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Abstract

Surface microorganisms in surface-ripened cheese, combined with lactic acid
bacteria, contribute to lipolysis and proteolysis, degradation of free fatty acids and free
amino acids, and the metabolism of lactose, citrate and lactate, with a consequent
biosynthesis of volatile flavour compounds. The intense metabolic activity of the yeasts
and Gram-positive bacteria on the cheese surface is evident in surface-ripened cheese,
where the resident surface microbial population is responsible for the characteristic
strong flavour, typical for this cheese variety. Although cheese is a widely studied
fermented food, the biochemical mechanisms which lead to the biosynthesis of volatile
compounds, and the development of cheese flavour, are not completely clear and need
to be explained. Therefore, the aim of the studies in this thesis was to investigate the
development of flavour volatile compounds in cheese, produced by cheese microbiota,
both as single strains in model systems, and when applied to cheese curd surface as
simple or more complex culture mixes containing yeasts and Gram-positive bacteria.

Through the use of the metagenomic and enzymatic assays, it has been possible
to investigate the potential flavour-forming ability of the cheese microorganisms, and
correlate the results to volatile flavour compounds detected with gas-chromatography.
Our results have shown how variations in the microbial population influence the flavour
development in cheese during ripening. This research may be of industrial benefit for
the manipulation of the microbiota and the production of fermented food with specific

flavour characteristics.
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Chapter 1

Literature Review
Detection of volatile compounds of cheese and their contribution to the

flavour profile of surface-ripened cheese

This chapter has been published in Comprehensive Reviews in Food
Science and Food Safety (2018), 17, 371-390, DOI: 10.1111/1541-

4337.12332



1.1. Abstract

The volatiles responsible for the typical aroma of cheese are produced mainly by
lipolytic, proteolytic pathways, and by the metabolism of lactose, lactate and citrate. The
volatile profile of cheese may be determined using gas chromatography (GC), which
includes the extraction, separation, and detection of volatiles. A wide range of extraction
techniques is available, and technological improvements have been developed in GC
separation and detection, that enhance our understanding of the role of individual key
volatiles to cheese flavour. To date, for surface-ripened cheese, the main volatiles
detected that contribute to flavour include acids, ketones, alcohols, and sulphur
compounds. However, based on the limited number of studies undertaken and the
approaches used, it appears that a significant degree of bias possibly exists that may
have over- or under-estimated the impact of specific chemical classes involved in the

flavour of these types of cheese.



1.2. Introduction

Flavour development of cheese is related to milk quality, processing operations
and, most importantly, microbial activity. The cheese environment is characterized by a
complexity of microbial populations, which contribute to numerous biochemical
reactions, leading to the formation of cheese flavour. The resident microorganisms
contribute to lipolysis and proteolysis, and metabolism of lactose, lactate and citrate,
which are the pathways responsible for the formation of volatile compounds in cheese
(Fox et al., 2017a; McSweeney, 2017).

The combination of volatile compounds and their interactions contributes
primarily to the formation of aroma and taste, which together constitute cheese flavour
(Zehentbauer and Reineccius, 2002; Niimi et al., 2015). Cheese flavour, in combination
with the overall appearance of cheese and its consistency, is decisive for consumer
selection and preference (Drake and Delahunty, 2017; Kilcawley, 2017). Consequently,
the importance of studying cheese flavour is related principally to both the acceptance of
a cheese within the marketplace and the perception of a cheese’s flavour by the
consumer (Drake and Delahunty, 2017). It is known that the flavour preference of
consumers is motivated by the stimulation of human chemical senses, particularly those
for odour (aroma) and taste (D’Acampora Zellner et al., 2008). Specifically, the
perception of flavour is mainly driven by the combination of active volatile compounds
perceived in the orthonasal, and/or retronasal cavity. Olfactory perception is a complex

biological phenomenon triggered by certain volatile molecules, generally hydrophobic,



which interact with odorant receptors (G protein—coupled receptors) in the olfactory
epithelium of the nasal cavity (Breer et al., 2006; Dunkel et al., 2014). A precise
chemical characterization of the mixture of potential stimulants in food plays an
important role in investigating olfactory perception and to evaluate food flavour.

The analysis of volatile compounds in food is commonly performed using gas
chromatographic (GC) techniques, employing very sensitive technologies capable of
detecting trace levels of volatile compounds. It is critical that GC detection is of high
efficiency, especially as volatile compounds, which are present at trace levels, can be
easily perceived during sensory analysis (low perception threshold) and can contribute
significantly to the flavour profile of cheese (Hummel et al., 1997). The complete
analysis of the volatile aroma components of cheese is a complex procedure which
includes extraction/concentration techniques, chromatographic separation, and
identification/quantification. However, it is necessary to concentrate the volatiles
extracted from the food matrix, because the techniques available for the detection of
volatiles are still less sensitive than the human nose, which is able to perceive odours at
extremely low concentrations (parts per billion to parts per trillion) (Bartlett et al., 1997;
Mackie et al., 1998). The techniques and analytical tools available can be adapted to
optimize results for a particular cheese variety, such as surface-ripened cheese (Valero
et al., 2001; Lecanu et al., 2002; Mondello et al., 2005; Salum et al., 2017).

Surface-ripened cheese varieties (e.g., Minster, Tilsit, Livarot, Limburger and
Comté) are characterized by the growth of surface bacteria and yeasts on the cheese
surface during ripening, which are responsible for the strong typical flavour and the

characteristic “glistening” appearance (Desmasures et al., 2015; Fox et al., 2017b;



Mounier et al., 2017). This cheese type is characterized by an intense flavour, conferred
by a wide variety of volatile compounds (acids, ketones, alcohols, esters and sulphur
compounds), which can be detected in different ratios, in relation to the techniques and
methods used for volatile analysis (Valero et al., 2001; Lecanu et al., 2002).

This review describes the formation of the main volatile classes that contribute to
cheese flavour, and it examines the analytical methodologies used to detect volatile
compounds in dairy products, highlighting the advantages and potential shortcomings of
specific techniques. Subsequently, the flavour of surface-ripened cheese is described and
the main volatiles, which contribute to the flavour of the surface-ripened cheese, are
then presented, focusing on their flavour contribution and the methods used for their

detection.



1.3. Flavour development in cheese

The biochemical processes which lead to the synthesis of volatile compounds are
very complex (Ardo et al., 2017; Ganesan and Weimer, 2017; Kilcawley, 2017
McSweeney, 2017; McSweeney et al., 2017; Thierry et al., 2017). It is known that the
volatile compounds identified in cheese are mainly the products of lipolysis, proteolysis,
metabolism of residual lactose, lactate and citrate. They also include metabolism of free
fatty acids (FFASs), and free amino acids (FAAs) (Fox et al., 2017a; McSweeney, 2017).

Lactose is the principal carbohydrate present in milk (~4.8% in raw milk).
During cheese manufacture, the starter lactic acid bacteria (LAB) convert some lactose
into lactate, which is responsible for the decrease in pH. Lactate can be further
metabolized by LAB into formate, acetaldehyde, ethanol, and acetate. In surface-ripened
cheese, the lactate is also converted by yeasts and molds into CO2 and H20, while in
Swiss-type cheese, propionic acid bacteria metabolize lactate into propionate, acetate,
and CO2 (McSweeney et al., 2017). After cheese manufacture, the residual citrate
present in the curd can be metabolized by citrate-positive LAB into acetate and lactate,
also producing other important flavour compounds such as acetoin, 2,3-butanediol,
diacetyl, and 2-butanone (Singh et al., 2003; McSweeney et al., 2017).

The catabolism of FAAs produces mainly aldehydes, alcohols, carboxylic acids,
amines, and sulphur compounds (Fig. 1.1) (Ganesan and Weimer, 2017; Kilcawley,
2017). Aromatic amino acids, branched-chain amino acids, methionine, and aspartic

acid are converted into a-keto acids by a transamination reaction, catalysed by amino



acid aminotransferase. The resulting a-keto acids are then further degraded to branched-
chain and aromatic aldehydes, acyl-CoA, hydroxy acids, and methanethiol (Smit et al.,
2005; Ardo, 2006; Ganesan and Weimer, 2017). The transamination of valine,
isoleucine, and leucine leads to the production of 2-methylpropanal, 2-methylbutanal,
and 3-methylbutanal, respectively (Singh et al., 2003; Ardo, 2006). Aspartic acid can be
converted by transamination into oxaloacetate and further into acetoin, diacetyl, or 2,3-
butanediol (Ardo, 2006). Recently, Peralta et al. (2014) observed that, for Lactobacillus
paracasei, the transamination of aspartic acid has a fundamental role in the production
of diacetyl. Previously, Morgan (1976) had observed that in Lactococcus lactis var.
maltigenes enzymatic pathways exist for the reduction of phenylalanine and methionine
to phenylacetaldehyde and methional, respectively. However, aromatic aldehydes are
produced mainly through spontaneous chemical oxidation of a-keto acids, derived from
tryptophan and phenylalanine, producing benzaldehyde, or from tryptophan, generating
nitrogen-containing compounds such as indoleacetate, indol-3-aldehyde, and skatole
(Gao et al., 1997; Yvon and Rijnen, 2001).

Aldehydes can be converted to their corresponding alcohols by alcohol
dehydrogenase, or oxidized to their corresponding carboxylic acids by aldehyde
dehydrogenase (Yvon and Rijnen, 2001; Ganesan and Weimer, 2017; Kilcawley, 2017).
The biosynthesis of primary and aromatic alcohols, and relative carboxylic acids, is
mainly attributable to the metabolism of molds and yeast. Geotrichum candidum and
yeasts isolated from Camembert, have the ability to produce alcohols and carboxylic
acids, through the metabolism of FAAs (Yvon and Rijnen, 2001). The presence of

alcohols, such as 2-methylpropanol, 2-methylbutanol, 3-methylbutanol, and



phenylethanol, together with the presence of carboxylic acids, such as 2-
methylpropanoic, 2-methylbutanoic, 3-methylbutanoic, and phenylacetic acid, are
indicators of the reduction of branched-chain and aromatic FAAs (Yvon and Rijnen,
2001; Singh et al., 2003).

The metabolism of FAAs by decarboxylation can produce amines, which are not
associated with quality cheese, due to their adverse health implications and often poor
flavour. Gram-positive bacteria, including LAB, are considered the principal producers
of amines, due to their high decarboxylase activity. In some ripened cheese varieties
(e.g. Parmesan, Cheddar, Feta, Pecorino), an extensive proteolysis can support the
release of high amounts of FAAs, which are the fundamental substrates for the
biosynthesis of amines (Linares et al., 2011; Marino et al., 2013; Benkerroum et al.,
2016). The most important amines are histamine, tyramine, putrescine, cadaverine, and
B-phenyl ethylamine, which are produced from the decarboxylation of histidine,
tyrosine, ornithine, lysine, and [B-phenylalanine, respectively (Linares et al., 2011,
Marino et al., 2013).

In addition, catabolism of FAAs can be initiated by elimination reactions,
catalysed by amino acid lyase, which cleave the side chain of amino acids. This pathway
leads to the synthesis of phenol and indole from the metabolism of aromatic amino
acids, and the production of methanethiol from methionine (Ardd, 2006; Ganesan and
Weimer, 2017). B. linens (by methionine y-lyase) and L. lactis (by cystathionine - and
v-lyase) were reported to produce methanethiol, through elimination reactions, starting
from methionine (Yvon and Rijnen, 2001). Yeasts, Micrococcaceae, and

Brevibacterium linens, commonly found in surface-ripened cheese, have the ability to



cleave the side chains of tyrosine and tryptophan, releasing phenol and indole,
respectively (Jollivet et al., 1992; Jollivet et al., 1994). For this reason, phenol is a
flavour compound frequently detected in surface-ripened cheese (Urbach, 1997).

The further catabolism of methanethiol via oxidative reactions, leads to the
production of dimethyldisulphide and dimethyltrisulphide. Sulphur compounds are
particularly important contributors to the flavour of surface-ripened cheese, due to their
very low odour perception, and their strong garlic and very ripe cheese odours (Sablé
and Cottenceau, 1999; Curioni and Bosset, 2002). Numerous LAB species are capable
of degrading methanethiol, producing dimethyldisulphide and dimethyltrisulphide.
However, Micrococcaceae, B. linens, and G. candidum, commonly found on surface-
ripened cheese, are considered the main producers of sulphur compounds, which are
detected at high concentrations in these varieties (Jollivet et al., 1992; Jollivet et al.,

1994).
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Figure 1.1. General pathways for catabolism of free amino acids in cheese, modified

from Yvon and Rijnen (2001).

The lipolysis of the triglycerides by microbial and indigenous milk enzymes, and
enzymes from rennet pastes, results in the development of medium- (carbon chain
lengths <10), and long-chain (carbon chain lengths >10) FFAs (Collins et al., 2003;

Thierry et al., 2017). The enzymes catalyse the hydrolysis of triglycerides, with the
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formation of FFAs, di- and mono-glycerides, and glycerol. The abundance of FFAs
directly effects the flavour properties of cheese, and ranges from low levels in Edam
cheese (total amount ~300 ppm) to very high levels in Blue veined cheese (total amount
~30,000 ppm) (Woo and Lindsay, 1984). The flavour contribution of FFAs in cheese is
mainly influenced by the pH. The pH has an influence on the flavour, as the FFAs, at
high pH levels, are less flavour active, and are perceived as soapy flavours as they are
converted to non-volatile salts, while at low pH they exist in free form and are perceived
as rancid at high concentrations (Singh et al., 2003; Alewijn, 2006).

