM in positive mode @ 9b&

b) 60,000 FWHM in negative mode @ 143%/%
Positive ion MS sensitivity ~ >31,200 ions/s

Negative ion MS sensitivity  >33,600 ions/s
Mass scale calibration accurac At high resolution mode <1 ppm at the range of

150-900m/z
Mass measurement accuracy >1 ppm RMS with sufficient intensity and resoluti
Mass range Operating at TOF:

a) At resolution mode 2@00,000m/z
b) At high resolution mode 282,000m/z

Dynamic range At high resolution mode better than 3 ppm for 10
of data acquisition

4.2.2Data preprocessingand multivariate analysis

Raw data filesvere converted from the Watersaw folders into mZML files (centroid mode) with
t NEGS22 AT I NRQAa (Chdmbetsf &,2011) Aftedvards ) the liaw MS data wadigned
and integratedusingXCMSOnline (Smithet al, 2006; Gowdat al., 2014) XCMS is an open source
untargeted metabolite profiling method for LS data; it incorporates nonlinear retention time
alignment, matched filtration, peak detection, and peak matchifge raw data files wergre-
processed using the preet parameters: UPLCHighRes POS (Wat®. This presetQ enethod for
FSI G§dz2NB RS G S O (iniizz 5 ppramindriiyt peakiwidt = gnd maximum peak width
= 25 3; method for retention time correction is obiwarp (profStep =)0&nd the parameters for

chromatogram alignmnt include bw = 2minfrac = 0.5and mzwid = 0.Q1

Statistics, annotation, and putative identification of features were completed separately using
the resulting peak list from the XCMS gmecessing. MVA was done itM&IA 14Umetrics,Sweden)

in the same way as explainedsaction(3.2.3 Data pre-processing and multivariate analysis

4.3 Results

The total ion counts(TIg for the MS run was consigté throughout all samples, indicating
reproducibility of the method. Additionally, sufficient ion counts to ensure a good chemometric profile
was achievedRigure4.1). Example chromatograms and mass spectra can be seen in the App&hdix (

Chapter AUPLE@VIS Supplementary Materigl
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Figure4.1 Column plot of mean total ion countsn positive mode Error bars indicate standard deviation.

The overall PCA results can Wdesualised irFigure4.2, two principal components with a total
variance explained of 69%. Thee-fermentedsamples clustered mainly in the left sidetloé plot and
the postfermented samples in the right side. Three distinct sample clustae identified. The F1
samples cluster Hbetween the wort and beer sample class. OBPI£Swas done to make pairwise
comparisons between the three sample classesiiified in order to find the most discriminant
features Figured.3, Figured.4, Figure4.5, Figured.6, Figure4.7, andFigure4.8).
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Some discriminant features are shared between the sampkesesKigure4.9).

pre-fermented post-fermented

f1

Figure4.9 Venn diagram of the most discriminant masses of the three sample classes identified

4.3.1Statistical significance of the relaiabundance between sample classes

The relative abundance of the discriminant features was subjected to avageANOVA in order

to determine whether or not there is a significant difference between the sample classes. Despite the

identification of the most discriminant bins through the supervised multivariate analysis, it is
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necessary to use a quantitative measure to determine tgeiicance of each bin. The results can be

seen inTable4.3, Figure4.10, Figure4.11, and Figure4.12. In general, all except two identified
features resulted statistically different. The featur&s2.20/1.160f the F1 class an#76.20/0.540f

the postfermentation class were nosignificant.

Feature F p value df Feature F p value df
(mz/rt) (mz/rt)
280.24/4.65 182.1 <0.0001 (2, 27 245.14/2.17 38.83 <0.0001 (2, 27,
132.11/0.53 229 <0.0001 (2,27 438.21/0.53 6.173 0.0062 (2, 27
86.10/0.54 210.5 <0.0001 (2, 27 170.06/1.09 89.13 <0.0001 (2, 27,
387.71/1.33 150.1 <0.0001 (2,27 372.20/1.16 1.814 0.1822 (2, 27
121.09/0.83 207.9 <0.0001 (2,27
279.24/5.17 16.11 <0.0001 (2,27
103.06/0.83 191.6 <0.0001 (2,27 Feature F p value df
144.08/1.08 48.85 <0.0001 (2,27 (mz/rt)
166.09/0.83 63.49 <0.0001 (2, 27 306.68/1.67 89.52 <0.0001 (2, 30;
337.25/4.65 47.41 <0.0001 (2, 27 276.15/0.54 55.35 <0.0001 (2, 30;
120.08/0.79 39.18 <0.0001 (2,27 277.15/0.54 51.01 <0.0001 (2, 30
496.35/5.22 29.69 <0.0001 (2, 27 230.15/0.54 56.79 <0.0001 (2, 30;
188.08/1.05 933.6 <0.0001 (2,27 152.06/0.47 57.57 <0.0001 (2, 30
146.06/1.09 544.2 <0.0001 (2, 27 227.11/0.87 38.92 <0.0001 (2, 30;
365.11/8.82 350 <0.0001 (2, 27 144.09/2.54 2111 <0.0001 (2, 30
387.21/1.33 238.4 <0.0001 (2, 27 322.17/1.45 165.3 <0.0001 (2, 30
118.07/1.09 230.5 <0.0001 (2, 27 299.17/1.52 97.67 <0.0001 (2, 30;
189.08/1.09 212.5 <0.0001 (2, 27 310.14/0.83 28.2 <0.0001 (2, 30
357.20/1.26 28.82 <0.0001 (2, 27 328.15/0.83 37.1 <0.0001 (2, 30
381.09/0.36 51.21 <0.0001 (2, 27 292.13/0.83 26.12 <0.0001 (2, 30
276.67/1.60 88.76 <0.0001 (2, 30
276.17/1.60 61.22 <0.0001 (2, 30
291.17/1.60 56.95 <0.0001 (2, 30
291.67/1.48 43.2 <0.0001 (2, 30
311.14/0.85 38.85 <0.0001 (2, 30
136.07/0.46 25.95 <0.0001 (2, 30
258.14/0.56 31.77 <0.0001 (2, 30
268.11/0.46 17.56 <0.0001 (2, 30
347.32/4.10 23.04 <0.0001 (2, 30
306.17/1.67 12.86 <0.0001 (2, 30
276.20/0.54 2.968 0.0667 (2, 30
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4.3.2Data processingnd putative identification of discriminant compounds

The discriminant features obtained from ti@PLSDAwere annotated using the same criteria
described in section3(3.4 Data processing and putative identificatioh discriminant compounds
with the only difference being that the ammonium adduct was also considered [M+NHdisadduct
was additionally considereldecause the data processing was more streamlined, and it was decided
to include a wider range of adducts to increase the potential chemical diversity that could be
putatively identified. The ammonium adduct was chosen due to its known presence i(Braegyet

al., 2004)

Chemical classification of putatively identified compounds was done via the ClassyFivaseeb
applicationfor automated structural classification of chemiaaitities (Djoumbou Feunangt al,
2016)in where ¢ OK 02 Y LJ2 dgmBshputteld info the ClassyFire labelling engiaed a
category was chosen from the classification section) by subjective criteria in order to simplify and

reduce the number of categories required to be plotted and analysed.

Inthe prefermented samples, a total 222 compounds were putatively identified belonging to 40
distinct chemical classes. The classes range from carbohydrates, phenolic compounds, nitrogenous
compounds, sulphur compounds, carbonyl, heterocyclic compoundds,lipnd hydrocarbons. The

overall distribution can be visualisedkigure4.13.
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Figure4.13 Proportional distribution of putatively identified compounds in the preermented samplesOuter ring
show the chemical class and inner ring shows the parent class.
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In the F1 sample class, a total of 24 compounds were putatively identified belongingistiti2t

chemical classes. The compounds range from phenolic, carbonyl, heterocyclic compounds, lipids, and

hydrocarbons. The overall distribution can be seeRigure4.14.
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Figure4.14 Proportional distribution of putatively identified compounds in the F1 samplé3uter ring show the
chemical class and inner ring shows the parent class.

In the postfermented samples, #otal of 207 compounds were putatively identified belonging to
37 distinct chemical classes. The compounds range from carbohydrates, phenolic, nitrogenous,

sulphur, carbonyl, heterocyclic compounds, and lipids. The overall distribution can be dégarin

4.15.
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Figure4.15 Proportional distribution of putatively identified compounds in the posermented samplesOuter
ring show the chemical class and inner ring shows the parent class.

Asit was explainedn the previous chapterthe data processing presents important limitations.
Peak annotation was limited to/z matching to selected adducts and the resulting matches were
shortlisted through a manual process based on subjective criteria. The resulting distribution of
chemical tasses of the putatively identified compounds includes isoforms and thus the true chemical
class proportion of the discriminant compounds is unknown. True identification was not possible
because no pure standards were used to match chromatographic comglitio fact the retention
value was not considered in the peak annotation process. In some metabolomics data processing
suites,m/z and retention time can be used to match compounds to contextually relevant vafues,
softwares like MarVis and RAMClu@roecklinget al, 2014; Kaeveet al., 2015)they use metabolic
pathway databases like KEGKanehisaet al, 2016)to perform peak annotation and pathway
analysisunfortunately,there isalack of information regarding to food analysis and flavour formation
pathways although KEGG has yeast metabolic pathways there are no cereal grains pathways available
from which a meaningful comparison could be made to barleyhegwere notused in processing

the present data.

4.4 Discussion

The brewing method developed in Chapter 2 was designed to obtain samples that represented
the chemical evolution of the brewing proce$se results from the MVA allowed for the identificati

of 3 sampleclasses instead of the expected 10. The UKMBCallowed for better resolution and
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separation of the sampléimetabolites. Also, the data pwerocessing and processing workflow
allowed for the identification of a large number of compounds from distinctparolassesSeveral
compounds were putatively identified in each discriminant feature, however only a selected number
of compounds were chosen to be discussed. This was decided based on the level of information and
detail found in the literature about tkispecific type of compound and its relevance to wort, beer, and
the formation of flavour compounds in other beverages or foods that undergo similar processing as
beer, i.e. fermentation Maillard reaction, Strecker degradation, caramelisation, oxidati&to,; also
metabolic pathwaysnvolved in the common biochemical processes like germination or ripening of
fruits shared between other chemically complex foods were considered for discu3sierway this

discussion is structured follows the same logic as explainddtiDiscussion

The carbohydratesshowed a markedly difference in the proportion in compdaridentified
among the sample classes. They comprised 27% in théepreented samplegFigure4.13) (were
amongthe shared features between the pfermented and F1 saples) and decreased to 1% in the
postfermented samplegFigure4.15). The depletion of carbohydrates is explained by the action of
yeast fermentation. Many disacchdés were identified in feature365.11/8.82and 381.09/0.36 the

most prominent being Bnaltose(Table7.6), the main source of carbon for yeast metabolism.

The phenoti compounds identified are varied and are involved in several metabolic pathways.
There was a notable rise in the proportion of compounds identified from 12% in thteprented

samples to 20% in the permented samples.

Two isomers of a benzenoid knowas paradol were identified in featui§6.09/0.83(Table7.5).
Paradolhas been identified in alcoholic beverages and is a part of phenylalanine metabolism. It is a
relative to awell-known flavour active compound that provides spicines® pungencyto ginger
called gingeroMhile paradol has no reported flavour descrigdrcontains a feruloyl moiety coupled
to a hydrocarbon saturated ketone chain and could be a potential precursor of other flavour
compounds, especially volatile benzene substituted derivatives and carbonyl compdDtiuis.
flavour active phenoliidentified in featurel66.09/0.83are cinnamic acidE)}3-(4-Hydroxyphenyh
2-propenal and 1-Phenyil,2-propanedione These compounds havealsam, cinammon, honey,
storax, sweetbuttery, honey, and pepper flavour descriptors and have been identified in noadsg f

and spices. They are part of the phenylpropanoid pathway.

In the prefermented samplesflavonoid and phenolic glycosides were identified in features
188.08/1.05 365.11/8.82 and 381.09/0.36 (Table 7.6). Acetophenone glycoside is a phenolic
glycoside and waglentified in two features;acetophenonehas almonds, marcipanand earthy

flavour descriptors ands a known precursor afther fragrancegSiegel andeggersdorfer, 2000)t
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has been previously identified in unhopped wort and yeast exometabolfveilgaard, 1975b; De
Schutteret al,, 2008; Martinset al,, 2017) The fact that it ibondedwith a dycoside moiety suggests
that it is being released from intermediates of malt polysaccharides by enzymatic action or thermal
degradation during the wort mashin@.oniferin(Table7.6) was alsddentified and itis also involved

in cell wall lignificatiorand has been previously described indetaiy / KI LJG SNl 0 Qa RA & Odz

Phenolic compoundsputatively identified in the postfermented samples includeg-Tolyl
phenylacetée, 2-Phenylethyl benzoateCinnamyl isobutyratecis-3-Hexenyl benzoateCinnamyl
butyrate, Butyl cinnamate Benzyl 2,alimethyl2-butenoate (Table7.8). These compound all have
reported flavour descriptors relevant to beer flavour. They appear to be derived from cinnamic acids
and could part ofvarious stages of the oxidation/reduction pathway of aromatic compounds most

likely the phenylpropanoid pathwaandhave not previously beeidentified in beer.

Several heterocyclic compounds known as furans weugatively identified in features
188.08/1.05 and 146.06/1.09 in the pfermented samplegTable7.6). These furans have garlic,
horseradish, onion, pungent, sulphurous, vegetable, beefy, cheese, coffee, minty, and spicy flavour
descriptors; they areysteine derived Maillartypically found in meat and have not beeregiously
identified in beer or its ingredientsn prefermented features189.08/1.09(Table7.6) a variety of
pyrazines were identified with hazelnut, meaty, roastedtley etc. flavour descriptors. These
pyrazines are Maillard reaction products as w&hese prazines are thought to arise durimgalt
kilning athigh temperature and at the presence of oxygen from the heterdegtion of the by

products of the Strecketegradation the " -aminoketones.

Heterocyclic sulphur compounds wereputatively identified in all sample classes.
Cyclopentanethiowas identified in featured420.08/0.79and 103.06/0.83(Table 7.5) in the pre
fermented samples and hasvariedrange of flavour descriptors. In featutd 8.07/1.09 discriminant
of the F1 sample<,3-Dihydro5-methylthiophenewasidentified and then in fature 152.06/0.470f
the postfermented samples, two isomers adttahydro-2-methyl-3-thiophenethioland3,3-Dimethyt
1,2-dithiolanewere identified. This heterocyclic compounds have closely related structures and could

potentially be part of a formationgthway ofoff-flavour active compounds in beéfigure4.16).
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A variety of semvolatile fatty acid esters containingulphur were identified in feature
166.09/0.83 (Table 7.5) of the prefermented samples (e.g. Ethyl 3mercaptobutyrate
Methylthiomethyl butyrate 3-(Methylthio)propyl acetatgwith fruity, metallic, pineapple, pulpy, ripe,
sulphurous and tomato flavour properties previously found in many foods and alcoholic beverages
(Duke, 2016)Unprocessedbarley and green malts have a higher concentration of sulphur compounds
which are believed to be volatilised during malt kilning and/or wort boilifige presence ofutphur
compoundscan beindirectly controlled by brewers b vigorous boiling. The compounds identified
here suggest that they maintain their presence in beer throughout the process by interacting with
carbonyl compoundsnd reductonesand undergo heterocyclization into a variety afompounds
There are studie@PripisNicolauet al,, 2000)that have prove the formation of Maillard heterocyclic

compundsat low pH, low temperature, and in the presence of water; i.e. alcoholic beverages.

4.5 Conclusions

The data preprocessing workflow was successful, the XCMS algorithm could integrate the raw
data into a comprehensive and manageable peak lidt¢ha be used as input in several metabolomics
data processing platforms. However, at the moment these platforms are no well suited for food

related samples and are difficult to use for flavour generation metabolic pathways.

The results of the MVA indiaathat the UPL®IS done on the brewing samples allowed for a
more detailed and discriminant profiling of the chemometric profile of the samples. Three sample
classegould be discriminated from the MVAnd more detailednter-relationsof flavour compound
could be proposed. In particular, the role of sulphur in the formation of heterocyclic compounds and
its interaction with carbonyl compounds has the potential to be further stddighe analysis done in
this dataset remains subjective and qualitativenagpure standards were used to confirm the identity
of the metabolites and no quantitative data was considered during the analyBis@MS has the

potential to be optimised for a more targeted application for beer analysis
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5. Chapters: General Discussion
The main findings of this study include: the development of a standardised brewing method and

sampling method based on current brewing practices; the development of a reference flavour
database of compoundfund in beer; and the impmentation of different mass spectrometric
techniqueswhose resultsan yield variation in the metabolite profile identified. This variation can be
attributed to differences in the sample preparation, separation, and ionisation mechanism
implemented foreach technique. Additionally, a metabolomics workflow was applied to the data
obtained in order to identify the metabolites detected ardplaintheir contribution and effect on
flavour formation pathways based on their sensory descriptors found in thelitre and reference

databases.

The initial intent of tracking the evolution of the chemical composition at different stages of the
brewing process was achieved with various levels of success. Two main sample classes could be
identified usingunsupervised clustering MVA: the piermentation and posfermentation samples
classes. In the UPIMIS a higher level of discrimination between the brewing samples was achieved,
and the F1 sample class was identified as a transition class between tfiermented and post

fermented samples.

5.1 Comparison between MS techniques

5.1.1Comparinghe putative annotation results

After data processing the metabolomics workflow used resulted in a varied number of
metabolites identified In the MALDIMS 68 and 76 metabolites were identified for the pre
fermentation and posfermentation sample classes respectivatythe DIMS 69 and 41 metabolites
were identified in the prdermentation and posfermentation sample classes respectively. In the
UPLGVIS 222, 24, and 207 metabolites were identified in the gegmentation, F1, and post

fermentation sample classes respectively.

A comparison of shareblins andfeatures was made between the metho(fSgure5.5.1). Two
features were share@among the three methods in the pifermentation sample clasdins 381
corresponding to feature381.09/0.36and bin 496 corresponding to featur96.35/5.22 Bin 120
corresponding to featurd20.08/0.79was shared between the UPIMS and DMS.

92



DI-MS DI-MS

Figure5.5.1 Venn diagrans of shared discriminant binand featuresbetween methods. Prefermentation sample
classes (left) and podiermentation sample classes (right). The F1 sample class was considered as part of the post
fermented in this comparison

Bin 381 and feature381.09/0.36most likely identified compound is-Daltose or a similar
disaccharidewhile bn 496 and featuret96.35/5.22putatively identified compounds were varied.
Several alkaloids, lipids, and glucosides were identified. The most likely compound c@hdrbie
6'-glucoside a phenol with a cyanide group attached to glycosylated moietyhthatbeen previously
been identified in cereals and graif¥annai, 2003)it is unknown howit is involved in flavour
formation pathways but it is probably being released into the wort from malt polysaccharides during

mashingln bin 120 and featur&20.08/0.79mainly products of the Maillard reaction were identified.

In the postfermented sample classes 4 discriminant features were shaetdeen the DIMS
and UPL®AS bins 322 and featur@22.17/1.45 bin 268 and featur268.11/0.46 bin 152 and feature
152.06/0.47 and bin 258 and featur258.14/0.56

In Bin 322 and featur822.17/1.45some nitrogenous compounds related to purine metabolism
as well as several phenolic dimers linked via an amide bond. These phenolic dimers are known as
avenanthramides and were also identified in Bi82 in the prefermented samples suggestinigey
are not a product of yeast metabolism and were released into the wort from the mashing stage and
stayedin the wort and beer Avenanthramide has previously been identified in oats and cereals
(Inglett and Chen, 2013)as no flavour descriptors reporteaind are derived from the comnon
phenylpropeneskeleton building blockThey consist of -B phenylpropanoidg-coumaric, ferulic, or
caffeic acid) and anthranilic acid moieties. Avenanthramides have not been identified in malt or barley
but their presence indicates an interaction betarephenolic acids released during mashing/boiling
and nitrogenous compounds forming polyphenolic dimers that could be precursélessotiractive

aromatic compoundgFigures.5.2).
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In bin 268and feature 268.11/0.46 nitrogenous compounds related to purine metabolisne we
identified along with some carbohydrate amideN:(1-Deoxyl-fructosyl)serineis the amadori

productresulting from sugaaminoacidinteraction, specifically fructose and gei

In bin 258and feature 258.14/0.5&everal nitrogenous compounds were identified. Alkaloids
from the aleurone layer of cerealdvethyl 2,6dihydroxyquinoline4-carboxylate and N1,N10
Diferuloylspermiding derived from quinolone and hydroxycinnamicidsc Dicarbonyl compounds
were also identified and a proline derived Maillard product. Although these compounds are
discrimannt of the postermented samples it is difficult to discern whether they are products of yeast
metabolism or maturation/aging relatl reactions occurring in the beer a combination of both
Ketogenic amino acids are intermediates of amino acid metabolism in yeast but the presence of a
proline derived Maillard product and phenolic alkaloids derived from hydroxycinnamicsagjdssts
they are interactingand makes possible thexistence ofan unknown pathwayinvolving these
compounds that results in the formation of flavour compoun@herwise, the fact they were
putatively identified in the same discriminant bin/feature is yrd coincidence and that the

identification process is not very specific.