FFAs contribute to the formation of the cheese flavour, not only directly, but
also indirectly as they are precursors of methyl ketones, secondary alcohols, straight-
chain aldehydes, lactones, esters, and S-thioesters (Fig. 1.2) (Collins et al., 2003; Smit et
al., 2005; Thierry et al., 2017). FFAs can be oxidized to [B-ketoacids, and then
decarboxylated to corresponding methyl ketones, with one carbon less (Collins et al.,
2003; Kilcawley, 2017; Thierry et al., 2017). The biosynthesis of methyl ketones, is
mainly attributed to mold metabolism, e.g., Penicillium roqueforti, Penicillium
camemberti, and G. candidum, and due to their typical odours and low perception
thresholds, are most likely responsible for the characteristic flavour of surface-mold
ripened, and blue-veined cheese (Sablé and Cottenceau, 1999; Curioni and Bosset, 2002;
Collins et al., 2003). However, it is also postulated that ketones can be produced by
heating milk, or directly from esterification of B-keto acids (Alewijn, 2006). Urbach
(1997) suggested that some ketones may be formed directly from p-ketoacids in the GC
inlet, possibly resulting in the over estimation of ketones in the volatile profile of

cheese.
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Ketones can be further converted by reductase to secondary alcohols (Collins et
al., 2003; Kilcawley, 2017). This metabolic pathway is mainly attributed to molds (e.g.,
Penicillium spp.), which are considered responsible for the production of secondary
alcohols (e.g., 2-pentanol, 2-heptanol, and 2-nonanol) in blue-veined cheese (Collins et
al., 2003). However, secondary alcohols are thought not to strongly contribute to the
cheese flavour (Singh et al., 2003), even if 2-heptanol was identified as a key odorant of
Gorgonzola and Grana Padano cheese (Curioni and Bosset, 2002).

Although unsaturated fatty acids, both free and esterified, can be involved in
non-enzymatic autooxidation reactions, these reactions do not commonly occur in
cheese, as cheese is a very reducing environment. However, when this reaction occurs it
produces straight-chain aldehydes, which are characterized by “green grass-like”
aromas, producing compounds, such as propanal, hexanal, heptanal, octanal, nonanal, 2-
decenal, and 2-undecenal, among others (Alewijn, 2006).

Esters are another group of volatile compounds which are involved indirectly in
the metabolism of FFAs, whereby the esterification and alcoholysis reactions, lead to the
biosynthesis of esters (Collins et al., 2003; Liu et al., 2004). Esterification is the
formation of esters from alcohols and carboxylic acids by esterease, whereas alcoholysis
is the production of esters from alcohols and acylglycerols, or acyl-CoA (derived from
the metabolism of FAAs, FFAs, and/or carbohydrates), by acyltransferase. In
alcoholysis, fatty acyl groups from acylglycerols and acyl-CoA derivatives, are directly
transferred to alcohols and are the major mechanism of ester biosynthesis by LAB (Liu
et al., 2004). Some esters are characterized by low perception thresholds and are

generally appreciated for their sweet, fruity, and floral notes, and for their ability to
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minimize the sharpness and bitterness of cheese flavour, associated with high levels of
FFAs and amines (Sablé and Cottenceau, 1999; Curioni and Bosset, 2002; Liu et al.,
2004).

FFAs, or fatty acyl groups, can react with methanethiol to produce S-
methylthioesters. Similarly, in ester biosynthesis, S-methylthioesters originate from
esterification or alcoholysis reactions (Liu et al., 2004). The biosynthesis of S-
methylthioesters is strictly dependent on the availability of methanethiol, and for this
reason is attributed firstly to those species which intensely contribute to methanethiol
production (e.g., Micrococcaceae, B. linens, and G. candidum). S-Methylthioesters are
frequently found in surface-mold ripened and blue-veined cheese, and are characterized
by potent odours with low aroma threshold perception (Liu et al., 2004).

Hydroxylated FFAs represent the precursors of lactones. Hydroxylated FFAs are
incorporated in milk fat triglycerides and are released by enzymatic lipolytic activities or
by any heating process (Alewijn, 2006). Hydroxylated FFAs can also be produced by
the activities of microbial enzymes (lipoxygenase and hydratase) with the catabolism of
unsaturated fatty acids. Lactones are produced from hydroxylated FFAs, by a one-step

transesterification reaction (Alewijn, 2006).
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Figure 1.2. General pathways for the catabolism of free fatty acids in cheese, modified

from McSweeney and Sousa (2000).

Some other volatile classes of compounds, such as phenols and terpenes, can be
detected in several cheese varieties because they can be naturally present in milk before
cheese manufacture. Phenolic compounds were detected in higher concentration in
ewes’ and goats’ milk, compared to cows’ milk, and were considered responsible for the
typical phenolic flavour of ewes’ milk cheese (Ha and Lindsay, 1991; Kilic and
Lindsay, 2005). Phenolic compounds contribute positively to cheese flavour until a
certain concentration is reached, but thereafter tend to give unpleasant notes, as their
concentration increases. The presence of the phenolic compounds in milk is related to
the process of conjugation, which is a detoxification mechanism that enables an animal
to solubilize xenobiotics and excrete them, usually in urine. It seems that the abundance
of phenolic compounds in ewes’ milk is influenced by both feeding and breed (Kilic and
Lindsay, 2005). Another class of compounds, often identified in dairy products are

terpenes, which are volatiles mainly detected in artisan cheese manufactured in alpine
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regions. These compounds primarily, if not solely, originate from the difference in a
cow’s feeding regime in alpine areas (Karoui and De Baerdemaeker, 2007). It is likely
that the content of terpenes in cheese produced in the alpine region is high because of
the diverse wild flora on which cows graze (Faulkner et al., 2017). However, Aprea et
al. (2016) also reported an increase in terpene content of Montasio cheese over ripening,
which could be attributed to the ability of LAB to modify and biosynthesize terpenoids

(Belviso et al., 2011).
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1.4. Extraction techniques of volatile compounds

As outlined above, there is a wide range of flavour compounds, predominantly
volatile in nature, involved in the development of cheese flavour. As a result, there has
been a wide array of extraction techniques employed to isolate and concentrate the
volatiles from different cheese varieties since the advent of this type of technology. In
this regard, the selection of the correct extraction technique is key, because it can
significantly influence the type of chemical classes extracted and identified (Dumont
and Adda, 1972; Lecanu et al., 2002; Bicchi et al., 2004). The extraction techniques
most frequently used to isolate volatiles from cheese are distillation-extraction,
simultaneous distillation-extraction (SDE), solvent assisted flavour extraction (SAFE),
purge and trap (P&T), thermal desorption (TD), and solid-phase microextraction
(SPME). More recently, newer extraction techniques, such as solid-phase dynamic
extraction (SPDE), in-tube extraction (ITEX), stir bar sorptive extraction (SBSE) and
headspace sorptive extraction (HSSE), have been adopted to detect volatile compounds

in food matrices (Table 1.1).
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Table 1.1. Extraction techniques available for the volatile analysis of food and dairy

products.
Extraction Sample . . Trapping
technique Position Operating Principle Technology
Dlstllla_tlon/SoIvent- Flask Flask un(_ier vacuum and heated to release Condenser (cold trap)
Extraction the volatiles
SO'lld Phase ) Sealed vial Rha§e coated silica fiber exposed into the Phase coated fiber
Microextraction liquid phase or the headspace
Stir Bar Extraction Sealed vial Coat'ed magnetlc stirring bar in contact with Cpayed magnetic
the liquid phase or the headspace stirring bar

Purge&Trap U-shaped Inert gas is purged through the U-shaped Trap inside the unit

sparger glass sparger
Thermal Desorption Sampling Inert gas is purged through the sampling Tube trap

chamber chamber
Solid Phase . Syringe with phase coated needle sucks
Dynamic Extraction Sealed vial volatiles from the headspace Phase coated needle
In-Tube Extraction Sealed vial Syringe made by a needle with an above Trap above the needle

trap sucks volatiles from the headspace

1.4.1. Distillation/Solvent-extraction

Distillation-extraction techniques allow for the separation and concentration of
volatile compounds from cheese samples through distillation. Distillation-extraction is
usually performed under reduced pressure (< 10-3 Pa), so-called “vacuum distillation”,
to avoid thermal degradation of volatile compounds. The cheese sample is mixed with
water, flushed with nitrogen and sealed. The resultant slurry is distilled under vacuum
and the extract is collected by cooling traps (Fig. 1.3). The extract may be concentrated
to remove the water by solvent-extraction. Usually, a solvent (acetonitrile, pentane,
dichloromethane or diethyl ether) is added to the extract and a further vacuum
distillation performed. The pH of the final extract can be adjusted to get different
fractions (acidic, neutral, and alkaline) for GC injection. The adjustment of the polarity

of the final extract causes the separation of the volatile compounds. The acidic fraction
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contains primarily phenolic compounds and FFAs; the neutral fraction includes mainly
alcohols, aldehydes, ketones, esters, and lactones; the alkaline fraction contains mainly
nitrogen-containing compounds, sulphur compounds, and terpenes. The distillation-
extraction technique was very common in the past, and numerous studies were
performed on the analysis of the flavour of surface-ripened and Cheddar cheese (Libbey
et al., 1963; Dumont et al., 1974a; Guichard et al., 1987). Groux and Moinas (1974)
analysed the volatile compounds from Vacherin cheese, by using a “gas stripping”
technique combined with vacuum distillation. In this technique, the cheese sample was
homogenized with distilled water, and the volatiles extracted under reduced pressure, by
purging the system with an inert gas (argon) at low temperatures.

It is possible to perform a distillation-extraction of the volatiles directly using a
solvent. This extraction is called SDE, and is faster than a traditional distillation-
extraction. It requires a lower temperature for the distillation, considering the solvent
usually has a low boiling point (Dacre, 1955; Godefroot et al., 1981). This technique
allows for the extraction of volatiles from the condensed solvent vapour (containing
volatile compounds), which is separated from the condensed water vapour (containing
non-volatile compounds) in relation to their density, with subsequent injection of the
extract directly onto the GC column. SDE guarantees a high extraction rate and has been
used for a variety of cheese types, such as Edam, Swiss, Parmesan, Roncal, Pecorino,
Gouda, Emmental, Cheddar, and Danish Blue, and is an ideal extraction technique for
components with low volatility (Aishima and Nakai, 1987; Dirinck and De Winne,

1999; Larrayoz et al., 2001; Alewijn et al., 2003).
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: a
I liquid nitrogen I heating bath

Figure 1.3. Distillation-extraction under vacuum (from Dumont et al., 1974a). The
cheese is placed in a flask connected to a group of vacuum pumps. The vacuum is
maintained during extraction through the use of valves located at the beginning and at
the end of the series of traps. The flask containing the cheese sample is heated by
immersion in a heating bath and the traps are cooled by liquid nitrogen to collect the
extract. The procedure is performed with a “finger condenser” to complete the

extraction.