5.1.2 Relative merits of the MS methods

The metabolomics analysis applied to the brewing samples revealed a large number of
metabolites involved in several flavour formation pathwa®f particular interest were the phenolic
compounds derived from the phenylpropanoid pathway. Phenolic glycosides and other copolymers
derived from the metabolism of phenylalanine, tyrosine, and tryptophdmich arebeing released
into the wort and undergo chemical changes into aglycones or dimers that have favive
properties also, he heterocyclic compounds product of tiaillard reactionparticularly derived
from proline and cysteinevere annotated and cdd have an important role in flavour formation

during the brewing process

It is surprising to see such a small number of shared features between the analytical methods,
considering it was the same sample being processed. MMISDAnd DMS had the same da pre-

processing and processimgprkflow, but they had different sample preparation methods, ionisation
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mechanisms, and were carried out in equipment with differepecifications DEIMS and UPL-@IS

had similar ionisation mechanisms and resulted in a higlhunber of shared discriminant features.

The retention time layer of the analysis could not be used in the processing of the data, however there
were cases in which a feature had the samfe but different retention time values; this indicatésat

there are compounds with the same m/z value but were eluted at a different time due to their

chemical characteristics.

There are many putatively identified compounds in this study that have not been previously
identified in beer and this can raise questionstiba validity of the results presente@specially when
they have not been confirmed with a pure standaftlis important toconsiderthe focuschosen
looking for flavour precursors and flaverelated compounds with the aim of understandi more
RSSLX & o0SSNRa O02YLX SE Tt @2dz2NJ LINPTFAE Sd ¢KAa F2O0d

discuss compounds that have not been extensively discussed in the brewing literature.

MALDIMS has a limitation known as Y | érdlafedEseledivityé (Kandiah and Urban, 2013)
While there is no hard confirmation that matnelated bias occurred, it can be inferred from the
putative identification of phenolic acidmd phenolic glycoside$he matrix used (CHCA) is a cinnamic
acid whch has a similar structure to many flavour related compounds derived from phenylalanine and
tyrosine. On the other hand, this fact can also be an advantage towards detecting flavour related
compounds. Only by doing a more targeted study with pure starsla@ah compounds be truly
identified.

The UPL®IS appears thavethe most potential for the most robust, truly untargeted analysis.
The key difference in the hyphenated approach is the separation step, which improves analytical
resolution and revelatory peer. The literature shows the most interesting results as in laealysis

using these approactHeubergeiet al, 2016; Bettenhauseet al., 2018)

The sample processing approach in this research project was partially successful as at most 3
sample classes were discriminated using highly sensithadyticalmethods. Perhaps the stages
selected to do the sampling are not ideal considering the ainhethesisand the data processing
algorithms and MVA workflow available. The subtle changes in chemometric composition could be
happening in a much shorter span of time during each stage, perhaps it would be a lot more revealing
to only compare two stageat a time and narrowing down the mechanism involved, because the
results as they, the results in this study need several assumptions in order for them to be analysed
objectively. Too many mechanisms at play at the same time and no way of knowing exadilynd

is at play.
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5.2 Ruture recommendations

One of the purposes of this research was to identify key compounds that can impart flavour to
wort or beer at certain stages of the brewing process. An important concept not considered in this
research is thieof the flavour thresholdThe flavour thresholdan determine how important a flavour

is to the overall flavour profile and how much weight it has on it.

In order for brewers to determine what compounds are most important to the flavour profiles
they desire targeted andfocusedstudies can be donen specificcompounds with known flawr
descriptors and thresholds as well as on the precursors of these compounds. Some better questions
to ask brewers to direct further research: What makes MatigOnalt different from other base
malts? Apart from traditional quality markers in malt what type of flavours do you expect or would
like to expect from base malts? With the answerghesequestions in mind and using the knowledge
derived from the metholomics studies a more suitable analytical approach and experiment can de
designed to elucidate in what stages are thesided flavours being developed. This further research

can help the development of new malting barley varieties that can satisfy engectaft beer markets.

Anotherfollow-up to the experiments performed fdhis thesisvould be to make a similar fyll
untargeted metabolomics analysis timgeriesstudy during the malting process and its different
stagesHow is the metabolite compositiachanging along the different stages of the malting process?
What metabolic pathways are involved during the germination, steeping, and kilning stages and how
much are they contributing to the development of flavour compounds and their precurgdris?
further research can help improve the understanding how flavour arises during malting and control it
more effectively An even more detailed approach would be to coarsely break down and separate the
malt into its constituents and compare the metabolome, the hypothesis being that different

compounds can be found in the aleurone layer, the husk, the endosperm, etc.

¢2 SEAYAYLFGS 2 NI-NBAYAGYSARE Sa Sif KSR (i6h YAIA (i NS Eandlyisis: G O 2 Y ¢
different matrices can be used to make an untargeted analysis and compare the results, it is known
that other matrices, such as dihydroxybenzoic acid (DHB), canweoy well with beer as the sample
(Parket al, 2012) If the discriminant bins are similar and comparable then we can more cotifiden
say that the putatively identified compounds are truly discriminant of the sample class they represent.
Once the results from MALIMS have been normalised and confirmed this way, the most interesting

compounds can be confidently identified using patandards.

The approach using URMS has the most promise and potential as a stargeted approach
to find the precursors and pathways involved in the flavour formation in b&erignificant difference

from MALDIMS is the absence of bias in the formaat of ions during ESIThe fact that the results
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can be directly used as input in otheretabolomicsrelated platforms. While there are extensively

curated databases such as KE®@nehisaet al, 2016) Metlin (Smithet al, 2005) and HMDB

(Wishartet al., 2018)hey are still very much focused into clinical applications and sanfhes.esults

obtained in Chapter 4 were uséd implement pathway and biomarker analysis using Metaboanalyst

and MarVis toolgKaeveret al, 2015; Chongt al., 2018) but the genomic platforms found are not

suitable enough for food and flavo@ Sy SN> G A2y NBEfFGSR | LILIX AOlF GA2Y:
pathways can be foudy they are applicable only to the pefermented sample classes and even then

it is limited to pathways that have limited involvement with flavour generation. Surprisingly, there is

no suitable or comparable platform to analyse the {eemented samples @ barley Hordeum
vulgare)isnot included in any database (at the time this research was done), not even Whiigim

aestivun.

Future work can be structure elucidation of the putatively identified compounds with the most
flavour-active relatedpotential. Techniques such as NMR and FTIR spectroscopy revell the
functional groups and structure that give the compound unique characteristics and allow us to infer
the correct authentic standard to calibrate and properly identify the discrimitamipounds. These
experiments would allow us to go from a putatively identified feature (level 2) to a confidently

identified compound (level lSumneret al, 2007; Diagt al.,, 2016)

Another experiment that may show valuable results is to prepare a wort enriched in
phenylalanine, tyrosine, cysteine, cinnamic and bemagids. Different combinations could be used
and compared. Based on the results of this study, these compounds could be important precursors of
flavour-active compounds, and to determine whether they play a significant role in flayengration
is a queson that is worth answering in more detail. Once a more prominent precursor is identified
isotopiclabelling could be a powerful tool to track the evolution of the compounds involved in flavour
generation pathways and a time series experiment like the used in this research could be used

again to find key stages where flavour arises in the brewing process.
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5.3 Conclusions

The complex biochemical composition of wort and beer posed a challenge and several analytical
approaches were implemented analyse its metabolite compositiarA brewing method and flavours
compound database were developed to perform a metabolomics study in unhopped wort and beer
with the aim of identifying key compounds involved in the formation and degradation of flaaaiive
compounds. Several MS based techniques were used and a large humber of compounds were
identified of various chemical classes and flavour descriptors. Putatively identified compounds were
critically analysed in relation to the flavour formation pathways cotlseknown and described in the

literature along with the information found in public, contextually relevant reference databases.

The UPLMS based approach resulted in the largest number of putatively identified compounds
from distinct chemical classe3he results obtained from this study have enhanced the current

knowledge of precursors reladeto flavour formation pathways.
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7. Appendix

AlMethod optimisatiorsupplementary mateai

MALDIMS method development
The brewing samples were subjected to preliminapyimisationtests for sampling, extraction,
and loading procedure in order to determine the method that would yield reprodiityiland high

guality data.

MALDIMSTest 1

Materials and methods

Samples were taken directly from the brewinggess in 2@nLscintillation vialsand frozen in a
-80°C freezer, then freeze dried until completely dxiter dry-freezing, the sample was solubilised in
2 mL of 50% methanol/50% water solutiorthe sample was then dilute@l00 fold with 50%
methanol/50% water. Then, L of the diluted samples were mixed with 5 pL of the madolbution
(5mg/mL CHCA in methanol + 0.%rBtuoracetic acig. Then, the samplenatrix solution was spotted
onto the MALDI platen 2 uL spotsEach sample was analysed in triplicdach sampgl was irradiated
for 2 min and ions counted everys2the laser moved in a spiral pattern in positive ion mode, and the

mass range analysed was-5200 Da.

The resulting spectra were visualised and peak corrected in MassLynx 4.0 (Waters Ltd). Noise

redudion, normalization, and binning was performed as described@yeryet al, 2004)using a
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Visual Basic macro in Microsoft Excel (Microsoft Corp, . T8plcate samples are comlgid in order

to eliminate false positive peaks, only peaks that are present in all three replicates are preserved. To
determine whichpeaksare equivalento each othera linear function is used to defiran acceptable

mass variance. For positive ionisation mode the equation used ist&t 1t tax orgt 1 ¢ and for

negative ionisation modep 18t 1T mdx on@dt Tt T Wherey is the standard deviation of the three

masses and is the mean of the three masses. Afterap{ Aa aSt SOGSR Fa I (NXzS
intensities are normalised to the percentage of the total ion count (TIC) in each replicate and added
G§23SUGKSNE GKSyYy Ffft20FGSR Ay (rBe reéwtiagisS ld7y sthtistiddo @ § & £ ¢
treatment and multivariate analysigras done in SIMCA J@Umetrics, Sweden)The dataset was

Pareto scaled to reduce the relative effect of peaks with high relative intensity while partially retaining

the data structurgWorley and Powers, 2015)
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Figure7.5 Mean total ion counts for each sample iIMALDI positive mode Test. Error bars show standard
deviation.

The target analytes ithis experimental rurare small organic molecule$he resulting spectra
show considerable vatidity, indicating a lack of reproducibilignd inconsistenionisation yields
amongst the sampled={gure7.5). At the time of samplespotting it wasobserved thatdrying and
crystallisationtook several minutegesulting inheterogeneousspots.The ratio between matrix and

sample affects the ionisation process ahe fonisation of the compounds as well as temperature.