SAFE is another extraction technique which allows the separation and
concentration of volatiles by vacuum distillation. The distillation system consists of a
vacuum pump and usually two cooling traps of liquid nitrogen. The cheese sample is
mixed with a solvent, and the volatiles are collected by distillation with the solvent in
the first trap, while the impurities and the water condense in the second trap.
Subsequently the extract, containing volatiles and solvent, is concentrated by purging
with nitrogen, before the injection onto the GC column (Engel et al., 1999). SAFE is

frequently associated with GC-olfactometry analysis (Whetstine et al., 2005; Whetstine
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et al., 2006; Zabaleta et al., 2016). In GC-olfactometry analysis of Cheddar cheese,
Drake et al. (2010) compared SAFE to headspace-SPME (HS-SPME) with
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fiber. In this study
it was clear that some highly volatile compounds were detected by HS-SPME, and not
by SAFE, while some higher molecular weight aroma-active volatiles were detected by
SAFE, and not by HS-SPME. SAFE is a valid method which allows the extraction of
volatile compounds without extensive preparation and it is particularly suitable for GC-
olfactometry analysis, due to the preservation of the volatiles through extraction at low
temperature. However, SAFE has some limits in the extraction of highly volatile
compounds (McGorrin, 2007; Thomsen et al., 2014; Kilcawley, 2017). Currently all
distillation-extraction techniques, including SDE and SAFE, are not used as frequently
as they were previously, due to the length of the procedure, the variable recovery rate of
highly volatile compounds, the risk of thermal degradation of heat-labile volatile
compounds (Mariaca and Bosset, 1997; Sides et al., 2000; Tunick, 2014). The solvent
used in these types of extraction can also create interference in the GC chromatogram,
producing artifacts. Other techniques are now more widespread, such as dynamic and
passive extractions (discussed below), where the volatile compounds are captured by
direct adsorption on to a solid phase, avoiding time-consuming steps of distillation-

extraction techniques (Bosset and Gauch, 1993; Wampler, 1997; Tunick, 2014).
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1.4.2. Passive extraction: Solid-Phase Microextraction, Stir Bar Sorptive

Extraction and Headspace Sorptive Extraction

SPME is a passive extraction technique, commonly used for a wide variety of
applications. SPME can be performed as direct-SPME (DI-SPME), by exposing a phase
coated fiber, directly to a liquid sample, for the detection of semi- and non-volatile
compounds, or as HS-SPME, by exposing a fiber in the headspace, for the detection of
medium or highly volatile compounds (Mallia et al., 2005; Januszkiewicz et al., 2008)
(Fig. 1.4). HS-SPME is a passive extraction method, which has become very popular for
the detection of volatiles in cheese (Mondello et al., 2005; Condurso et al., 2008;

Januszkiewicz et al., 2008; Yarlagadda et al., 2014; Bertuzzi et al., 2017).
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Figure 1.4. Solid-phase microextraction (direct and headspace) (A), headspace sorptive
extraction (B), stir bar sorptive extraction (C), solid-phase dynamic extraction (D) and
in-tube extraction (E) (from Laaks et al., 2012).
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In HS-SPME, the coated fiber is exposed to the headspace above a sample in a
sealed vial, without direct contact with the sample, because the volatile compounds are
in equilibrium between the gas and liquid/solid phases. The cheese sample (grated or as
a slurry) in the vial, is usually heated for a specified time (headspace-saturation time) to
allow the volatiles to saturate the headspace. Subsequently, a coated silica fiber is
inserted into the vial headspace for a precise time (equilibration/extraction time), at a
specific temperature (equilibration/extraction temperature), to allow the volatile
compounds to be captured by the polymer coating of the fiber (Pawliszyn, 1997). The
sampling is commonly performed with a robotic auto-sampler, to reduce human error
inherent in manual injections. After the sorption, the fiber is thermally desorbed at a
precise temperature, and pre-conditioned at a higher temperature before the next
extraction, to avoid the carryover of analytes to the next analysis.

The type of fiber coating used for the extraction is the main factor which
influences the efficiency and discrimination of the extraction. A wide variety of fibers
are available, and selection and choice of fiber is critical (Werkhoff et al., 2001;
Mondello et al., 2005; Spietelun et al., 2010). The fiber selection has to consider the
polarity and thickness of the coating, in relation to the nature of the analytes of interest.
The CAR/PDMS fiber is a common matrix used for cheese analysis, and it is
particularly sensitive for the detection of highly volatile sulphur compounds, such as
carbonyl sulphide, hydrogen sulphide, or methanethiol (Lecanu et al., 2002; Lestremau
et al., 2003; Januszkiewicz et al., 2008). In this double phase fiber, the low molecular
weight polar/apolar analytes are captured by the porous carbon structure of the CAR

layer (Mondello et al., 2005). Salum et al. (2017) optimized HS-SPME for volatiles
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from white-brined Turkish cheese, comparing the efficiency of two different fibers
(DVB/CAR/PDMS and CAR/PDMS), for the analysis of 10 key compounds.
CAR/PDMS fiber was the most suitable fiber for the extraction of volatile compounds in
white-brined cheese, especially for those analytes with low molecular weights (isoamyl
alcohol, ethyl lactate, and butanoic acid). Mondello et al. (2005) evaluated five different
fibers (DVB/CAR/PDMS, CAR/PDMS, carbowax/DVB, polyacrylate, and PDMS),
suggesting that DVB/CAR/PDMS was the most efficient, with the highest extraction
capability for the detection of the analytes of goats’ cheese (Fig. 1.5). In the triple phase
fiber (DVB/CAR/PDMS), the larger compounds (less volatile), are captured by the
porous DVB, while the smaller volatiles (highly volatile) pass through and are captured
by the porous carboxen layer. However, the double-phase CAR/PDMS was efficient
only for the extraction of low molecular weight polar/apolar analytes, with little affinity

for compounds with high molecular weights.
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Figure 1.5. Optimization of HS-SPME for the analysis of goats’ cheese (from Mondello
et al., 2005). Extraction capability of the most common polymeric fibers for the

detection of 10 key compounds.

Also, Risticevic and Pawliszyn (2013) analysed the efficiency of different SPME
fibers on a mixture containing a wide range of volatility and polarity compounds,
confirming that DVB/CAR/PDMS was the most sensitive fiber for analytes with
molecular weight <185 g mol™. Moreover, they studied the different interactions of
specific analytes with the DVB/CAR/PDMS fiber. Due to the limited surface capacity of
the SPME fiber, competition occurs between the analytes for the adsorption sites, driven
by their chemical characteristics (molecular weight and polarity) and the distribution
constant (Kfs), which indicates the ratio of the distribution of the analyte, between the
fiber coating and the sample. The analytes at high concentration, with higher Kfs, can
displace analytes with smaller Kfs, adversely impacting on the ability to get a true

reflection of the volatile profile of the sample. Risticevic and Pawliszyn (2013) reported
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that interanalyte displacement was very limited by the use of DVB/CAR/PDMS fiber,
and rarely occurred for compounds with small Kfs.

The  extraction  conditions, such as headspace-saturation  time,
extraction/equilibration temperature, extraction/equilibration time, sample volume, and
sample agitation, can be controlled in relation to the nature of the sample, the analytes
and the type of fiber coating used (Harmon, 2002; Spietelun et al., 2013). Mondello et
al. (2005) optimized the conditions of HS-SPME associated with GC-FID and GCMS
for the analysis of six local goats’ cheeses. They compared different headspace-
saturation times at the same temperature (60°C), suggesting 10 min as the optimal time.
In general, lower molecular weight volatiles presented the highest peak areas after 5 min
saturation time, while heavier compounds required a longer time (~10 min). Mondello et
al. (2005) also showed that the optimal conditions were 60°C for the
extraction/equilibration temperature, and 50 min for the extraction/equilibration time,
which were the conditions shown to have the highest volatile extraction yield for both
lower and heavier molecular weight volatiles. Burbank and Qian (2005) optimized the
conditions of HS-SPME (with CAR/PDMS fiber), associated with GC-pulsed flame
photometric detector, for the analysis of sulphur compounds in Cheddar cheese. They
compared different extraction/equilibration times at the same temperature (50°C). The
sulphur compounds detected increased their response over the course of 2 h, but 30 min
was chosen as a good compromise between sensitivity and runtime efficiency for the
instrument. Moreover, they compared different extraction/equilibration temperatures at
the same equilibration time (30 min). The presence of methanethiol, dimethyldisulphide

and dimethyltrisulphide did not change between 30°C and 70°C, while methional was
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detected when the temperature was over 50°C, and dimethyl sulphone reached the
maximum response at 55°C. Therefore 50°C was indicated as the optimal
extraction/equilibration temperature. Salum et al. (2017) optimized the conditions for
GC-FID analysis of white-brined Turkish cheese, for both fibers tested
(DVB/CAR/PDMS and CAR/PDMS). DVB/CAR/PDMS fiber presented an optimal
performance with an extraction/equilibration time of 86 min at 54.8°C, while
CAR/PDMS fiber showed most effective extraction after 85 min, at 56.2°C.

HS-SPME has been shown to be highly sensitive for the identification of low
concentrations of odorous compounds, such as sulphur compounds in different varieties
of cheese (Frank et al., 2004). Lecanu et al. (2002) highlighted that HS-SPME was more
sensitive in detecting a wide range of volatile compounds in surface-ripened cheese
which are important for odour perception (methanethiol, carbon disulphide, dimethyl
sulphide, acetone, ethyl acetate, 2-butanone, 3-methylbutanal, and ethanol), that were
not detected using vacuum-distillation extraction because of the overlap with a solvent
peak, or losses during the extraction procedure. In the analysis of Parmigiano-Reggiano
cheese, Bellesia et al. (2003) compared HS-SPME with P&T, without noticing any
substantial difference in the recovery of volatiles from the same sample, confirming the
reliability of the two methods.

Overall, SPME is an excellent technique because of automated sampling, high
sensitivity and high throughput, without the use of extraction solvents (Harmon, 2002;
Spietelun et al., 2010; Spietelun et al., 2013). The major drawback of SPME is the low

entrapment capacity of the fiber coating; however, new fibers with thicker coatings have
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become available, including SPME Arrow technology that has much greater capacity
and thus sensitivity than the original fibers.

Another method successfully applied to food matrices is SBSE (Huang et al.,
2009; Yu and Hu, 2009). The principle of SBSE is based on the sorption of volatile
compounds in a sample (liquid or semi-liquid matrix), through the use of a magnetic
stirring bar with a glass jacket, coated with a sorbent layer (Fig. 1.4). The stirring bar is
in direct contact with the sample to allow the full sorption of compounds, and the
sample is typically stirred for between 30 and 240 min, depending on to the size of the
stirring bar. Once the volatiles are adsorbed, the stirring bar is rinsed in distilled water to
remove non-volatiles and thermally desorbed similarly to TD (Baltussen et al., 1999).
There are limited options for commercially available coatings, such as PDMS, ethylene
glycol/silicone, and polyacrylate. However, newer technologies are now available to
formulate special in-house coatings, made of organic polymers and modified polymers
(Lancas et al., 2009; He et al., 2014). The fiber most commonly used for food analysis is
PDMS fiber. SBSE performed with PDMS fiber was used for analysing flavour
compounds in fresh and cooked milk, yogurt and cream cheese by Hoffmann and
Heiden (2000), using a polar column for the separation. In the analysis of cream cheese,
the compounds detected were mainly ketones, long-chain FFAs (C10-C16), lactones (6-
decalactone, 6-dodecalactone), and diethylphthalate. SBSE is a valid technique due to
the high adsorption capacity, the minimal risk of thermal degradation of volatile
compounds, and because the extraction does not require high temperatures (Lancas et
al., 2009; Kilcawley, 2017). However, SBSE is not without its problems, with limited

commercial availability of coatings and the difficulty of automating such a system (He
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et al., 2014). In addition, SBSE may be less suitable for the analysis of cheese and dairy
products, as the high fat and protein content may interfere with the extraction process
(Licon et al., 2012).

HSSE represents a good alternative to SBSE, because it does not come into
direct contact with the sample (Licon et al., 2012). HSSE is a technique recently adopted
for cheese analysis with interesting results (Panseri et al., 2008; Licon et al., 2012; Licon
et al., 2015). In HSSE, the coated stirring bar is placed in the headspace of a sealed vial
containing the sample (Fig. 1.4). The cheese sample is finely grated or mixed with
water, and the volatiles extracted similarly to HS-SPME, whereby the cheese sample is
heated and stirred to ensure a uniform concentration of volatile compounds between the
gas and liquid/solid phases. The time of extraction is longer than HS-SPME (usually ~1-
4 hours) due to the volume of the coating material, to ensure maximum sorption of
volatiles by the coating of the stirring bar (Panseri et al., 2008; Licon et al., 2012).
However, the entrapment capacity is significantly higher than the original SPME fibers,
which increases the sensitivity of the technique (Kilcawley, 2017). As in SBSE, after the
sorption, the magnetic stirring bar is thermally desorbed. A PDMS stirring bar of 1 to 2
cm is preferred for cheese analysis (Panseri et al., 2008; Licon et al., 2012; Licon et al.,
2015).

Licon et al. (2012) reported good linearity, recovery, precision and
reproducibility of data, using HSSE for cheese analysis. This technique showed good
recovery of ketones in ewes’ milk cheese, and aldehydes in Bitto cheese (Panseri et al.,

2008; Licon et al., 2012).
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1.4.3. Dynamic extraction: Purge and Trap, Thermal Desorption, Solid-Phase

Dynamic Extraction and In-Tube Extraction

In dynamic methods, such as P&T, TD, SPDE, and ITEX, the cheese sample is
heated, and the volatile compounds are continuously removed and concentrated in a cold
trap, or adsorbed onto an inert support before injection onto the GC capillary column.

TD is a common technique which has been used to differentiate the flavour
compounds in different varieties of cheese (Villasefior et al., 2000; Valero et al., 2001;
Lawlor et al., 2002). Lawlor et al. (2002) used TD technique for hard-cheese types, such
as Appenzeller, Dubliner, Emmental, Gabriel, Gruyére, Old Amsterdam, Raclette, and
Téte de Moine. In TD, the cheese sample is heated in a sampling chamber to a desired
temperature to release the volatile compounds. Using an inert carrier gas (helium or
nitrogen), the stripped volatile compounds are transferred and trapped in a TD tube
made of adsorbent trapping material, usually with low water affinity (e.g., Tenax TA)
(Fig. 1.6). Subsequently, the TD tube is purged to ensure that water is removed and then
thermally desorbed to transfer the volatile compounds to a cooled trap and finally to the
GC inlet, by a flow of purging gas (helium or nitrogen) (Valero et al., 1997). A wide
range of absorbent and adsorbent trapping materials are available for the TD tube, based
on the nature of the analytes. TD is an efficient technique, and the data emanating from
this extraction are very representative, because a large amount of sample is analysed due
to the large loading capacity of the sampling chamber.

P&T is another dynamic extraction method commonly used in the determination
of volatile compounds in cheese. P&T is a good technique for the detection of highly

volatile compounds with lower boiling points, such as alcoholic compounds (Mallia et
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al., 2005, Thomsen et al., 2014). Bosset and Gauch (1993) used the P&T method to
analyse different cheese varieties, such as Parmigiano, Mahoén, Fontina, Comté,
Beaufort, and Appenzeller, with numerous compounds detected, especially alcohols.
There was a predominance of alcohols among the compounds detected when volatile
analysis of Spanish ewes’ milk cheese was performed with P&T (Gomez-Ruiz et al.,
2002; Fernandez-Garcia et al., 2004; Barron et al., 2007). Using P&T technique, the
cheese sample is usually homogenized with water, placed in a U-shaped glass sparger
and heated. Subsequently an inert gas (nitrogen or helium) is purged through the sample,
to transfer the volatile compounds to an inert support of trapping material, which is
thermally desorbed and concentrated once again in a cold trap (cryofocusing) before
injection onto the GC-column (Fig. 1.6) (Bellar et al., 1974). A wide range of trapping
materials is available for this technique. P&T is a solvent-free and efficient technique,

especially for the detection of highly volatile compounds (Mallia et al., 2005).
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Figure 1.6. Purge and trap (F), and thermal desorption (G).

30



However, the high levels of moisture in some types of cheese can interfere with
P&T and TD extractions, and even damage the MS-detector (Pillonel et al., 2002). The
moisture in the cheese samples can cause condensation in the TD tubes, impeding the
good desorption of volatiles, while in P&T the moisture can be purged from the sample
to the trap, and injected onto the GC column, contributing to the production of artifacts
(Valero et al., 1997; Kilcawley, 2017). Nowadays, numerous strategies are available to
eliminate the moisture in the desorption process in cheese analysis. For example, before
desorption, the solid trap can be flushed with an inert dry gas to remove part of the water
(dry purge technique) (Canac-Arteaga et al., 1999a). Another solution is to install a cold
water trap (condenser at ~-10C°) located before the trap to condense the residual water
from the sample (condensation technique) (Canac-Arteaga et al., 1999b). Other
approaches include mixing hygroscopic salts (e.g., sodium sulphate, sodium chloride,
and potassium carbonate) with the sample (Valero et al., 1997; Canac-Arteaga et al.,
2000; Villaserior et al., 2000), or placement of cartridges of hygroscopic salts (e.g.,
sodium carbonate, magnesium sulphate, and calcium chloride) in front of the trap to
eliminate water (Guillot et al., 2000). A drying tube made of permeable material such as
Nafion has also been used to facilitate diffusion and to remove water from the sample
(Pankow, 1991). Despite various strategies being adopted, these methods are not totally
efficient due to partial removal of moisture and/or the losses of analytes (Pillonel et al.,
2002). More modern systems contain built-in moisture-control units, but moisture must
still be managed for the effectiveness of these techniques.

SPDE is another dynamic technique that is now becoming commonly used

(Bicchi et al., 2004; Gamero et al., 2013). The innovative technology of SPDE involves

31



a steel needle, coated internally with a sorbent material, which extracts volatiles from
the headspace. The needle is inserted inside the sample vial, and the plunger of the
syringe is moved up and down several times to draw the volatiles inside the needle.
Subsequently, the volatiles are thermally desorbed and a purging gas (helium or
nitrogen) passes through the syringe with a direct injection onto the GC column
(Lipinski, 2001) (Fig. 1.4). Depending on the nature of the analytes, different needles,
coated with various sorbent materials, are commercially available. To maximize the
recovery in SPDE, the choice of coating materials and extraction conditions are critical.
In flavour research, the most common sorbent materials used for the SPDE needles are
PDMS and CAR/PDMS. During sampling, the major factors influencing the end result
of SPDE are the sampling temperature and the number of extraction strokes, while the
flow rate of the draw and eject steps were found not to be critical (Kamphoff et al.,
2007; Van Durme et al., 2007). For the analysis of volatiles in roasted coffee, Bicchi et
al. (2004) compared SPDE to HS-SPME, maintaining the same extraction conditions
and trapping material (PDMS) for both techniques. SPDE resulted in higher
concentration factors, compared to HS-SPME for almost all analytes detected. Bicchi et
al. (2004) suggested that the difference between the two methods was due to the fact
that the extraction volume of the coating material of the needle in SPDE was higher than
the volume of coating fiber of HS-SPME. However, different results were reported by
Gamero et al. (2013), who stated that HS-SPDE (with PDMS/active carbon needle) had
the least sensitivity, compared to HS-SPME (with DVB/CAR/PDMS fiber), DI-SPME
(with DVB/CAR/PDMS fiber), and SBSE (with PDMS bar coating) for the analysis of

volatiles in wine. The results presented in this study are not directly comparable to each
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other, because different adsorbent material and extraction times were selected to
compare different extraction techniques. Overall, in these studies, the efficiency of HS-
SPDE was variable, and this extraction method should be further evaluated to
understand its full potential in flavour analysis.

ITEX is a technique very similar to SPDE. It consists of a unique setup of a
needle, a microtrap made of sorbent material, and a headspace syringe surrounded by an
external heater (Fig. 1.4). During extraction, the sample is heated under controlled
conditions and the needle is inserted into the headspace of the sample vial. Similarly to
SPDE, the plunger of the syringe is moved up and down several times, to draw and
concentrate the volatiles dynamically into the microtrap. The analytes are thermally
desorbed in the GC injector with a purging gas (helium or nitrogen) which flows
through the syringe. Different coating materials are available for different analytes. As
with SPDE, the number of extraction strokes performed during the sorption step, is the
most important parameter influencing the results (Laaks et al., 2015).

Together with the other dynamic extractions, SPDE and ITEX use large
adsorption volumes and these techniques can be easily automated using a robotic auto-
sampling system. Moreover, in SPDE and ITEX, the desorption step can be performed
directly onto the injection port of the GC column. To date, very little research has been

published on the use of ITEX or SPDE in food analysis.
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1.4.4. Effect of salt and pH on the headspace extraction

The sample preparation, through the modification of pH levels or salt content
can influence the yield of extraction of volatiles in the headspace. The practice of adding
salt to the sample, or “salting out”, is considered an efficient and low-cost method to
increase the extraction rate of certain analytes. The added salt dissociates to its ions,
reducing the solubility of specific analytes and forces these to move into the headspace.
“Salting-out” facilitates the extraction of more-polar and lower molecular weight
analytes, but it is not effective for high molecular weight analytes, which may adhere to
the glass vial (Shirey, 2000). The most commonly used salt is sodium chloride, even
though recent studies have highlighted new applications using bivalent or multivalent
salts (Pinho et al., 2002; Fiorini et al., 2015). This technique showed positive effects on
the extraction of isopropylamine, isopropanol (Shirey, 2000), carboxylic acids (Harmon,
2002; Fiorini et al., 2015), phenols (Buchholz and Pawliszyn, 1994), aromatic
hydrocarbons (Djozan and Assadi, 1997), terpenoids (Garcia et al., 1996), amines
(Mdaller et al., 1997), and Maillard reaction products (Coleman, 1996). Some
adjustments may greatly influence the “salting-out” effect, as the headspace volume has
to be kept as small as possible to increase the concentration of analytes. Also, stirring of
the sample was observed to influence the extraction rate of specific analytes. The
extraction/equilibration time of less volatile compounds was reduced by stirring, while
having only a minimal effect on highly volatile compounds (Buchholz and Pawliszyn,

1994; Pillonel et al., 2002).
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Moreover, variation in pH can influence the extraction rate of specific analytes
in the headspace, particularly those weakly acidic or basic compounds, such as amines
and phenols, which should be maintained in an undissociated form (Spietelun et al.,
2013). The modification of pH facilitates the dissociation of the polar analytes, which
become more easily extractable. Compounds with low pKa (acid dissociation constant)
are dissociated at acidic pH, while compounds with high pKb (basic dissociation
constant) are dissociated at alkaline pH. Shirey (2000) showed that acetic acid was best
extracted at pH 2, while isopropylamine and propionitrile were best extracted at pH 11.
In this study, it was not anticipated that the pH would have an effect on the extraction of
non-polar compounds; however, isopropanol and acetone were more efficiently
extracted at high pH levels.

The modification pH and “salting out” are two methods recommended only for
headspace extractions. In a direct immersion extraction, the adsorbent coating material
cannot be resistant to strong alkaline/acidic pH, or at high salt concentration (Spietelun
et al., 2013). Prior to performing these techniques, it is recommended that a sample be
completely homogenized with the salting agent, or with the basic/acidic solution, to
ensure that the salt concentration, or the pH level, is uniform inside the matrix.
Generally, in the analysis of cheese flavour, it is not a common practice to add salt, or
modify pH, because there is no need to increase the extraction rate of certain chemical
classes (non-targeted-analysis). However, acidification and the “salting out” effect are
procedures used in the targeted-analysis of FFAs of cheese (Fiorini et al., 2015, Pinho et
al., 2002, Gonzalez-Cordova and Vallejo-Cordoba, 2001). Recently, Fiorini et al. (2015)

analysed the volatile FFAs of cheese with HS-SPME (with a DVB/CAR/PDMS),
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showing that the use of a mixture of multivalent salts, (NH4)2SO4/NaH2PO4, improved
the extraction of short-chain FFAs (carbon chain lengths <5), while the monovalent salt

NaCl performed better for medium-chain FFAs (C8-C10).
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1.5. Gas chromatography

In flavour research, GC is the most commonly used analytical methodology to
separate and identify volatile compounds. GC techniques use a mobile phase, which is
an inert carrier gas (such as helium, hydrogen, nitrogen, and argon) to carry the
extracted volatile compounds through a GC column. In volatile analysis, GC columns
are heated in an oven following a set temperature program. The most volatile
compounds elute first and usually within the first 30 min; subsequently, the column is
heated to just below its maximum temperature to remove any volatile or lower volatile
components, so that the column is uncontaminated for the next sample. Inside the GC
column, the volatile compounds form weak electrostatic interactions with the stationary
phase, based on the polarity of the compounds. The polarity of the stationary phase
varies, usually depending on the analytes to be separated. Depending on the analyte
volatility and degree of interaction with the stationary phase, the analytes elute from the
column at different set times, during a fixed or isothermal temperature ramp. The
volatile compounds are subsequently identified using a specific detector.

The factors which influence the performance of a GC system are inlet liners,
type of injection (on-column, split, and splitless), type of column (stationary phase,
length, diameter, and thickness), carrier gas (flow rate, pressure), and oven temperature
(using cryotraps, ramping rates) (Kilcawley, 2017). The selection of the GC column is
the most influential factor for the detection of the compounds (Imhof and Bosset, 1994).
In the past, the analyses were performed on cheese using a packed GC column (Dumont

et al., 1974a; Groux and Moinas, 1974), but fused silica open tubular capillary columns
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have become universally used; they have a much longer stationary phase, and thus offer
better separation potential. GC capillary columns can have polar stationary phases (e.g.,
polyethyleneglycol, nitroterephtalic acid modified polyethyleneglycol), resulting in very
efficient separation of polar compounds such as acids and some alcohols. Alternatively,
columns can have non-polar stationary phases (e.g., PDMS, phenyl-
methylpholsiloxane), for the separation of compounds with low polarity such as
aldehydes, ketones, esters, amines hydrocarbons, and phenols. Non-polar columns tend
to be much more stable than polar columns. However, in recent years, columns with
intermediate stationary phases (e.g., phenyl-methylpholsiloxane, cyanopropylphenyl-
methylpolysiloxane, cyanopropylphenyl-dimethylpolysiloxane) are becoming more
widely used, as they are more suitable for the detection of a wider range of polar and
non-polar volatile compounds.

Imhof and Bosset (1994) compared different stationary phases for the GC
analysis of volatiles of Swiss Emmental cheese. They stated that a GC capillary column,
coated with 4 um layer of 100% PDMS, had a better resolution, higher loading capacity,
higher number of volatiles detected, than columns made of polyethyleneglycol and
modified PDMS columns.