Unsupervised principal componeahalysis (PCA) was used to visualise the differences in the
metabolic composition among the samples taken from the brewing. The resulting overall scatter plot
(61.9% of the variance explained) shows layout of the sampigsire7.8) where, roughly the pre
fermentation samples clustered on the left and the péstmentation samples clustered on the right
side of the plot. However, there iscansiderable amount of overlay within the 95% confidence ellipse.
For a closer inspection of the dasat, separate PCAs were performed on the mash and fermentation
samples and despite this attempt, the samples showed no discernible patterns of progression

expected by the brewing and fermentation process.

Further interrogation of the data via supervised clustering (GPABwould result in significant
bias where any discriminant variables identified would have a high probability of being spurious

(Worley and Power2016)

Further interrogation of the data will yield no qualifying discrimination between the metabolic

profile of the samples. Further optimisation is required in order to extract high quality data.
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Test 2 Dilution test

Materials and methods

This test will make use of a single samplerfrine experimental brewing performed Error! R
eference source not found.

Mass spectrometry
The sample chosduor this test is the M78 sample. After the same sample preparation described

in Test 1 After solubilisation in 50% methanol/water, the sample was further diluted three times
70%/30% methanolater solution: 100 fold, 1000 fold, and 10000 folthe resilting diulution were
mixed in a 1:1 ratio with matrigolution 6mg/mL CHCA in methanol + 0.5 % trifluoracetic acid) and

spotted in 2 yL droplets onto the matrix plateated to 60C.

The MS parameters remained the same as describéest 1.The resulthg spectra analysis,

visualisation and statistical analysis remained as describ&dsnl.

Results and discussion

1.00E+09
1.00E+08
1.00E+07
1.00E+06
2]
£ 1.00E+05
>
S 1.00E+04
1.00E+03
1.00E+02
1.00E+01
1.00E+00
1/100 1/1000 1/10000
mESI+mESI-

Figure7.9 Total ion counts of the diluted samples in positive and negative ionization ree(MALDI-MS test 2)

During the sample preparation onto the MALDI plate, a focused effort was made to improve the
uniformity of the sample spots ensuring that the lattice crystalized in under 1 minute and a visual

inspection was made of every spot to assés quality.

The TIdor both ionization modes consistently resulted in values over 9xd@nts high and
consistent Tl@hdicates a good qualithass spectrum fingerprinGood reproducibility is a key factor

in the discriminatory potential of profiling method®iaoet al., 2009)
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Identification of compounds requires aghi degree of relative abundance~ SR2 X at N @t I
Zdrahal, 2012)

The way of assessing the mass spectrum to identify the best dilution is toacertipe matrix
peaks with the other peaks. An excess of matrix is a good thing because it means that all the ionisable
compounds are getting a charge but at the same time if the matrix completely dominates the spectrum

it could mean that the ratio in thep®t between matrix ad sample is not the best. TIC

The mass spectra of each dilution was inspected to assess the resolution of the peaks and the
ratio between unknown metabolites in beer to the known peaks of the mati&KICA)The most
abundant matrixpeaks identified in the maspectra correspond to the peaks wittvz 172.0923 and

379.1679 which belong to the [M+H20] and [2M+H] adducts respectively.

The spectra in the 100 fold dilution sample€ESI{Figure7.10) showa high relative abundance
of the two matrix peaks, however it does not completely dominate over other peaks, notablizat
551.4059, 581.4167, and 743.482¢ KA &4 AYRAOFGSa | 322R A2YyAT I GA
metabolites while not completely depleting the matrix. Meanwhile, the spectra of the 1000 and 10000
dilution samples Kigure7.11 and Figure 7.12) show that the matrix peaks dominate over all the
spectrum range of metabolites, indicating an oateundance of matrix to sample ratiavhich could
result in lost signal from low abundant metabolites as the signal to noise ratio would be much lower

for metabolites of interestParket al., 2012)

For the dilutionsamplesn ESIthe most abundant matrix peaks arerafz 93.0609 and 188.1035
which correspond to th¢M-2H] and [MH] adduct respectively. These two peaks hagtably higher
relative abundancehroughout all the diluted samplegFigure7.13, Figure7.14, and Figure7.15),
especially the peak ah/z 188.1035 While there is a high amount of TIC in-B8de (Figure7.9), it
appears that the matrix is not fulfilling its purpose of providing a charge to the sample, this can be
inferred by the low intensity peakthroughout the spectrum tested when compared to the matrix

peaks.
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Figure7.11 Mass spectra of three replicates of the 1000 fold diluted samples in positive ionization nibteLD}
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Figure 7.12 Mass spectra of three replicates of the 10000 fold diluted samples in positive ionization n{ivteL D}
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Figure7.13 Mass spectra of three nglicates of the 100 fold diluted samples in negative ionization mgdéALD}
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Figure7.14 Mass spectra of three replicates of the 100 fold diluted samples in negative ionization nfbt. D}

MS TesPR)

124



051l 056 058 008 062 069 056 005 o5 oov 05¢ 00g 05z 00z 051 0oL 06
2w L0 ; T i T T TR AP AT SO : ; : o
i) T .4 T A T T T 1 :7 ,_/
N 0005GEEL 02Z862LL %wmmﬁ_m ZEVA0Y0E ZES5T5TL
OLLOE9FZ:DEGY 0EL 9091457 0BLEDLS 5291 EY L0LZ LLE  L66L 282 85781567
622¢ 029 :
caLeus 00v Gad BVTE099  ZIELFESD
SS60TFL 6090 €6
ke
V8666212
926sZ ~ GE01 88l 00k
-7 SN 401 (911:2) W (228°L) 66 PEO-L1LL0ZOT
05HL 056 053 002 052 059 009 055 005 osv ooy 05¢ 00g 05z 00z 05t 0oL 05
2w L0 ; oo ; T LT P A ] : : o
T L 7 T T (A T
5200491 5
067 0: Gitors e ezl ZrLeEsE TOSELT)
z9502.2" 5Z8LLER \OLZLE HBL 282 9E696E 1]
oootkere 622€ 029 0201681 wisy  OkERLL
; - 6090°€6
LGV 610 5560 7L
]
VOBERFLOS
gel0E Tscoisek 0oL
-a1sh 4oL (g1:2) wo (592 1) 02 98041110293
05hL 056 088 008 052 09 055 005 sy 0% 0se 00g 05z 00z o5t 0oL 08
2w L : D : : , L FAOOURINS AV A : : : o
) 9E9BBEBL 791751164 26N ,_ # 0£99922
96LEZ09+-0E6F 062, 080£829¢] ZhipLiGy  CL6CEES 88505657  apgnopps 1661282 Z615710H
65275129 0667915 USOVEED sZILIBE go9, gy 0201 681
L9 Z0L 96TLFIZIL 9EBELGLOL  EZFIYEOL
0L6¥6LL 622£ 029 5560 7FL 6090°€6
ke m
B9EFFIOT |
gevo'r ~ 5e01 88l oot
-7 SN 401 (811:2) wo (362 1) LOL BEO2LLLOEDS

Bau 20000182

125

(oA D#

ionization r

MS Test 2)

Figure7.15Mass spectra of three replicates of the 10000 fold diluted samples in negative



A2Chapter 3 Supplementary material

MALDIMS Supplementary Material

05kl 0041 0501 000+ 056 006 058 008 052 002 059 009 085 008 o5y 0or 0sg 00e 05z 0oL 05
2w / d ) ) . i . . i . ; , i I . I . ; . i . ; ] . . . ; . : . . T ! o
U | . 4:__4:_ L s0grlz | ’ T ' J I (N N
7 6LF60E N ! SN - 430001
SLLLLL N VeLv L 859651 LEFELLS £02002 19569/ | 899591 FOLOEL - egsgpz 120017 £avhie ;
- LIGEZE 049£'969 va15ie - z 6860 59 L95LE6Z 1£60°89T - AL
WVEES  grzgg ST 9625 785 VZVE 46 5680°08€ E9EQ0BL (ccooc LBFDGEL
6197 506 mwwmmcb szszii 200264 98ZE5L €9.€EL 5520°TLL
- : 1260648
6176185 LLLE 1SS ZOFE'96Y
981651
aveE T, =
291602
ELBEELL
"stsc 7. oo
+Q7SI 0Lk (gh1:1) WO (96+ 0) 1 B008HOZLIPOLI
05HL 0041 0501 000+ 056 006 058 008 052 00L 059 085 005 05 00r =3 00€ 052 051 00l 05
2w . d | ) . ; . ; i . ; | ; L . . ) . i . : ] , ; . ] . . . . | . 0 ! o
BALBER P I I AN T B R D AN TN
P N N
14211 L veLr v poaLsL  LETELS szl 2viOL | dougsL'eEE0GoE  TEZ9EZ SH0961 sz o
TEVSEE  pggegy _J9960C 019£°969 o625 285 VZVE LG g680°08€ +£60°832 E9IEO0BL ) )7 £8V0 OEL
6T 6L8 0928+9 816209 .
6197 506 912859 - ¢ 397021
920 ELL veeurl T Z8PE 96 Les0ble
SIZE°18S
686801 =
BY6E FFL
6£90261
ELBEELL
93/9¢2 \MMMWQ%M “ook
+aISW 401 L (8112) wo (566°0) L€ 8008L0ZLLYDdS
05kl 0041 0501 000+ 056 006 058 008 052 002 059 085 008 o5y 0or 0sg 00e 05z 00z 051 0oL 05
2w f d . ; . i . . i . ; | i I . . ) . i . ; ] ; . ; ; . : . ; : . 0 ! o
i 4,4 T ; ..,_____4 L { g T T A T T #if T ﬁ
P BOELKZ | N 00126 gec08 AN .
BIVE N\ VeL RLL FigezL 995717 6262 ¥£5 sevo iy S7OUEk | Z0YESLER0"59E SvEL0Z 29629l VBZLET 70 h0L
CWTSED  gggoy it 0198 969 9625285 caLory 9680 086 VEBU'BSE  £9C0°06L gy £890'9EL
: g 05£605 -
6L9t'506 198055 7 06z908 VOEE 96T 6 5520241
920FELL uzos THB0'6LE
PR
556906 e
BY6EFFL
v51E01
ELBEELL
69LZeT |
17T T6z6EEYL 0ot
+0TSW H0L 7L (8rrg) wo (S29'L) £9 L008102LHrDd3
aran

Figure7.16 Mass spectra of three M64 replicatdsMALDIMS positive mode Chapter 3)