However, in a food matrix such as cheese, both polar and non-polar compounds are
present in considerable amounts; therefore it is advantageous to carry out the analysis

with GC columns of different polarities or through a two-dimensional GC system.
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1.5.1. Two-dimensional gas chromatography

In many cases one-dimensional GC (using one column) cannot effectively
separate co-eluting compounds. However, depending on the nature of the co-eluting
compounds, these can still be identified and quantified successfully using advanced data
processing deconvolution software. However, sometimes multiple compounds, or
structurally very similar compounds, may co-elute, making identification and
quantification more difficult or even impossible. Two-dimensional GC (GCxGC) is a
powerful gas chromatographic technique that was developed to improve separation of
co-eluting compounds in complex sample matrices. In GCxGC technology, the effluent
passes through a first GC column and is then entirely (comprehensive GCxGC) or
partially (heart-cutting GCxGC) transferred through a thermal, or flow modulator, to a
second GC column, usually shorter and with a different polarity, and at the end reaches
the detector (Fig. 1.7). The sensitivity of the GCxGC systems is very high, because the
volatiles which come from the first column are usually cryofocused in a trap and then
released in the second GC column in a narrow band, generating a sharper signal (Qian et
al., 2007; Kilcawley, 2017). The two GC columns, with different stationary phases,
work independently and with different temperature settings, and thus have different
interactions with the volatile compounds. The second column may also be set up in a
separate column oven to provide more independent control of the temperature settings.
Usually, the first GC column is selected to separate the compounds in relation to
volatility, while the second GC column is used for the separation based mainly on

differences in polarity (or hydrogen bonding with the stationary phase) (Pursch et al.,
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2002; Qian et al., 2007). The data from each GC column can be combined to have a
resultant two-dimensional chromatogram. In flavour analysis GCxGC is now widely
applied to different food matrices, such as wine, fruit, coffee, and nuts (Mommers et al.,
2013; Samykanno et al., 2013; Dugo et al., 2014; Manzano et al., 2014). GCxGC can be
used with single quadrupole mass spectrometry but is possibly best used with time-of-
flight mass spectrometry as the acquisition rate is often higher thus providing more

sensitivity.
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Figure 1.7. Two dimensional gas chromatography system (GCxGC).

Up to now, only a limited number of studies have been carried out using GCxGC
for cheese analysis. For the detection of the volatiles of Cheddar cheese, Arora et al.
(1995) used a GCxGC system, using a non-polar column, followed by a polar column,
with a P&T extraction, while Gogus et al. (2006) selected a non-polar column followed
by a column of intermediate polarity, using a TD extraction. This technology increased

the separation and identification power of the analysis of volatile components in cheese.
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It is clear that GCxGC has better sensitivity than those technologies with a single
column. It is to be expected that GCxGC will be more widely applied to dairy products

in the future to improve their flavour characterization.
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1.6. Detection systems

After GC column separation it is necessary to identify and quantify the volatile
compounds. The detection systems used are multiple and sophisticated and the selection
of the correct technology depends on the product being analysed and the range of
analytes of interest. The detectors most commonly used in dairy research for the
identification and quantification are: the mass spectrometry (MS) detector, flame
ionization detector (FID), flame photometric detector (FPD), and pulsed flame
photometric detector (PFPD). It is also possible to perform an olfactory analysis with the

human nose, which is called GC-olfactometry (GC-O).

1.6.1. Flame ionization and flame detectors

In the past, flame ionization detectors (FID) were most frequently used for the
detection of volatiles in food, but now have been surpassed by MS detectors. FID has
been the most commonly used detector in GC analysis and are very popular for the
detection of flavour compounds in cheese (Bergamini et al., 2010; Peralta et al., 2014;
Wolf et al., 2016). In FID, the column effluent is combusted by an air-hydrogen flame,
causing ionization of compounds and producing a current which is detected and
converted to a signal. FID is widely used due to low-cost, long-term reliability, and
universal applicability for compounds with carbon-hydrogen bonds in their chemical
structure (Mariaca and Bosset, 1997; Rahman et al., 2015).

FPD and PFPD are characterized by the combustion of compounds which

produce a flame emission passing across a photomultiplier window. Thereafter, the
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flame emission of the compounds can be electronically separated and elaborated as a
signal. In the PFPD, the flaming process is not continuous, and some classes of sulphur-
or phosphorous-containing compounds are separated because they have a delay in the
flame emission. These classes of compounds produce a flame emission also during the
post pulsed flame time, due to lower chemical bond energies. For this reason, PFPD has
more selectivity and sensitivity for sulphur, phosphorus and nitrogen than FPD, where
the flaming is continuous. PFPD is low-cost, easy-to-use, and highly selective for
sulphur or phosphorous compounds. The main advantage of PFPD for dairy products is
that it is very sensitive for the detection of sulphur compounds, which are major
contributors to the strong flavour associated with many cheese varieties, especially
surface-ripened cheese (Mariaca and Bosset, 1997; Jing and Amirav, 1998). Thus this
detector is used for studies mainly focused on the detection of volatile sulphur
compounds in cheese (Parliment et al., 1982; O'Brien et al., 2017). Burbank and Qian
(2005) optimized HS-SPME with CAR/PDMS fiber, associated with PFPD, to
investigate the volatile sulphur compounds of Cheddar cheese. These authors found a
predominance of certain types of compounds such as dimethyl sulphide, methanethiol,

hydrogen sulphide, when analysing Cheddar cheese of various stages of maturity.

1.6.2. MS detectors

The principle of MS is based on the ionization of a molecule and the resolution
of the ionized molecule based on mass-to-charge (m/z) ratios in an electrostatic field
(Croissant et al., 2011). Every sample analysed with GCMS produces a total ion

chromatogram which then has to be analysed and interpreted. It is important to have a
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good quality chromatogram to facilitate the identification of the compounds. However,
the resulting chromatogram may present a complex background which can interfere with
the analysis. Specific software is now used to deconvolute the chromatogram to
eliminate background (noise). During the chromatographic analysis each peak is
identified by comparing the mass spectra to commercial or internally developed libraries
in order to associate every peak to a specific compound. It is also possible to use a
formula based on retention time in comparison to a set of specific standards to aid
sample identification. The LRI of each compound analysed is compared with data in an
internal or/and external database to confirm the identification. In the case of isothermal
analysis (costant oven temperature throughout the GC run), the LRI could be calculated

in agreement with Kovats (1965), as shown below:

IOg tR(A) - 10g tR(N)

LRI, = 100N + 100
log trv+1) — log traw)

when a temperature program is applied to the GC analysis (heating the oven at a
controlled rate throughout the GC run) the LRI is calculated according with Van den

Dool and Kratz (1963) as follows:

t — t
LRI, = 100N + 100 ——& RWV)

trev+n) — TR

where LRI, is the linear retention index of the compound A, tr is the retention time of
the compound A, trgy) and trv+1) IS the retention time of the alkane with carbon number

N and N+1 respectively. N is the carbon number of the alkane which elutes earlier than
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the compound analysed. For the detection of specific analytes (targeted-analysis) the use
of standards which indicate the compounds to identify is a more practical method.

The quantification of the spectra is performed by calculating the peak area in the
chromatogram for each compound identified. Different software packages are
commercially available for deconvolution, identification, and quantification.

The most commonly used MS detectors are quadrupole mass analysers whereby
an electric field is produced by applying a voltage across four hyperbolic rods. Each
adjacent rod has the opposite charge compared to its nearest counterpart. When DC
voltage is applied and the voltage signs are rapidly reversed, varying electrical fields are
produced, enabling ions with specific mass-to-charge ratios to pass (Rahman et al.,
2015).

MS detector systems can be used in full-scan mode (total ion current, TIC) to
identify compounds via their fragmentation profile, comparing the mass spectra to a
library which allows the identification of the compounds in relation to the similarity
with reference spectra. Alternatively, MS detectors can be used in selected ion storage
(SIS) or selected ion monitoring (SIM) mode to detect only a small number of ions and
quantify specific compounds with high selectivity and sensitivity (e.g., sulphur
compounds) (Mariaca and Bosset, 1997).

Recently, triple quadrupole mass spectrometers have been used for confirmatory
analysis. This detector uses two quadrupoles, two mass filter quadrupoles at either end
of a collision mass quadrupole (fragmentator). Despite its high efficiency, this type of
MS detector is not commonly employed for cheese analysis due to the low mass of

volatile compounds in cheese which would be further fragmented with the triple
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quadrupole (QqQ) (Kilcawley, 2017). However, a time of flight (TOF) detector has been
used in association with GCxGC in Cheddar cheese (Gogus et al., 2006). This detector
is based on an ion’s charge-to-mass ratio versus time. An electrical field of known
strength is used to accelerate ions. lons of the same charge, i.e., equal kinetic energy, are
accelerated through this electrical field at the same rate. The velocity of the ion depends
on its mass-to-charge ratio. By calculating the amount of time it has taken for an ion to
reach the detector at known distance, the mass-to-charge ratio of the ion can be
estimated (heavier particles travel at lower speeds) (Rahman et al., 2015). The high cost
of this technology is the main reason why TOF MS has not been as widely used as

quadrupole MS in cheese flavour research.
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1.7. Gas chromatography olfactometry

In this technique the human nose is used as a detector. A sniffing port is
connected directly to the end of to the GC column and used to perform olfactory
analysis. With respect to cheese and food in general, not all volatiles, even if present in
high quantities, affect the flavour profile, while others detected in small quantities can
be extremely significant (Delahunty et al., 2006; D’Acampora Zellner et al., 2008).
Through the GC-O technique it is possible to discriminate between the odour-active and
non-odour active compounds and report the duration and the intensity of the
corresponding odour activity. Moreover, GC-O enables the association of an odour-
active compound with an individual sensory descriptor for aroma characterization.

In GC-O, experienced assessors sniff the effluent of the column to detect the
presence of odour-active compounds via a specifically designed odour port (Fig. 1.8).
The effluent of the column is split into two portions; one goes to the GC-O port and the
other one to a detector (usually MS or FID); in this way, it is possible to relate the
odours sniffed by GC-O port with the volatile compounds identified by the detector at
the same time. Different methodologies varying in complexity are available to interpret
data obtained by GC-O. In the “direction frequency” method, the compounds detected
more frequently by a panel of assessors are considered the most relevant and the
corresponding odour durations are measured. Thus, it is possible to build an aromagram
where the breadth of the peaks is related to the odour duration, while the height is
related to the number of odour detections. In other methods called “dilution to

threshold” such as “aroma extraction dilution analysis” (AEDA) and CharmAnalysis™,
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the sample is diluted (usually by factor of 2-3) to reach the odour threshold of the
compounds in air. In AEDA, it is not necessary to register the odour duration or the
intensity, as it only considers the presence of odour-active compounds at different
dilutions. Thus, AEDA measures the maximum dilution at which it is still possible to
perceive an odour-active compound, and this value is called the “flavour dilution
factor”. With CharmAnalysis™, the Charm value is calculated for each odour-active
compound through an algorithm. This algorithm considers the dilution factor, the
number of coincident odour responses detected at a single retention index and the odour
duration (Delahunty et al., 2006; D’Acampora Zellner et al., 2008). Another method
called “direct intensity” is used to classify the intensity of the odour-active compounds
using a scale of measurement. The data are elaborated in an aromagram taking into
account the intensity and duration of the odours perceived.

GC-O has been widely applied to different varieties of cheese enabling the
association between volatile compounds and aroma notes (Thomsen et al., 2012;
Fuchsmann et al., 2015; Zabaleta et al., 2016). However, GC-O was also recently used
together with GCxGC. The combination of GC-O with GCxGC-TOF considerably
increased the identification of odour-active compounds in different food matrices

(Cordero et al., 2015).
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Figure 1.8. Gas chromatography olfactory system (GC-O) (from Kilcawley, 2017).
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1.8. Volatiles in surface-ripened cheese

The right selection of the techniques and analytical tools, for the extraction and
separation of volatile compounds, is important for the flavour characterization of the
various cheese types, including surface-ripened cheese. Surface-ripened cheese belongs
to the category of rennet-coagulated cheese, and is a very heterogeneous group. They
can be soft (e.g., Minster and Reblochon), semi-hard (e.g., Tilsit, Brick, Port Salut,
Livarot, and Limburger) or hard (e.g., Gruyére and Comté), with a variable period of
ripening (Cogan et al., 2014; Mounier et al., 2017; Fox et al., 2017b).

The sensory properties of surface-ripened cheese are very variable and have been
described using a myriad of descriptive terms including oily, rancid (Chaumes), pepper
undertones (Appentzeller) and pungent, silage and sweaty/sour odour with a rancid,
mushroom, oily, smoky, silage, bitter, and burnt-after taste flavours (Téte de Moine and
Raclette) (Lawlor and Delahunty, 2000; Lawlor et al., 2002). In an in-depth analysis of
152 European cheeses, Koppel and Chambers (2012) defined the general aroma profiles
of surface-ripened cheese, soft and semi-hard, as musty, moldy, sour, salty, and buttery.

Even if flavour studies on surface-ripened cheese are limited, different
extraction techniques and stationary phases were used for the volatile analysis of several
surface-ripened cheeses, influencing their volatile profiles (Fig. 1.9), and the volatile
compounds most commonly identified were mainly aldehydes, alcohols, carboxylic
acids, methyl ketones, ethyl esters, sulphur compounds, and aromatic hydrocarbons

(Table 2).
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Aldehydes have mainly been identified in some Swiss and French surface-
ripened cheese (Table 2). Hexanal and 3-methylbutanal were the aldehydes most
commonly detected. Hexanal is characterized by green, slightly fruity, lemon, and
herbal notes, while 3-methylbutanal is related to malty, powerful, cheese, green, and
dark chocolate notes (Curioni and Bosset, 2002; Thomsen et al., 2012; Kilcawley,
2017). Benzaldehyde was also frequently detected, and it was usually associated with
bitter almond and sweet cherry flavours (Singh et al., 2003; Smit et al., 2005). In
surface-ripened cheese, aldehydes were detected at high percentages using non-
polar/medium-polar stationary phase especially with TD and P&T extractions (Valero et
al., 2001; Lawlor et al., 2002; Bonaiti et al., 2005) (Fig. 1.9).

Generally in surface-ripened cheese, alcohols are the volatile compounds
detected in highest numbers, when compared with other classes of compounds (Table 2).
The primary alcohols mostly detected were ethanol (dry dust, alcohol notes), 1-propanol
(sweet and wine-like notes), and 3-methylbutanol (fresh cheese, breath taking, alcoholic,
fruity, grainy, and solvent-like notes), while the most common secondary alcohol
identified was 2-butanol (sweet, fruity fusel oil, and wine-like) (Kilcawley, 2017). In
surface-ripened cheese, a high percentage of alcohols were identified, using intermediate
stationary phase, mainly with vacuum-distillation and P&T extractions (Dumont et al.,
19744, b; Bosset and Gauch, 1993) (Fig. 1.9).

Carboxylic acids, such as butanoic, 2-methylbutanoic, hexanoic, and octanoic
acid, have not been frequently identified in surface-ripened cheese (Table 1.2), because
the GC columns used for volatile compound detection are usually non-polar columns,

which are less suitable for polar compounds (Croissant et al., 2011). Moreover, at the
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pH levels of surface-ripened cheese (pH ~ 6), carboxylic acids are present as non-
volatile salts, reducing their flavour impact (Singh et al., 2003). When identified in
surface-ripened cheese, carboxylic acids (Table 2) had strong and unpleasant odours,
described as sweaty, rancid, and cheesy (Kilcawley, 2017). As expected, in surface-
ripened cheese the use of medium-polar/polar stationary phases greatly influenced the
detection of carboxylic acids, which were extracted with various techniques (TD and
HS-SPME) (Valero et al., 2001; Fuchsmann et al., 2015) (Fig. 1.9).

Some methyl ketones, such as 2-butanone, 2-pentanone, 2-nonanone, and 2-
heptanone, have commonly been identified in a wide range of surface-ripened cheese
varieties (Table 2). Sweet, ether-like, slightly nauseating notes were associated with 2-
butanone; orange peel, sweet, and fruity notes, with 2-pentanone; malty, rotten fruit, hot
milk, green, and earthy notes, with 2-nonanone (Kilcawley, 2017). Blue cheese notes
were mainly attributed to 2-heptanone (Curioni and Bosset, 2002; Singh et al., 2003). In
surface-ripened cheese, a high percentage of ketones were detected, using a non-polar
stationary phase with vacuum-distillation, and TD extractions (Parliment et al., 1982;
Lawlor et al., 2002) (Fig. 1.9).

Esters have an interesting impact on the development of surface-ripened cheese
flavour, due to their sweet, fruity, and floral notes (Urbach, 1997; Niimi et al., 2015).
Ethyl acetate, ethyl butanoate, ethyl hexanoate, and ethyl octanoate represent the major
esters commonly identified in many varieties of surface-ripened cheese (Table 1.2).
Higher percentages of esters were detected with vacuum-distillation, using both non-
polar, or polar stationary phase for the seperation (Dumont et al., 1974a; Guichard et al.,

1987) (Fig. 1.9).
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Another group of volatile compounds widely detected in surface-ripened cheese,
and considered one of the key compounds for flavour, are the sulphur compounds (Table
2), especially dimethyltrisulphide and dimethyldisulphide (Sablé and Cottenceau, 1999;
Curioni and Bosset, 2002). Dimethyltrisulphide is generally associated with odour notes
of vegetable, sulphurous, garlic, putrid and cabbage-like aromas, while
dimethyldisulphide is related to green, sour, and onion notes (Kilcawley, 2017). In
surface-ripened cheese, the detection of sulphur compounds was performed effectively
using a non-polar stationary phase, with vacuum-distillation, and P&T extractions
(Parliment et al., 1982; Bonaiti et al., 2005). However, Fuchsmann et al. (2015) detected
high numbers of sulphur compounds using a polar stationary phase, and HS-SPME, with
a MS/PFPD detector (Fig. 1.9).

Aromatic hydrocarbons, such as indole and toluene, were identified mainly in
soft and semi-soft French surface-ripened cheese (Table 1.2). Indole is considered one
of the compounds responsible for unclean-utensil, rose-like off-flavours, while toluene
Is associated with nutty, and rancid odours (Yvon and Rijnen, 2001; Delgado et al.,
2011), but they are also known to have a high odour threshold. In surface-ripened
cheese, the detection of aromatic hydrocarbons was not particularly affected by the
polarity of the stationary phase, but was mainly influenced by the use of the vacuum-
distillation extraction, which is considered a reliable technique for the detection of high
molecular weight-compounds (Dumont et al., 1974a, b) (Fig. 1.9).

Other compounds, which were often identified in surface-ripened cheese, are the
terpenes. A range of studies looking at a variety of surface-ripened cheese such as

Vacherin, Comté, Beaufort, and Téte de Moine, found that a broad spectrum of terpenes
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was present (Dumont et al., 1974b; Guichard et al., 1987; Bosset and Gauch, 1993).
Terpenes, as aromatic hydrocarbons, are high molecular weight-compounds and were
predictably extracted in high percentages by vacuum-distillation and SDE (Dumont et

al., 1974b; Valero et al., 2001; Guichard et al., 1987) (Fig. 1.9).
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Figure 1.9. Percentages of volatile compounds detected in different surface-ripened
cheese varieties.
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Table 1.2. Principal volatile compounds most frequently detected in surface-ripened cheese varieties, and related extraction
techniques utilized, namely vacuum-distillation, DHS (dynamic headspace extraction), TD (thermal desorption), HS-SPME

(headspace-solid-phase microextraction), P&T (purge and trap), and SDE (simultaneous distillation-extraction).

Compounds

Surface-ripened cheese

Extraction technique

Ref.

Butanoic acid

3-Methylbutanoic
acid

Hexanoic acid
Octanoic acid
3-Methylbutanal

Hexanal

Benzaldehyde

2-Butanone

2-Pentanone

2-Heptanone

2-Octanone

Limburger; Chaumes; Tilsit
Limburger; Livarot; Tilsit
Limburger; Chaumes; Tilsit

Limburger; Chaumes; Tilsit

Comté; Beaufort; Appenzeller;
Chaumes; Tilsit

Comté; Chaumes; Appenzeller;
Raclette; Téte de Moine

Comté ; Raclette; Téte de Moine ;
Livarot; Tilsit

Vacherin; Maroilles; Livarot; Pont
I'Eveque; Comté; Beaufort;
Appenzeller; Raclette; Téte de Moine ;
Tilsit

Vacherin; Maroilles; Limburger;
Chaumes; Appenzeller; Raclette; Téte
de Moine ; Livarot

Maroilles; Pont I'Eveque; Langres;
Vacherin; Livarot; Limburger; Comté ;
Beaufort; Appenzeller; Chaumes;
Raclette; Téte de Moine

Limburger; Comté; Appenzeller;
Raclette; Téte de Moine

Vacuum-distillation; DHS; TD; HS-
SPME

Vacuum-distillation; P&T; HS-SPME

Vacuum-distillation; DHS; TD; HS-
SPME

Vacuum-distillation; DHS; SDE; TD;
HS-SPME

P&T; DHS; TD; HS-SPME
Vacuum-distillation; SDE; TD

Vacuum-distillation; P&T; TD; HS-
SPME

Vacuum-distillation; P&T; TD; HS-
SPME

Vacuum-distillation; DHS; TD; P&T

Vacuum-distillation; DHS; SDE; TD;
P&T

Vacuum-distillation; TD
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Parliment et al., 1982; Valero et al., 2001; Fuchsmann et al., 2015

Parliment et al., 1982; Bonaiti et al., 2005; Fuchsmann et al., 2015

Parliment et al., 1982; Valero et al., 2001; Fuchsmann et al., 2015

Parliment et al., 1982; Valero et al., 2001; Fuchsmann et al., 2015

Bosset and Gauch, 1993; Valero et al., 2001; Fuchsmann et al., 2015

Guichard et al., 1987; Valero et al., 2001; Lawlor et al., 2002

Guichard et al., 1987; Bosset and Gauch, 1993; Lawlor et al., 2002; Bonaiti et al.,
2005; Fuchsmann et al., 2015

Groux et al., 1974; Dumont et al., 1974a; Bosset and Gauch, 1993; Lawlor et al.,
2002; Fuchsmann et al., 2015

Groux et al., 1974; Dumont et al., 1974a; Parliment et al., 1982; Valero et al.,
2001; Lawlor et al., 2002; Bonaiti et al., 2005

Groux et al., 1974; Dumont et al., 1974a, b; Parliment et al., 1982; Guichard et
al., 1987; Bosset and Gauch, 1993; Valero et al., 2001; Lawlor et al., 2002;
Bonaiti et al., 2005;

Parliment et al., 1982; Guichard et al., 1987; Lawlor et al., 2002



2-Nonanone

2-Undecanone

Acetophenone

Ethanol

1-Propanol

2-Propanol

2-Methylpropanol

1-Butanol

2-Butanol

2-Methylbutanol

3-Methylbutanol

2-Pentanol

Hexanol

2-Heptanol

2-Nonanol

Maroilles; Pont I'Eveque; Langres;
Epoisses; Vacherin; Livarot;
Limburger; Comté; Beaufort;
Appenzeller; Chaumes; Raclette; Téte
de Moine

Maroilles; Epoisses; Vacherin;
Limburger; Comté; Livarot

Maroilles; Livarot; Pont I'Eveque;
Langres; Limburger; Comté
Vacherin; Livarot; Pont I'Eveque;
Langres; Epoisses; Comté; Beaufort;
Appenzeller; Raclette; Téte de Moine
Maroilles; Pont I'Eveque; Langres;
Epoisses; Vacherin; Livarot; Comté;
Beaufort; Appenzeller

Pont I'Eveque; Langres; Comté;
Appenzeller; Chaumes; Livarot
Maroilles; Livarot; Pont I'Eveque;
Langres; Epoisses; Comté; Beaufort;
Appenzeller

Pont I'Eveque; Epoisses; Comté;
Beaufort; Appenzeller

Maroilles; Livarot; Pont I'Eveque;
Langres; Vacherin; Comté; Beaufort;
Appenzeller; Raclette; Téte de Moine
Comté; Beaufort; Appenzeller; Téte de
Moine

Maroilles; Livarot; Pont I'Eveque;
Langres; Epoisses; Vacherin; Comté;
Beaufort; Appenzeller; Chaumes
Vacherin; Maroilles; Pont I'Eveque;
Comté; Beaufort; Appenzeller;
Chaumes; Raclette

Livarot; Pont I'Eveque; Comté;
Chaumes

Maroilles; Pont I'Eveque; Langres;
Vacherin; Comté; Appenzeller;
Chaumes

Livarot; Pont I'Eveque; Langres;
Vacherin; Comté

Vacuum-distillation; DHS; SDE; TD;
P&T

Vacuum-distillation; P&T

Vacuum-distillation

Vacuum-distillation; P&T; TD

Vacuum-distillation; P&T

Vacuum-distillation; TD; P&T

Vacuum-distillation; P&T

Vacuum-distillation; P&T

Vacuum-distillation; P&T; TD

P&T; TD

Vacuum-distillation; P&T; DHS; TD

Vacuum-distillation; P&T; DHS; TD

Vacuum-distillation; P&T; TD

Vacuum-distillation; P&T; DHS;
SDE

Vacuum-distillation
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Groux et al., 1974; Dumont et al., 1974a, b; Parliment et al., 1982; Guichard et
al., 1987; Bosset and Gauch, 1993; Valero et al., 2001; Lawlor et al., 2002;
Bonaiti et al., 2005

Groux et al., 1974; Dumont et al., 19744, b; Parliment et al., 1982; Guichard et
al., 1987; Bonaiti et al., 2005

Dumont et al., 1974a; Parliment et al., 1982; Guichard et al., 1987

Groux et al., 1974; Dumont et al., 1974a; Bosset and Gauch, 1993; Lawlor et al.,
2002;

Groux et al., 1974; Dumont et al., 1974a, b; Bosset et al., 1993

Dumont et al., 1974a; Bosset and Gauch, 1993; Valero et al., 2001; Bonaiti et al.,
2005

Dumont et al., 1974a; Bosset et al., 1993

Dumont et al., 1974a; Bosset et al., 1993

Dumont et al., 1974a, b; Bosset and Gauch, 1993; Lawlor et al., 2002

Bosset and Gauch 1993; Lawlor et al., 2002

Dumont et al., 1974a, b; Bosset and Gauch, 1993; Valero et al., 2001
Groux et al., 1974; Dumont et al., 1974a; Bosset and Gauch, 1993; Valero et al.,
2001; Lawlor et al., 2002

Dumont et al., 1974a; Guichard et al., 1987; Bosset and Gauch, 1993; Valero et
al., 2001

Groux et al., 1974; Dumont et al., 19744, b; Guichard et al., 1987; Bosset and
Gauch, 1993; Valero et al., 2001