126



0511 00LL 0501 0001 056 008 082 002 089 009 088 005 ogv 00F 05 008 05z 00z 051 0oL 08
- o) AT ? A P i T I AT AT ; Y ettt 0
" - NSk e L A T T T 7 T T T { *
/ 80808 __ _ N J mwmmwww 56889 £1586 7 hme - - “leieg
5E880F A\ VL] 5ELBLL PBEE 96 geig8l  leeDGEE  WBELZL ¥ . . ZHEO'TOL
WS gy L 0L9€ 969 sherogs zre0sle vpsh Log SBEDESE ESEODGL gy gy LBVO'SEL
6157506 090117 O 55202LL
9e0v'ELL SIZEL8S  LILELSS
120719
8V6E FYL *
971560k
CLeEElL
0186671
| 0L86 Loot
99081 626 EVL
L0718 401 L (211:2) WO (566 0) LE 9008LOELLFDd3
0511 001 0501 0001 056 0sg 003 082 002 085 05v 00F 058 008 05z 00z 051 001 08
- s ik e A o ; e gt : R I 2 A - : VU S AR
7 4 16v881 __ | T 06LES 7 _ H AN «Lg_ e
Sesual. Sren 2 el | 6262 ES 056101 26798 el sacooel| ol ool
LUVTE  gervere 049£'969 9678285 TVB0ELE  LBSE SEE acs0LE
619V 506 L0L6LF wiese ooy 5520°2LL
9eovELL SITEVES  LILE LSS
8z7acg
BY6E F7L =
30£L04
ELREELL
1FLL55L
L Lrhie Loot
9950'L 626E EV2
+T1SWH01 L (812 wO (526°0) 6 SO08LOELLYDd3
0511 001 0501 0001 056 006 05g 003 062 002 059 009 055 005 057 00v 058 008 052 002 051 0oL 05
2 s AT A AT ; o8 o 0L U o e ; e e bt i i 0
- A U A A I R I PR PR DA I
/ 0ze68! L . 81148 7 10v29
B0LEW \zaseL el 59512 p—y 6262 VES za7E 967 9gglel  Leggee  L986H BTOETL Fo6ve ekl 0 vl
RV gogze  rin 019£969 e VR0 6LE VrGL 11z C60°85C  ESE0°06) gygggy LOFOT9EL
BLv 506 uzsszy e Lreky el
coveLl SIZEL8S  LALETLSS
V20Lv9
876E ThL # .
301724
EL8EELL
08LEL51 I
99L5) TBZEEETL 0oL

+d71SW 4011

(gLL:1) wo (28+°0) L ¥O0BLOZLLYDd3
qg
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Figure7.18 Mass spectra of three F1 replicat¢ IALDIMS positive mode Chapter 3)
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Figure7.19 Mass spectra of three F14 replicaté8IALDIMS positive mode Chapter 3)
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Figure7.20 Mass spectra of three M64 replicatdMALDIMS negative mode Chapter 3)
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Table7.1 Putative identification of compounds discriminant to the prfermentation sample class (MALDMS
positive modée

Query

Monoisotopic

Adduct

Bin Compound name  Formula Adduct n LILIY  Flavour descriptor  Chemical class
mass mass m/z
175.0354 Juglone C10H603  174.0317 M+H 175.039 20 NIF Napthalene
175.0354 Methylparaben C8H803 152.0473 M+Na 175.0366 7 odorless Benzene
p.
175.0354 Hydroxyphenylace C8H803 152.0473 M+Na 175.0366 7 NIF Phenol
tic acid
1750354  Methyl salicylate ~ C8H803  152.0473 M+Na 1750366 7 mint, peppermit,  po one
wintergreen
Burnt, chocolate,
1750643  evamethylpyrazi - oo ionn 1361 M+K 1750632 6 cocoa,  coffee, o . ie
ne lard, musty, nutty,
soybean
174.9718 3}1\:@:2'_1’2’4 C4H8S3 151.9788 M+Na 174.968 22 NIF Trithiane
1750643 2 Metyls C8HI2N2  136.1 M+K 1750632 6 NIF Pyrazine
propylpyrazine
2-Ethyl3,5 Burnt  almonds, )
175.0643 . . C8H12N2  136.1 M+K 175.0632 6 coffee, potato, Pyrazine
dimethylpyrazine
roast, roasted nuts
2-
175.0354 Hydroxyphenylace C8H803 152.0473 M+Na 175.0366 7 NIF Benzene
tic acid
. 192.735 .
175.0354 Hypoxanthine C5H4N40  136.1114 M+K 175.0017 3 NIF Purine
113.207 civet, floral,
175.0354 Phenylacetic acid C8H8019  136.1479 M+K 175.0156 1 ' flower, honey, Benzene
sweet, waxy
175 almond, anise,
balsam, berry,
bitter, cherry,
chocolate,
4 113.207  cinnamon
175.0354 Methoxybenzalde C8H8019  136.1479 M+K 175.0156 ’ ! Benzene
hyde 1 creamy, floral,
hawthorn,
mimosa, mint,
minty, pwdery,
sweet, vanilla
175.0354 Xanthine $5H4N401 152.1108 M+Na 175.0227 12'8477 NIF Purine
) ) 6.66146
175.0354 Mandelic acid C8H8018  152.1473 M+Na 175.0366 5 NIF Benzene
6.66146 chocolate,
175.0354 Vanillin C8H8018  152.1473 M+Na 175.0366 5' creamy, sweet, phenol
vanilla
bacon, clove,
175.0354 4-Ethylguaiacol C9H12017 152.1904 M+Na 175.0729 214.442 phenolic, smoky, Phenol
spice, spicy
175.0354 Myrcene C10H33 136.234 M+K 175.0884 302.453 NIF Terpenoid
apple, apricot,
chocolate,
- . cooked, .
1750354  Succinic o acid oguy617  174.0892 MeH 1750065 %8830 Conberry, fuir, T acid
diethyl ester 5 . - ester
fruity, grape, mild,
musty, peach,
pear, wine, ylang
265.0906 4-Vinylsyringol C15H1403 242.0943 M+Na 265.0835 27 NIF Stillbene
8-Phenyi3,4
2650006  dinydrolhk2- C15H1403 242.0943 M+Na 2650835 27 NIF Phenol
benzopyrar6,7-
diol
265 Benzaldehyde
265.042 Benzoyl peroxide C14H1004 242.0579 M+Na 265.0471 19 mild ! Benzene
265.0006  Thymidine 8;0"'14”2 242.2285 M+Na  265.0795 g1'9157 NIF Pyrimidine
265.029 L-arogenate glOHlZNO 226.0721 M+K 265.0353 24 NIF Amino acid
381.0834 Sucrose fleZZOl 342.1162 M+K 381.0794 11 NIF Carbohydrate
381  381.0834  Kojibiose CI2H2201 545 1162 M+K 381.0794 11 NIF Fatty  acyl
1 glycoside
381.0834 Galactinol 512H2201 342.1162 M+K 381.0794 11 NIF Carbohydrate
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Bin Query Compound name  Formula Monoisotopic Adduct Adduct n LILIY  Flavour descriptor Chemical class
mass mass m/z
381.0834 D-Maltose fleZZOl 342.1162 M+K 381.0794 11 NIF Carbohydrate
381.0834 beta-Mannobiose fleZZOl 342.1162 M+K 381.0794 11 NIF Carbohydrate
381.0834 Melibiose (1:12H2201 342.1162 M+K 381.0794 11 NIF Carbohydrate
381.0834 Isomaltose 512H2201 342.1162 M+K 381.0794 11 NIF Carbohydrate
3-Hydroxy3-(3,4
dihydroxy4-
methylpentanoyl)
381.0834  5-(3methylbutylr  C16H2208 342.1315 M+K 381.0946 29 NIF Carbonyl
1,2,4
cyclopentanetrion
e
381.0834  Turanose CI2H2201 345 1162 M+K 3810794 11 NIF Faty ~ acyl
1 glycoside
381.0834 Fagopyritol A1 fleZZOl 342.1162 M+K 381.0794 11 NIF Carbohydrate
381.0834 Trehalose 512H2201 342.1162 M+K 381.0794 11 NIF Carbohydrate
2 C29H47NO
496.3271 Acetoxysoladulcidi 4 473.3505 M+Na 496.3397 26 NIF Alkaloid
ne
4963531  2TAcetoxy2S C29HATNO 475 3505 M+Na 4963397 27 NIF Alkaloid
episoladulcidine 4
16-Hydroxy
496.4 57913
tetramethy}5-
496.3271 oxaspiropentacycl EZQHMNO 473.3505 M+Na 496.3397 26 NIF Alkaloid
oicosane6,2*-
piperidine}3'-yl
acetate
5431487 ~ Myricatomentosid  C26H3201 g4, 1 95 M+K 5431627 26 NIF Lignan
el 0 glycoside
5431996  Matairesinoside 2019201 550 1945 M+Na  543.1837 29 NIF Lignan
1 glycoside
2-
(Hydroxymethyh
6-{4-3-
(hydroxymethyl
5{(12)3-
hydroxyprop1-
543.2 543.1996 en-1-yl]-7- 526H3201 520.1945 M+Na 543.1837 29 NIF Flavonoid
methoxy-2,3
dihydro-1-
benzofuran2-yl]-
2-
methoxyphenoxy}
oxane3,4,5triol
5432505 ~ Cinncassiol C119 C26H3BOL o) »aqq M+H 5432436 13 NIF Terpene
glucoside 2 glycoside
543.1487 i -Glucan ngHSZOS 504.437 M+K 543.1322 20'3885 NIF Carbohydrate
543.1487 Maltotriose SIBHSZOS 504.437 M+K 543.1322 20'3885 NIF Carbohydrate
543.3015 Chaetoglobosin N 823H38N2 542.2781 M+H 543.2853 30 NIF Alkaloid
543.3015 Protobassic acid C30H4806 504.3451 M+K 543.3082 12 NIF Triterpenoid
543.3015  Tomentosic acid ~ C30H4806 504.3451 M+K 543.3082 12 NIF Triterpenoid
543.3015 Sericic acid C30H4806 504.3451 M+K 543.3082 12 NIF Triterpenoid
10,11,12
Trihydroxy9-
5433015  (WAdroymethyh o806 504.3451 M+K 543.3082 12 NIF Triterpenoid
543.4 hexamethyi-
icosahydropicene
4a-carboxylic acid
543.3015 Myrianthic acid C30H4806 504.3451 M+K 543.3082 12 NIF Triterpenoid
543.3015 gng&My”a"th'c C30H4806 504.3451 MK 5433082 12 NIF Triterpenoid
543.3015 ;:é/izlo[g)assﬁlmc C30H4806 504.3451 M+K 5433082 12 NIF Steroid
6beta
543.3015 Hydroxyasiatic C30H4806 504.3451 M+K 543.3082 12 NIF Triterpenoid
acid
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Bin Query Monoisotopic Adduct Adduct n LILIY  Flavour descriptor Chemical class