Dumont et al., 1974a, b; Guichard et al., 1987



Phenol

2-Phenylethanol

Cresol

Ethyl acetate

Ethyl butanoate

Ethyl hexanoate

Ethyl octanoate

Methyl thioacetate

Dimethyl disulphide

Dimethyl trisulphide

Indole

Toluene

Benzene

Naphthalene

Maroilles; Livarot; Pont I'Eveque;
Vacherin; Limburger; Chaumes
Maroilles; Livarot; Pont I'Eveque;
Langres; Epoisses; Limburger; Comtg;
Chaumes

Livarot; Pont I'Eveque; Langres;
Limburger; Comté

Maroilles; Livarot; Pont I'Eveque;
Langres; Epoisses; Comté; Beaufort;
Appenzeller; Téte de Moine

Langres; Epoisses; Comté; Chaumes;
Appenzeller; Raclette; Téte de Moine ;
Tilsit

Livarot; Pont I'Eveque; Langres;
Epoisses; Comté; Beaufort; Chaumes;
Téte de Moine ; Tilsit

Livarot; Pont I'Eveque; Langres,
Epoisses; Limburger; Chaumes; Tilsit

Pont I'Eveque; Epoisses; Limburger;
Beaufort; Chaumes

Maroilles; Pont I'Eveque; Langres;
Epoisses; Vacherin; Livarot;
Limburger; Chaumes; Raclette; Téte
de Moine

Maroilles; Pont I'Eveque; Langres;
Livarot; Limburger; Chaumes; Tilsit

Maroilles; Livarot; Pont I'Eveque;
Langres; Vacherin; Limburger;
Chaumes

Pont I'Eveque; Langres; Epoisses;
Vacherin; Livarot; Chaumes
Maroilles; Livarot; Pont I'Eveque;
Langres; Epoisses; Chaumes
Maroilles; Livarot; Langres; Epoisses;
Comté

Vacuum-distillation; DHS; SDE; TD

Vacuum-distillation; TD

Vacuum-distillation

Vacuum-distillation; P&T; TD

Vacuum-distillation; TD; HS-SPME
Vacuum-distillation; P&T; TD; HS-
SPME

Vacuum-distillation; SDE; HS-
SPME

Vacuum-distillation; P&T; DHS

Vacuum-distillation; DHS; SDE; TD;
P&T

Vacuum-distillation; DHS; TD; P&T;
HS-SPME

Vacuum-distillation; SDE; TD

Vacuum-distillation; DHS; SDE; TD;
P&T

Vacuum-distillation; TD

Vacuum-distillation

Dumont et al., 19744, b; Parliment et al., 1982; Valero et al., 2001

Dumont et al., 1974a; Parliment et al., 1982; Guichard et al., 1987; Valero et al.,
2001

Dumont et al., 1974a; Parliment et al., 1982; Guichard et al., 1987

Dumont et al., 1974a; Bosset and Gauch, 1993; Lawlor et al., 2002

Dumont et al., 1974a; Guichard et al., 1987; Valero et al., 2001; Lawlor et al.,
2002; Fuchsmann et al., 2015

Dumont et al., 1974a ; Guichard et al., 1987; Bosset and Gauch, 1993; Valero et
al., 2001; Lawlor et al., 2002; Fuchsmann et al., 2015

Dumont et al., 1974a; Parliment et al., 1982; Valero et al., 2001; Fuchsmann et
al., 2015

Dumont et al., 1974a; Parliment et al., 1982; Bosset and Gauch, 1993; Valero et
al., 2001

Dumont et al., 19744, b; Parliment et al., 1982; Valero et al., 2001; Lawlor et al.,
2002; Bonaiti et al., 2005

Dumont et al., 1974a; Parliment et al., 1982; Valero et al., 2001; Lawlor et al.,
2002; Bonaiti et al., 2005; Fuchsmann et al., 2015

Dumont et al., 1974a, b; Parliment et al., 1982; Valero et al., 2001

Dumont et al., 1974a, b; Valero et al., 2001; Bonaiti et al., 2005
Dumont et al., 1974b; Valero et al., 2001

Dumont et al., 1974a; Guichard et al., 1987
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1.9. Conclusion

Numerous extraction techniques are available for the analysis of cheese volatiles.
However, the techniques available all have some limitations. The extraction technique,
the nature of the extraction polymeric material, the GC column and the detector, greatly
influence the sensitivity and reliability of the detection of specific analytes; evident from
studies performed on surface-ripened cheese, where the volatiles detected were
predictable based on the characteristics of the extraction techniques and the column
stationary phase used. At present, the various analytical approaches have to be
considered as complementary techniques in order to get a complete volatile profile.
Further work is required to fully elucidate the flavour characteristics of surface-ripened

cheese.
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Chapter 2

Flavour-forming ability of Gram-positive bacteria isolated from surface-

ripened cheese
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2.1. Abstract

Surface-ripened cheese is characterized by the growth of complex microbiota
(smear-bacteria and yeasts) on the cheese surface, and a distinctive flavour. Gram-
positive bacteria are mainly responsible for the biosynthesis of volatile compounds, and
thus the development of cheese flavour during ripening. In this study, 11 Gram-positive
bacteria were characterized for specific enzymatic activities known to be important in
cheese flavour development, such as glutamate dehydrogenase, aromatic
aminotransferase, esterase (on p-nitrophenol butyrate) and lipase (on tributyrin)
activities. Their flavour-forming ability was screened using two distinct cheese model
systems (MS1 and MS2). In MS1, stationary phase cells were inoculated into a free
amino acid based media at pH >6; in MS2, the strains were inoculated during
exponential phase into a cheese curd based media at a pH <6, and incubated under
controlled conditions. Volatiles were characterized by headspace-solid phase
microextraction gas chromatography mass spectrometry (HS-SPME GCMS) and
correlated with the bacterial strain metabolomic and enzymatic activities. Although HS-
SPME GCMS analysis revealed numerous compounds within both model systems,
significantly more volatiles were associated with the bacterial strains in MS1, suggesting
this method provides a better screening approach for the flavour-forming ability of
smear bacteria, possibly due to more readily available substrates (FAAs and peptides) in

MS1, compared to the more complex curd-based substrate in MS2.
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2.2. Introduction

Flavour development of cheese is related to milk quality, processing operations
and, most importantly, microbial activity. The role of the bacterial population in the
ripening of fermented food, such as surface-ripened cheese, has a strong impact on the
final flavour and apprearance (Bertuzzi et al.,, 2017). Surface-ripened cheese is
characterized by the growth of a complex microbial population on the surface, which is
responsible for the distinctive strong flavour and the typical “glistening” appearance.
The microbial environment of surface-ripened cheese is very heterogeneous and
characterized by the cohabitation of different yeast and bacterial species, which
metabolize the available substrates on the cheese surface (Cogan et al., 2014; Larpin et
al., 2011; Mounier et al., 2005; Rea et al., 2007). It is clear that variations in the
microbial population on the cheese surface influences the biosynthesis of specific
volatile compounds, which differentiate the individual surface-ripened cheese varieties
(e.g., Munster, Tilsit, Livarot, Limburger and Comté) (Bertuzzi et al., 2017; Bonaiti et
al., 2005; Fuchsmann et al., 2015).

Cheese is a product with high levels of fat and protein, with traces of
carbohydrates, which are used as substrates by the resident microbial population to
produce flavour compounds (Kilcawley, 2017; McSweeney, 2017). The proteolytic
processes cause the release of free amino acids (FAASs), and their subsequent
metabolism (Ganesan and Weimer, 2017). The aromatic, branched-chain and sulphur

amino acids, are converted to branched-chain and aromatic aldehydes, carboxylic acids
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or alcohols, phenols, indole, and sulphur compounds, while aspartic acid can be
degraded into acetoin, diacetyl, or 2,3-butanediol (Ardd, 2006; Ganesan and Weimer,
2017; Peralta et al., 2014). Numerous enzymes are involved in the catabolism of FAAs,
resulting in the biosynthesis of flavour compounds (e.g. decarboxylases,
aminotransferases, deaminases, lyases and dehydratases) (Ardd, 2006; Ganesan and
Weimer, 2017). Catabolism of FAAs commonly starts with the transfer, by
aminotransferase (AT) activity, of the amino group from FAAs to 2-oxoglutarate,
producing the relative o-keto acid, and L-glutamate, which is converted again by
glutamate dehydrogenase (GDH) to 2-oxoglutatarate (Ardd, 2006). Microbial enzymes
are also involved in lipolytic processes. The carboxylesterases responsible for the
catabolism of triacylglycerols in cheese and the release of FFAs, are lipases, which are
active against water-insoluble long chain triacylglycerols (carbon chain lengths >10),
and esterases, which are able to hydrolyse water-soluble short acyl chain esters (carbon
chain lengths <10) (Chahiniana and Sarda, 2009). Free fatty acids (FFAS) contribute to
the formation of the cheese flavour, not only directly, but also indirectly as they are
precursors of methyl ketones, secondary alcohols, straight-chain aldehydes, lactones,
esters, and S-thioesters (Thierry et al., 2017).

Numerous types of cheese models have been developed to study the biosynthesis
of volatile compounds by specific bacterial strains (Deetae et al., 2007; Pogacic et al.,
2015; Stefanovic et al., 2017a; Van de Bunt et al., 2014). These cheese models were
used as practical, low-cost and rapid methods to screen the volatile-forming capacities

of cells, through the use of gas-chromatographic techniques.
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In this study, 11 Gram-positive bacterial strains, from different taxonomic
groups, and isolated from surface-ripened cheese, were screened for their enzymatic
potential for aromatic AT, GDH, esterase (on p-nitrophenol butyrate), lipase (on
tributyrin) activities, and for their abilities to produce volatile compounds in two
different model cheese systems, characterized by different cell growth phases, model

composition, and incubation time.
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2.3. Material and methods

2.3.1. Strains and conditions of growth

The origins of the strains used in this study are outlined in Table 2.1. The strains

were stored at -80°C for long term storage, and before use, were streaked onto trypticase

soy agar (TSA; Becton, Dickinson and Company, City West, Dublin, Ireland) and

incubated at 30°C, for a specific incubation time, as specified in Table 2.1. After growth

on the agar, a sterile 5 pL loop was used to pick up colonies and inoculate them into

trypticase soy broth (TSB; Becton, Dickinson and Company) and the cultures were

incubated at 120 rpm shaking, at 30°C, as specified in Table 2.1.

Table 2.1. Strains used in this study and related growth conditions.

Strains Identification Source I_ncut_)ation I_ncut_)ation
code time in TSA time ins TSB
Brevibacterium aurantiacum DPC5683 Irish surface-ripened cheese  96h 72h
Brevibacterium linens Bl1 Commercial smear strain 96h 72h
Brevibacterium linens DPC5699 Surface-ripened cheese 96h 72h
Corynebacterium casei DPC5298 Surface-ripened cheese 72h 48h
Corynebacterium flavescens NCIMB 8707  Cheese 72h 48h
Corynebacterium variabile DPC5313 Irish surface-ripened cheese  72h 48h
Staphylococcus equorum DPC4416 Comte cheese 24h 24h
Staphylococcus saphrophyticus ~ DPC5671 Cheddar cheese 24h 24h
Arthrobacter arilaitensis DPC6297 Irish surface-ripened cheese  72h 48h
Microbacterium gubbeenense DPC5286 Irish surface-ripened cheese  96h 72h
Micrococcus luteus DPC6921 Cheese 72h 48h

2.3.2. Tributyrin agar assay

Tributyrin agar (Sigma Aldrich, Arklow, Co. Wicklow, Ireland) was prepared as

described by the manufacturer, with the following modifications. After autoclaving, 1%

tributyrin (v/v) (Sigma Aldrich) was added to the liquid hot agar (~60°C), and the
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mixture was homogenized by using Ultra Turrax lka (Imlab, Boutersem, Belgium) for
20 sec, and poured in petri dishes and left to set. To test the lipase activity, the bacterial
strains were grown in 10 mL of TSB as previously described, and 5 ul of broth culture
were placed on the surface of the tributyrin agar. The plates were incubated at 30°C
aerobically and the activity was screened after 48 h. The appearance of a halo around the
bacterial growth indicated that the strain was lipase positive. Yarrowia lipolytica
DPC6266 was used as a positive control. Tributyrin results are shown in Fig. 2.1, and a
positive result scored on the basis of the size of the halo of clearing (+: >1mm; ++: >2

mm; +++: >3mm). The test assay was performed in triplicate.