Compound name  Formula
mass mass m/z

543.3015 Isothankunic acid C30H4806 504.3451 M+K 543.3082 12 NIF Triterpenoid

1,10Dihydroxy
9,9
bis(hydroxymethyl
)-pentamethyt-
icosahydropicene
4a-carboxylic acid
(1-{2-[2-
(acetyloxy)5-oxo-
2,5dihydrofuran
3-yl-2-
hydroxyethyl}2-
543.3015 hydroxy C29H4408 520.3036 M+Na 543.2928 16 NIF Terpenoid
4b,8,8,10a
tetramethyt
tetradecahydroph
enanthren2-
yl)methyl acetate
Cyclopassifloic
acid B

543.3015 C30H4806 504.3451 M+K 543.3082 12 NIF Triterpenoid

543.3525 C31H5206 520.3764 M+Na 543.3656 24 NIF Steroid

Nomilinic acid 17
7133151  ObetaD- C34HABOL 715 2042 M+H 7133015 19 NIF Terpene
. 6 glycoside
glucoside

713.3248  Citrusin ii 837'*44“8 712.3333 M+H 713.3406 22 NIE g;gboxyllc
Dg0:3(5z,82,11z)

713.4922 122:6(42,72,102,13 C45H7005 690.5223 M+Na 713.5115 27 NIF Glycerolipid

2,162,192)/0:0)

DG(20:3(82,11Z,1

47)/22:6(42,7Z,10

713.4

7134922 O egy, C4BH7005 6905223 M+Na 7135115 27 NIF Glycerolipid
0)[is02]
714.4855  PC(4:0/15:0) BCS’7H74NO 691.5152 M+Na 7145044 26 NIF S(')’I'i‘;?égphos"
714.4
714.4855  PE(14:0/18:0) C3THTANO 691 5152 M+Na 7145044 26 NIF Glycerophosp
8P holipids
744.4008 betal-Chaconine ngH63NO 705.4452 M+K 744.4084 10 NIF Alkaloid
744.4
7444008  PS(14:0/16:1(97)) CCHE8NO 705 451 M+K 7444212 27 NIF Glycerophosp
10P holipids
7734  773.4087  Mubenin B f“HGGOl 734.4605 M+K 773.4237 19 NIF Triterpenoid
775.4532 ~ Alphaspinasterol  CAIHGBOL ;56 176, M+K 775.4393 18 NIF Steroid
gentiobioside 1
7754 7753923  Cyclosquamosin f 8??“54’\'8 774.3912 M+H 7753985 8 NIF g;;boxy“c
775.4532 Melilotoside B 541H6801 752.4711 M+Na 775.4603 9 NIF Triterpenoid
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Table7.2 Putative identification of compounds discriminant to the posérmentation sample class (MALEMS
positive mode

Bin Query Monoisotopi Adduct Flavour

Compound name  Formula Adduct n oLy . Chemical class
mass Cc mass m/z descriptor
551.3223 Ganoderic Acid V. C32H4806 528.3451 M+Na 551.3343 22 NIF Triterpenoid
(22S)Acetoxy
3alpha,15alpha
551.3223 dihydroxylanosta ~ C32H4806 528.3451 M+Na 551.3343 22 NIF Triterpenoid
7,9(11),24trien-
26-oic acid
(22S)Acetoxy
3beta,15alpha
551.3223 dihydroxylanosta ~ C32H4806 528.3451 M+Na 551.3343 22 NIF Triterpenoid
7,9(11),24trien-
26-oic acid
(24E)3alpha
Acetoxy
5513203  oalpha, 228 C32H4806 528.3451 M+Na  551.3343 22 NIF Triterpenoid
dihydroxylanosta
7,9(11),24trien-
26-oic acid
551.3223 (TSS“Oderm'C acid 3014805 512.3502 M+K 551.3133 16 NIF Triterpenoid
551.4 ! :
551.3223 ?ﬁ“"derm'c %l 3514805 512.3502 M+K 551.3133 16 NIF Triterpenoid
551.3291 Ganoderic acid S C32H4805 512.3502 M+K 551.3133 29 NIF Triterpenoid
551.3291 Ganoderic Acid Mf C32H4805 512.3502 M+K 551.3133 29 NIF Triterpenoid
551.3291 Ganoderic Acid X C32H4805 512.3502 M+K 551.3133 29 NIF Triterpenoid
551.4113 DG(14:0/14:0/0:0) C31H6005 512.4441 M+K 551.4072 7 NIF Diacylglycerol
551.4113 DG(12:0/16:0/0:0) C31H6005 512.4441 M+K 551.4072 7 NIF Diacylglycerol
551.4113 DG(10:0/18:0/0:0) C31H6005 512.4441 M+K 551.4072 7 NIF Diacylglycerol
551.4113 DG(14:0/14:0/0:0) C31H6005 512.4441 M+K 551.4072 7 NIF Diacylglycerol
DG(15:1(112)/16: )
551.4626 1(112)/0:0) C34H6205 550.4597 M+H 551.467 8 NIF Diacylglycerol
551.4626 lDlGZQ).ISO:-lO()QZ)IIG:l( C34H6205 550.4597 M+H 551.467 8 NIF Diacylglycerol
551.4763 ?(251)/50:-15)112)/16: C34H6205 550.4597 M+H 551.467 17 NIF Diacylglycerol
551.4763 9Dg/(é%)1(92)/16:1( C34H6205 550.4597 M+H 551.467 17 NIF Diacylglycerol
552.4 552.4146 LysoPC(20:0) %ZBHSSNO 551.3951 M+H 552.4024 22 NIF Glycerophospholipid
567.3212 Ganoderic Acid V. C32H4806 528.3451 M+K 567.3082 23 NIF Triterpenoid
(22S)Acetoxy
3alpha,15alpha
567.3212 dihydroxylanosta  C32H4806 528.3451 M+K 567.3082 23 NIF Triterpenoid
7,9(11),24trien-
26-oic acid
(22S)Acetoxy
3beta,15alpha
567.3212 dihydroxylanosta  C32H4806 528.3451 M+K 567.3082 23 NIF Triterpenoid
7,9(11),24trien-
26-oic acid
(24E)3alpha
Acetoxy
s67.3212  Loalpha, 228 C32H4806 528.3451 M+K 567.3082 23 NIF Triterpenoid
567.4 dihydroxylanosta
7,9(11),24trien-
26-oic acid
567.3212 ",;'O"e”'d“'c'ge”'” C32H4807 544.34 M+Na  567.3292 14 NIF Prenol lipid
25
567.3212 Cinnamoylvulgaro C34H4607 566.3244 M+H 567.3316 18 NIF Prenol lipid
side
567.3281  Tsugaric acid B C33H5205 528.3815 M+K 567.3446 29 NIF Triterpenoid
2-
567.408 Dehydroplectania C40H5402 566.4124 M+H 567.4197 21 NIF Tetraterpenoid
xanthin
567.4984 Phytoene C40H64 544.5008 M+Na 567.49 15 NIF Tetraterpenoid
567.4984 Phytoene C40H64 544.5008 M+Na 567.49 15 NIF Tetraterpenoid
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Bin Query Compound name  Formula Monoisotopi Adduct Adduct n oLy Flavopr Chemical class
mass € mass m/z descriptor
567.4984 al-trans-Phytoene  C40H64 544.5008 M+Na 567.49 15 NIF Tetraterpenoid
567.4984 8(8)0'6:0/16:1(92)/ C35H6605 566.491 M+H 567.4983 0 NIF Diacylglycerol
567.4984 558’0:0/22:1(112 C35H6605 566.491 M+H 567.4983 0 NIF Diacylglycerol
567.4984 (L))_g)(lo:()/ 221092 3516605 566.491 M+H 567.4983 0 NIF Diacylglycerol
567.4984 5(()3_8210’ 201117 3516605  566.491 M+H 567.4983 0 NIF Diacylglycerol
567.4984 5(()3_(():)[2:0/20:1(132 C35H6605 566.491 M+H 567.4983 0 NIF Diacylglycerol
567.4984 583_84:0/18:1(112 C35H6605 566.491 M+H 567.4983 0 NIF Diacylglycerol
567.4984 83)(14:0/ 18:1092) " 3516605 566.491 M+H 567.4983 0 NIF Diacylglycerol
567.4984 53(01)4:1(112)’ 18 C35HE605 566.491 M+H 567.4983 0 NIF Diacylglycerol
567.4984 g(g)(u;l(gzy 180/ -35H6605 566.491 M+H 567.4983 0 NIF Diacylglycerol
567.4984 5&8610/ 161112 35116605  566.491 M+H 567.4983 0 NIF Diacylglycerol
581.4909 Epomusenin A C37H6603 558.5012 M+Na 581.4904 1 NIF Fatty acyl alcohol
581.4  581.4909 Epomusenin B C37H6603 558.5012 M+Na 581.4904 1 NIF Fatty acyl alcohol
581.3363 Hordatine B 829H40N8 580.3122 M+H 581.3194 29 NIF Flavonoid
582.1766 Neoacrimarine K §31H29NO 559.1842 M+Na 582.1735 5 NIF Quinoline
1-(5-Decanoy#-
nonyt1,4 C36H65NO ) -
582.4791 dihydropyriding- 2 543.5015 M+K 582.4647 25 NIF Dihydropyridine
yl)dodecanl-one
582.2 582.2873 LIPC 18:0;3 fféHSONO 559.3121 M+Na 582.3014 24 NIF Sphingolipid
Lysopc(20:4(5Z2,8Z C28H50NO .
582.2873 112,147)) 7p 543.3325 M+K 582.2956 14 NIF Lysophospholipid
Lyso C28H50NO
582.2873 PC(20:4(52,82,11z 543.333 M+K 582.2962 15 NIF Lysophospholipid
) 7P
,142)/0:0)
Lysopc(20:4(8Z,11 C28H50NO .
582.2908 7.147.172)) 7p 543.3325 M+K 582.2956 8 NIF Lysophospholipid
583.4716 Phytoene C40H64 544.5008 M+K 583.464 13 NIF Tetraterpenoid
583.4787 15-cisPytoene C40H64 544.5008 M+K 583.464 25 NIF Tetraterpenoid
583.3132 Eove“'d“'c'ge”'” C32H4807 544.34 M+K 583.3032 17 NIF Prenol lipid
DG(14:0/18:4(6Z,9 )
5834  ©83.4258 2,122,152)/0:0) C35H6005 560.4441 M+Na 583.4333 13 NIF Diacylglycerol
2-Hexaprenys-
methy}6- .
583.4117 C38H5603 560.4229 M+Na 583.4122 1 NIF Quinone
methoxy1,4
benzoquinone
583.4769 )TG(lO:O’ 10:01120 35116606 582.4859 M+H 5834932 28 NIF Triradyglycerol
6-
595.4  595.469 Hydroxydesacetyl C35H6207 594.4496 M+H 595.4568 20 NIF Fatty acyl alcohol
uvaricin
597.4626 Epomusenin A C37H6603 558.5012 M+K 597.4644 3 NIF Fatty acyl alcohol
597.4626 Epomusenin B C37H6603 558.5012 M+K 597.4644 3 NIF Fatty acyl alcohol
597.4626 Muricatetrocin C C35H6407 596.4652 M+H 597.4725 17 NIF Fatty acyl alcohol
597.4626 Glacin B C35H6407 596.4652 M+H 597.4725 17 NIF Fatty acyl alcohol
597.4
597.4626 Glacin A C35H6407 596.4652 M+H 597.4725 17 NIF Fatty acyl alcohol
597.4626 Rolliacocin C35H6407 596.4652 M+H 597.4725 17 NIF Fatty acyl alcohol
597.4626 Muricatetrocin B C35H6407 596.4652 M+H 597.4725 17 NIF Fatty acyl alcohol
2.
597.3379 ;E’C(’;St%rg' 3D c3aHs406 558392 M+K 597.3552 29 NIF Ergostane steroid
508.3359 ~ Jamma C33HSINO 559 3873 M+K 598.3504 24 NIF Steroidal glycoside
Chaconine 6
5984 C33H53NO
598.3359 gammasSolanine 6 559.3873 M+K 598.3504 24 NIF Steroidalglycoside
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Bin Query Compound name  Formula Monoisotopi Adduct Adduct n oLy Flavopr Chemical class
mass € mass m/z descriptor
3-Hexapreny#-
598.4143 hydroxy-5- C38H5504 575.4106 M+Na 598.3998 24 NIF Prenol lipid
methoxybenzoate
611.4391 Annoglaxin C35H6208 610.4445 M+H 611.4517 21 NIF Fatty acyl alcohol
611.3527 gP,ZL\)()14:1(92)/14:1( (P:31H5708 588.3791 M+Na 611.3683 26 NIF Glycerophospholipid
611.4  611.3527 ElAZ(;L)4:1(92)/14:1( g31H5708 588.3791 M+Na 611.3683 26 NIF Glycerophospholipid
611.3527 (P;)/;()§4:1(112)/14:1 g31H5708 588.3791 M+Na  611.3683 26 NIF Glycerophospholipid
611.3527 ;31/1%1):1(112)/14:1 g31H5708 588.3791 M+Na  611.3683 26 NIF Glycerophospholipid
613.4341 fecrzr;t::nol C30H5804 5904335 M+Na  613.4227 19 NIF Triterpenoid
613.4341 Ubiquinone 6 C39H5804 590.4335 M+Na 613.4227 19 NIF Quinone
6134  613.4341 ;’f;:'tg’;?eta’ C39H5804 590.4335 M+Na  613.4227 19 NIF Triterpenoid
613.4341 Ubiquinone 6 C39H5804 590.4335 M+Na 613.4227 19 NIF Quinone
613.4341 Ubiquinone 6 C39H5804 590.4335 M+Na 613.4227 19 NIF Quinone
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Table7.3 Putative identification of compounds discriminant to the prfermentation sample class (EMSpositive

mode))
Bin Query mass Compound name Formula Monoisotopic Adduct m/z Adduct n o LN Flavo_ur Chemical class
mass type descriptor
120.06783 L-Homoserine C4HONO3 119.05824 120.06552 M+H 19 NIF Amino acid
120.04293 4.5DimethyH, 3 C5H7NO  97.05276 120.04198 M+Na 8 NIF Azole
oxazole
bread,
coumarin,
licorice,
120.02087 2-Methylpyrrole C5H7N 81.05785 120.02101 M+K 1 musty, nut Pyrrole
120 nutty,
walnut
sweet,
120.06783 L-Threonine C4HINO3 119.05824 120.06552 M+H 19 bitter, Amino acid
astringent
3-
120.02633 (methylthio)Propionat  C4H702S 119.01722 120.02450 M+H 15 NIF Fatty acyl
e
184.03830 (S)2-Amino6&- CEHLINO 1,5 07389 184.03705  M+K 7 NIF Amino acid
oxohexanoate 3
1-(2,3-Dihydro1H C10H1IN
184.07420 pyrrolizin5-yl)-2- o 161.08406 184.07328  M+Na 5 NIF Pyrrolizines
propen-1-one
1-{3h-imidazo[4,5 Imidazonyridi
184.04853 clpyridin4yliethanl-  C8H7N30 161.05891 184.04813 M+Na 2 NIF o Py
one
almond,
184.07420 (& CIO0HLIN 161.08406 184.07328 M+Na 5 caramel, Pyrroles
Methylfurfuryl)pyrrole O )
184 burnt, spice
3,4-Dihydro4-[(5
184.07420 methyk2- CLOHIIN 161 08406 18407328 M+Na 5 NIF Heteroaromati
furanyl)methylene] (0] c
2Hpyrrole
184.01773 Indole-3-carbaldehyde C9H7NO  145.05276 184.01592 M+K 10 NIF Indole
184.03830 ';Cfiig'eB-carboxync S9H7N01 161.04768 184.03690 M+Na 8 NIF Indole
almonds,
184.07420 Tryptophol/indole3-  C10HLIN ¢, 5406 184.07328 M+Na 5 solvent, Indole
ethanol (0]
unpleasant
381.06860 Glucocaffeic acid CISHIBO 545 09508 381.05824  M+K 27 astringent,  Phenolic
9 sour, bitter  glycoside
381.09070 b-galactopyranosyl - C12H220 5, ;659 381.07937 M<K 30 NIF Fatty acyl
glucose 11
3-Hydroxy3-(3,4
dihydroxy4- C16H220
381.09810 methylpentanoy)5-(3- 8 342.13147 381.09463 M+K 9 NIF Carbohydrate
methylbutyl}1,2,4
cyclopentanetrione
5,4-dihydroxy3,3-
381.06860 dimethoxy6:7- C18H140 558 06887 381.05809 M+Na 28 NIF Flavonoid
methylenedioxyflavon 8
e
381 381.09070 Fagopyritol Al 5112H220 342.11621 381.07937 M+K 30 NIF Carbohydrate
381.09070 beta-Cellobiose 5112H220 342.11621 381.07937 M+K 30 NIF Carbohydrate
381.09810 Coniferin C16H220 345 13147 381.00463  M+K 9 NIF Phenolic
8 glycoside
381.09070 D-Maltose 5112H220 342.11621 381.07937 M+K 30 NIF Carbohydrate
3-O-alphaD- C12H220
381.09070 MannopyranosyD- 1 342.11621 381.07937 M+K 30 NIF Carbohydrate
galactose
381.09070 Sucrose (1:112H220 342.11621 381.07937 M+K 30 NIF Carbohydrate
381.09070 Isomaltose 5812H220 342.11621 381.07937 M+K 30 NIF Carbohydrate
382.07823 Avenanthramide 1s géng?N 343.10559 382.06875 M+K 25 NIF Polyphenol
382.08563 Avenanthramide 2s g%SHl?N 359.10050 382.08972 M+Na 11 NIF Polyphenol
382 382.07823 Caffeoyl tyrosine géSHl?N 343.10559 382.06875 M+K 25 NIF Amino acid
382.08563 Avenanthramide 2 g%aHl?N 359.10050 382.08972 M+Na 11 NIF :‘éi”amhram'
382.06343 DIBOAGIc g;4H17N 343.09033 382.05349 M+K 26 NIF Carbohydrate
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Bin Query mass Compound name Formula Monoisotopic Adduct m/z Adduct n o LN Flavoyr Chemical class
mass type descriptor
. C19H18CI .
382.08563 Romucosine B NO4 359.09244 382.08165 M+Na 10 NIF aporphines
(R)}2,7-Dihydroxy2H C14H17N
382.06343 1,4benzoxazir3(4H}) 09 343.09033 382.05349 M+K 26 NIF Carbohydrate
one 2glucoside
382.08563 N-(1-Deoxyl- CISH2IN 343 12672 382.08988  M+K 11 NIF Amino acid
fructosyl)tyrosine 08
1-O-alphaD-
383.08670 GlucopyranosyD- CI2H240 344 13186 383.00502  M+K 22 sweet, Faty acyl
h 11 odorless glycoside
mannitol
383.05710 Tricetin 3.4.5- CIBHIBO 344 08960 383.05276  M+K 11 NIF flavonoid
383 trimethyl ether 7
383.08670 Maltitol CI2H240 344 13186 383.09502  M+K 22 NIF Faty ~acyl
11 glycoside
383.08670 Melibiitol CI2H240 344 13186 383.00502  M+K 22 NIF Faty ~acyl
11 glycoside
o . C20H27N
474.16760 Dhurrin 6-glucoside 012 473.15333 474.16060 M+H 15 NIF Carbohydrate
4142 10 C20H23N
474.18410 Formyltetrahydrofolat 707 473.16590 47417317  M+H 23 NIF Pteridine
e
o ’ C20H27N
496.15240 Dhurrin 6-glucoside 012 473.15333 496.14254 M+Na 20 NIF Carbohydrate
10 C20H23N
496.2 496.16923 Formyltetrahydrofolat 707 473.16590 496.15511  M+Na 28 NIF Pteridine
e
496.16923 PteroytD-glutamic acid ;:égstN 473.16590 496.15511 M+Na 28 NIF Pteridine
497.10200 2-(EyFeruloyi3- C20H260 456 14243 49710558  M+K 7 NIE Coumaric acid
(arabinosylxylose) 12
2-(Methoxycarbonyh
5-methyt2,4-bis(3
methyl2-butenyl)}6-
497.29590 (Z-methyk1- C29H460 58 33061 497.30277  M+K 14 NIF Monoterpenoi
oxopropyl}5-(4- 4 d
methyl3-
pentenyl)cyclohexanon
e
D-galactopyranosy(1-
497.15820 >3)d- C17H300 474.15847 497.14769  M+Na 21 NIF Carbohydrate
galactopyranosy(1- 15
>3)}-arabinose
alphaD-Xylopyranosy!
(1->6)beta-D- C17H300
4972 497.15820 glucopyranosy(1->4) 15 474.15847 497.14769  M+Na 21 NIF Carbohydrate
D-glucose
a-L-Arabinofuranosyl
497.15820 (1->2){a-D- CL7H300 474 15847 497.14769  M+Na 21 NIF Carbohydrate
mannopyranosy(1- 15
>6)}D-mannose
497.14693 Deoxynivalenol 3 C21H300 50 1 769 49714197  M+K 10 NIF Sesquiterpeno
glucoside 11 id
4'-
497.12730 Methylepigallocatechi f§2H24O 496.12169 497.12897  M+H 3 NIF Flavonoid
n 3-glucuronide
Ethyl 6,7-dimethoxy-3-
methyt4-oxo-1-(3,4,5
trimethoxyphenyl) C25H300
497.15820 1,2,3 4tetrahydro-2- 25 372.12100 497.15722 M+K 2 NIF Phenol
naphthalenecarboxylat
e
520.19260 Gravacridonetriol C25H2ON 519 17406 520.18134  M+H 22 NIF Glycerolipid
glucoside Ol1
520.2  520.25297 N1,N10 L C27H3SN 497 25250 520.24180 M+Na 21 NIF hydroxycinna
Diferuloylspermidine 306 mic acids
. . . C27H41IN . .
520.28747 Vignatic acid B 307 519.29445 520.30173 M+H 27 NIF cyclic peptide
5222 522.14960 Petunidin =~ 3(6%  C24H250 55, 1595, 522.13679  M+H 25 NIF Flavonoid
acetylglucoside) 13
534.15230 Pelargonidin 6™ C25H250 g5 1595, 534.13679  M+H 29 NIF Flavonoid
succinylglucoside) 13
O-6-deoxy-a-l-
galactopyranosy(1-
534.2 >2)0-b-d- C20H33N
534.18730 galactopyranosy(1- 014 511.19010 534.17932 M+Na 15 NIF Carbohydrate

>3)2-(acetylamino)
1,5-anhydro2-deoxy
d-arabinohex1-enitol
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Bin Query mass Compound name Formula Monoisotopic Adduct m/z Adduct n o LN Flavoyr Chemical class
mass type descriptor
O-6-deoxy-a-l-
galactopyranosy(1-
>2)0-b-0- C20H33N
534.18730 galactopyranosy(1- 014 511.19010 534.17932 M+Na 15 NIF Carbohydrate
>4)2-(acetylamino)
1,5-anhydro-2-deoxy
d-arabinohex1-enitol
535.10840 Luteolin rO(6%  C24H220 55 16096 535.10823  M+H 0 NIF Flavonoid
malonylglucoside) 14
7,8Dihydrovomifoliol
535.28340 o[hamnosyl1->6y  C2°H420 534 56763 535.27490  M+H 16 NIF Faty ~acyl
. 12 glycoside
glucoside]
535.10840 Apigenin 746" C24H220 g4, 1596 535.10823  M+H 0 NIF Flavonoid
malonylglucoside) 14
535.23090 Myricatomentoside Il S27H340 534 91011 53521739  M+H 25 NIF Phenyl
11 propanoid
535.2 535.29213 Helveticoside 9CZQH420 534.28288 535.29016 M+H 4 NIF Steroid
535.10840 6"-Malonylastragalin 5424H220 534.10096 535.10823  M+H 0 NIF Flavonoid
535.10840 Cyanidin 6™ C24H230  gop 4 gg7g 535.10878  M+H 1 NIF Flavonoid
malonylglucoside) 14
535.16090 Malvidin = 3(6-  C25H270  gop 1 454 53514517  M+H 29 NIF Flavonoid
acetylglucoside) 13
535.10840 (RyByakangelicin 8" C23H280 456 15508 53512123  M+K 24 NIF Coumarin
glucoside 12
558.14990 Malvidin _ 3(6"-acetyt  C25H270  gqp 4 4517 558.13438 M+Na 28 NIF Flavonoid
galactoside) 13
558.14990 Gravacridonetriol C25H29N 519 17406 558.13722  M+K 23 NIF Glycerolipid
558.2 glucoside Ol1
558.10230 Cyanidin 3™~ C24H230  gop 1 gg7g 558.09800 M+Na 8 NIF Flavonoid
malonylglucoside) 14
.y C32H31IN o
558.22137 Acrimarine N 08 557.20497 558.21224  M+H 16 NIF Quinoline
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Table7.4 Putative identification of compounds discriminant to the po$érmentation samples class (BMS

positive mode

Bin Query Compound name  Formula Monoisotopi Adduct Adductm/z n LILY Flavour descriptor Chemical
mass C mass class
70 70.00430 Methylamine CH5N 31.04220 M+K 70.00536 15 fish odor Amine
Butenyl
151.98870 . . C5H7NS  113.02992 M+K 151.99308 29 NIF Organosulfur
isothiocyanate
soapy, astringent,
152.03223  Pyroglutamic acid <1 'NO 12904259  M+Na 15203181 3 less intense. Sour i acid
3 than other org.
Acids
barley, beefy,
151.98870 2¥DMetyiLE oo ons 11302002 MK 151.99308 29 coffee,mold, Azole
thiazole roasted, rubber,
tea
1-(4,5Dihydro C5H7NO g[ﬁ? N Chlg’ ci)or:]’
152.01827  1,3thiazob2- 129.02483  M+Na  152.01405 28 Y POPCOMN,  tone
S potato, roast,
ylethanl-one
taco, toasted
Earthy, medical,
152.05087 Quinoline C9H7N 129.05785 M+Na 152.04707 25 musty, rubber, Quinoline
tobacco
152.05087 2 o COHIIN 19308406 MK 15204722 24 roasty Pyrrolidine
Acetylpyrrolidine O
2-Ethytl,3-
151.98870 thiazole C5H7NS 113.02992 M+K 151.99308 29 Green, nutty Azole
152 .
15201357 L Pyrolines CSHTNO 11304768  M+K 152.01084 18 NIF Amanio acid
carboxylic acid 2
bread, chip, corn,
15201357 2aceh CSHTNO 15900483  M+Na 15201405 3 nutty,  popeom, -y cione
thiazoline S potato, roast,
taco, toasted
caramelchemical, fatt acyl
152.02757 Ethyt2-butenoate  C6H902 113.06025 M+K 152.02341 27 diffusive, pungent, estgr Y
rum, sweet
152.04620 \Zlé'f:rt;jmemy" C6H903 129.05517  M+Na 15204439 12 NIF Fatty acyl
152.06020 Guanine SSHSNS 151.04941 M+H 152.05669 23 NIF Purine
4- C6H11N
152.06957 Acetamidobutanal 02 129.07898 M+Na 152.06820 9 NIF Aldehyde
15207887 MetwkSethyk CTHISO 15409155  mena 15208077 13 applelike Fatty acyl
butanoate 2
medicinal,
152.07420 Ethylnicotinate N 15116250  M+H 152.07060 24 tincture,  solvent, - g
5 anis, stale, grainy,
grape, papery
Methyl 2,6 C11HON
258.02297  dihydroxyquinolin o4 219.05316 M+K 258.01632 26 NIF Quinoline
e-4-carboxylate
1-(6-Methyl-2,3-
dihydro-1H C13H17
258.08980  pyrrolizin5- 219.12593 M+K 258.08909 3 NIF Pyrrolizines
NO2
yl)pentanel,4
258 dione
257.96017 +Nitrophenyl COHBNO 51590327 Mtk 257.95643 14 NIF Phenyl
phosphate 6P phosphate
4-amino-2-
methyk5- C6H10N Aminopyrimi
258.01080 phosphomethylpy  304P 219.04089 M+K 258.00405 26 NIF dine
rimidine
258.04120 O-SuccinA- CBHIN 51907420  m+k 258.03745 15 NIF Amino acid
homoserine 06
. . C9H17N . . .
258.07763  Pantothenic acid o5 219.11067 M+K 258.07383 15 astringent, salty Vitamin
. . C9H15N . .
268.05527  Orgothionenine 3025 229.08850 M+K 268.05166 13 NIF Amino acid
5-
. C5H12N Pentose
268 268.00567 ::r’]r;osphorlbosylam o7P 229.03514 M+K 267.99830 28 NIF phosphate
4-Chlore6,7- CoHsCl
267.97477  dimethoxy1,3 NO4 229.01419 M+K 267.97734 10 NIF Benzoxazole
benzoxazoP-ol
206.06357 Cveerophosphoc  CBH2ON o0 1000, uk 296.06598 8 NIF Glycerophos
206 holine Oo6P pholipid
206.07007 Aminoimidazole  C8HIAN g5 oegy  ppupy 206.06421 20 NIF Carbohydrat
ribonucleotide 307P e
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Query

Monoisotopi

Chemical

Bin Compound name  Formula Adduct Adductm/z n LILY Flavour descriptor
mass c mass class
5-Amino-1-(5
296.07007 phosphoD- CBHIAN o5 05694  M+H 296.06421 20 NIF Carbohydrat
} . 307P e
ribosyl)imidazole
2-Carboxyl-[5-(2-
carboxyl-
pyrrolidinyl}2- C15H20 . .
309.15260 hydroxy2,4 N205 308.13722 M+H 309.14450 26 NIF Amino acid
pentadienylidene]
309.2 pyrrolidinium
300.15260 1! GO 57045060 MK 309.21005 215 fatty acid faty - acids
pentadecanoate 9 ester
GO fatty acids,
309.15260 Ethyl linoleate 076 308.49860 M+H 309.27879 408 vegetable oil, Ester
® rancid
32207220 Avenanthramidea Cr0 '3 20007937  M+Na 32206859 11 NIF Cinnamic
NO5 acid
& C16H13 Cinnamic
322.05183  Avenanthramide 283.08446 M+K 322.04762 13 NIF }
D NO4 acid
32207220 Avenanthramide  CI6HI3 55407937  Mina 32206850 11 NIF Cinnamic
G NO5 acid
322 4-amino-2-
Methyl-5- C6H11N pyrophospha
322.00430 diphosphooxymet  307P2 299.00722 M+Na 321.99644 24 NIF o
hylpyrimidine
. C10H13 .
322.05860 Guanosine N505 283.09167 M+K 322.05483 12 NIF Purine
D4~ C9H18N
322.07220 Phosphopantothe o8P 299.07700 M+Na 322.06622 19 NIF Amino acid
nate
32208580 1 Methy- CLHI7  9g312805 MK 32209121 17 NIF Purine
adenosine N504
.. .. Cl7H20
407.08153  Feruloylquinic acid 09 368.11073 M+K 407.07389 19 NIF Ester
406.97980  Orotidylic acid C10H13 368.02570 M+K 406.98885 22 NIF Pyrimidine
407 : Y N2011P : : 4
20 C16H16 Carboxylic
407.06373  Feruloylhydroxycit o11 384.06926 M+Na 407.05848 13 NIF acid 4

ric acid

146



A3 Chapter 4JPLEMS Supplementary Material

Intensity

Intensity

L asco

L 700

F 6000

F so00

k aco

L 300

k2000

om0

a0 050 100 150 200 25 200 250 200 450 500 550 600 650 700 750 200 [t 200 as0 1000 050 100

Figure7.26 Chromatogram of a préermentation sample(UPLE@VS Chapter 4)
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Figure7.27 Chromatogram of a F1 samp{&/PLEMS Chapter 4)
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Figure7.28 Chromatogram of a postermentation sample(UPLEMS Chapter 4)
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