2.3.3. Preparation of cell free extract

After the growth of the bacterial strains in 10 mL of TSB, the cells were
centrifuged (8000 x g, 10 min, 4°C) and washed twice, with 50 mmol L™ sodium-
phosphate buffer pH 7.5, and resuspended in the same buffer to a final volume of 2 mL.
The cell suspension was sonicated by Soniprep 150 (MSE, Lower Sydenham London,
UK), with a cycle of 5 min (45 sec sonication, 15 sec rest). The sonication process was
performed keeping the samples cool in an ice cold bath throughout. The sonicated
preparation was centrifuged with a bench top centrifuge (Eppendorf, Hamburg
Germany) for 16,000 x g, for 5 min, and the cell free extract (CFE) used for the
enzymatic assays. The negative control for all assays was CFE heated at 98°C for 15
min. The concentration of protein in the CFE was determined using Qubit® Protein

Assay Kit (Cambio Ltd, Cambridge, UK).
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2.3.4. Aminotransferase activity

Aromatic AT activity was determined by the detection of the conversion of
phenylalanine to phenylpyruvate, using a UV transparent black 96 well microplate
(Greiner Bio-One, Kremsmiinster, Austria) as previously described by Brandsma et al.
(2008), with modifications made by Stefanovic et al. (2017b). To measure the AT
activity, 100 pul of CFE was added to 150 pl of the final reaction mixture containing 20
mmol L™ L-phenylalanine, 10 mmol L™ a-ketoglutarate, 0.5 mmol L sodium EDTA,
0.05 mmol L™ pyridoxal-5’-phsophate, all dissolved in 25 mmol L™ borate buffer pH
8.5. The plate was incubated at 30°C for 12 hours and the absorbance was measured at
290,m post incubation, using a plate reader (Synergy HT, Bio-Tek Multi Detection Plate
Reader). A standard curve obtained with standards, ranging from 5 to 450 nmol, of
sodium-phenylpyruvate, was used for the conversion of data to umol of phenylpyruvate

released per mg of protein. All strains were analysed in triplicate.

2.3.5. Glutamate dehydrogenase activity

Glutamate dehydrogenase activity (GDH) was measured using the method of
Kieronczyk et al. (2003), as described by Stefanovic et al. (2017b). The GDH kit was
modified by the addition of bacterial CFE to the kit reagents provided with Megazyme
L-Glutamic Acid Kit assay (K-GLUT®, Megazyme International Ireland Ltd), allowing
for the quantitative determination of GDH activity of the bacterial strains, using a
transparent 96 well microplate (Sarstedt Lim., Wexford, Ireland). Modification of the

original assay conditions were as follows: 100 ul of CFE was added to the final reaction
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mixture containing 10 pl of diaphorase, 40 pl of TEA buffer, 20 pl of glutamic acid
solution (0.1 mg ml™), and 20 pl of INT-NAD+ solution (all reagents were supplied
with the K-GLUT® Kit). After 1h of incubation at 37°C, the absorbance was
determined at 492,,. The total quantity of enzyme that resulted in an increase of
absorbance of 0.01 per 1 min corresponded to one unit (U) of activity. The results were
expressed as the number of units of activity per mg of protein. All strains were analysed

in triplicate.

2.3.6. Esterase activity

To determine esterase activity, the conversion of p-nitrophenol butyrate to p-
nitrophenol and butyric acid was measured using a transparent 96 well microplate
(Sarstedt Lim.). The assay mixture was composed of a buffer (100 mmol 1™ sodium
phosphate, 150 mmol I* sodium chloride, 0.5% v/v triton X-100, at pH 7) and a
substrate (50 mmol I"* p-nitrophenol butyrate in acetonitrile). In each well, 50 pl of
buffer, 50 pl of CFE and 10 pl of substrate were mixed and absorbance was measured
with a plate reader, after 1 hour of incubation at 37°C at 400,,. The amount of p-
nitrophenol released was determined from a standard curve obtained for a set of
standards ranging from 0 to 500 nmol of p-nitrophenol. The activity was expressed as

pmol of p-nitrophenol released per mg of protein.
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2.3.7. Model system 1

Model system 1 (MS1) was based on the procedure outlined by Van de Bunt et
al. (2014), following the modifications made by Stefanovic et al. (2017a). In this study a
solution of NZ amine (Sigma-Aldrich) was used as the base ingredient for the cheese
model medium. This AA-rich medium was used to determine the diversity of strains by
their ability to metabolize AA, because the products of AA catabolism are generally
seen as highly important food flavor contributors. The cell suspensions (1 mL) were
added to 9 mL of cheese model system medium, which was incubated at 30°C for 24h.
Before incubation the cells were counted by serially diluting the cultures on TSA (at
30°C, following the Table 2.1), and after the incubation were counted again, and the pH
was also measured. Samples were stored at -20°C, for headspace-solid phase
microextraction gas chromatography mass spectrometry (HS-SPME GCMS) volatile
analysis. The un-inoculated model system was used as a control. Test strains and the

controls were prepared in triplicate.

2.3.8. Model system 2

For the preparation of the model system 2 (MS2), a method previously outlined
by Pogaci¢ et al. (2015) was used with some modifications. Non-salted curd of Cheddar
cheese (<2 h post manufacture) was cut and stored wrapped in aluminium foil, in
vacuum bags (Sudpack Verpackungen, Ochsenhausen, Germany) at -20°C. Before use,
the defrosted curd was blended on a high speed cycle using a food processor (Russell

Hobbs, Failsworth, UK), and 10 g of unsalted blended curd, were added to 20 g of a
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solution of bactotriptone (Becton, Dickinson and Company, City West, Dublin, Ireland)
(1.2 g L") and NaCl (18 g L™) inside a glass tube and autoclaved at 110°C, 15 min.
Before the use, 300 ul of a sterile lactose solution (120 g L) was added to each tube
(final concentration of lactose ~ 1.2 g L™). Strains were grown in 10 mL of TSB, as
previously described (Table 2.1), and when cultures reached ODgoonm Of ~ 1, were
washed and resuspended in 10 mL of NaCl solution 0.5 % (w/v), and 300 ul inoculated
in each tube containing model system medium. The cell numbers at the start of the
experiment were determined (cfu mL™) by serially diluting the cultures and spread
plating the dilutions on TSA and incubated as described in Table 2.1. After 15 days
incubation at 30°C, the pH of the sample was measured and the cells were counted
again. Samples were stored at -20°C, for HS-SPME GCMS volatile analysis. A sample
of the uninoculated model system was used as a control. Both the test strains and the

controls were prepared in triplicate.

2.3.9. Volatile analysis

The samples taken from the model systems were stored at -20°C and were
defrosted at room temperature before the analysis. HS-SPME GCMS analysis was
carried out as outlined by Bertuzzi et al. (2017) (see “Volatile analysis” p 138-139), and
the chromatogram was analysed using R-3.2.2 (Team, 2014). All analyses were

performed in triplicate.
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2.3.10. Statistical analysis

The data related to the pH measurement and cell enumeration, were tested with
one-way analysis of variance (ANOVA) using SAS 9.4 (SAS, Dublin, Ireland) (level of
significance at P<0.05). The volatile compounds detected with HS-SPME GCMS were
analysed with principal component analysis (PCA) with Unscrambler (The Unscrambler
X 10.3, Camo Software, Oslo, Norway). The significant association between volatiles
and bacterial strains was determined by the selection of the volatile compounds with the
highest component coefficients for the first, second and third principal components. The
selected volatile compounds were analysed with one-way (ANOVA), using SAS 9.4, to
observe if they were significantly higher for the strains, compared to the controls (level

of significance at P<0.05).
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2.4. Results

2.4.1. Enzymatic assays

Initially, CFE of the strains were screened for their enzymatic capability for
some key enzymes involved in flavour development and the activity of the strains varied
depending on the genus. All strains demonstrated some GDH activity when compared to
the control, but A. arilaitensis DPC6297 and C. flavescens NCIMB 8707 showed the
greatest activities, which were significantly higher (P<0.05) than the control (Fig. 2.1).
M. luteus DPC6921 showed significantly greater esterase activity (on p-nitrophenol
butyrate) (P<0.05) compared to the control, and A. arilaitensis DPC6297 displayed
significantly greater aromatic AT activity, compared to the control (P<0.05) (Fig. 2.1).
The tributyrin agar test demonstrated very high activity (+++) for S. saprophyticus
DPC5671, medium activity (++) for B. linens DPC5699 and B. aurantiacum DPC5683
and low activity (+) for S. equorum DPC4416, B. linens BI1, C. variabile DPC5313, and

A. arilaitensis DPC6297 (+) (Fig. 2.1).

100



GDH Esterase Aromatic AT Tributyrin
(p-nitrophenol butyrate)
U mg protein™ pmol __, hmol .
p-nitrophenol mg protein phenylpyruvate mg protein
0 ¢ 1 00 02 04 06 0 1 2 3 4

Control4c b b -
Brevibacterium aurantiacum DPC5683 c ab ab ++
Brevibacterium linens BL1 bc ab b +
Brevibacterium linens DPC5699 bc ab ab ++
Corynebacterium casei DPC5298 4] be b ab
Corynebacterium flavescens NCIMB 8707 {In] ab b ab -
Corynebacterium variabile DPC53134 |bc [ Jab b ++
Staphyiococcus equorum DPC4416bc T ab b +
Staphylococcus saprophyticus DPCS6714_|bc [ Jab | lab ++++
Arthrobacter arilaitensis DPC6297 a ab a +
Microbacterium gubbeenense  DPC5286 bc ab ab e
Micrococcus luteus DPC6921 bc a ab =

Figure 2.1. Means of three replicates of GDH (expressed in U mg protein™), esterase
(on p-nitrophenol butyrate) (expressed in pmol of p-nitrophenol mg protein™) and
aromatic AT (expressed in pmol of phenylpyruvate mg protein™) activities in CFE. The
significant differences (P<0.05) are indicated with a, b, c. Tributyrin hydrolyisis:

negative: -; halo size: >1mm: +; >2mm: ++; >3mm: +++.

2.4.2. Model system 1 (MS1)

To determine whether there was any change in cell numbers during the
incubation period, (24h) the cells were counted prior to and post incubation. In all cases
there was no increase in cell numbers, but there was a significant decrease (P<0.05) (<1
log reduction) for S. equorum DPC4416, A. arilaitensis DPC6297 and M. luteus
DPC6921 (Table 2.2). In addition, there was a significant reduction in pH (P<0.05)
when compared to the control for all strains, except for the three Brevibacterium strains
and C. flavescens (Table 2.2). Considering all 73 volatile compounds detected in MS1,
only 35 were significantly associated (P<0.05) with specific bacterial strains (Table 2.3
and Table 2.4). Specifically, they were 3 acids (acetic acid, butanoic acid, 3-methyl-

butanoic acid), 8 ketones (acetoin, 6-methyl-2-heptanone, 6-methyl-5-heptene-2-one, 2-
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hexanone, 2-heptanone, 2-nonaone, 2-tridecanone, 2-pentadecanone), 5 esters (isobutyl
acetate, isopentyl acetate, isopentyl isovalerate, 2-furanmethyl acetate, 3-hydroxy-2,4,4-
trimethylpentyl 2-methylpropanoate), 3 pyrazines (2,5-dimethylpyrazine, trimethyl-
pyrazine, 2-ethyl-5-methyl-pyrazine), 10 alcohols (3-methyl-1-butanol, 1-pentanol,
hexanol, 2-ethylhexanol,

octanol, 2-hexyl-1-octanol, nonanol, 2-undecanol, benzyl alcohol, phenylethyl
alcohol), 2 sulphurs (dimethyl sulphide, methyl thiolacetate) and other compounds (1,3-
bis-1,1-dimethylethyl-benzene, 1-octene, furfural, p-xylene). The PCA plot (Fig. 2.2),
based on the volatiles detected in MS1, describes 47%, 31% and 13% of the total

variability with the first, second and third principal component, respectively.
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Table 2.2. Cell enumeration presented in log cfu mL™?, in MS1 and MS2, before and

after incubation®. pH values, in MS1 and MS2, after the incubation?.

Speci Identification MS1 MS2
pecies q

code 0 (h) 24 (h) pH (24h) 0 (day) 15 (day)  pH (15day)
Control ND ND 6.65+0.01"8 ND ND 5.76+0.01*
Sgﬁgﬁ?;;ﬁ%“m DPC5683 9924007  10.17+0.14  6.59+0.058<0 6.05+0.02  7.45+041 5.69+0.07°BC
ﬁ;‘;‘é‘faote”“m BI1 9644022 9712014  6.59+0.055C 6.18+0.08  7.19+0.09 5.66+0.03°EC
ﬁ;‘;‘é‘faote”“m DPC5699 9594026  9.23+0.14  6.71+0.02 6.29+0.19  8.86+0.69 5.72+0.07°P
f;;yi”ebaCter'“m DPC5298 9.49+0.11  954+0.12  6.51+0.06%°F 6.2240.11  7.0040.10 5.65+0.014EC
ﬁ;’g;febn""s‘:te”“m NCIMB 8707  10.3820.22  10.30#0.29  6.55+0.045C0 6.90+0.17  851+0.12 5.72+0.02°B¢
\?aorriirt‘ﬁ&a“er'“m DPC5313 9.85¢0.07  10.17+0.14  6.46+0.04°F 6.9+0.14 7.83+0.15  5.68+0.02°8C
géi%r%';coccus DPC4416 0824011  9.13+0.10  6.49+0.02CPF 6.3140.28  6.81+0.47  5.70+0.02°BC
f;i‘)%%':ﬁ;‘fgﬁj DPC5671 9.94+0.04  9.92+032  6.47+0.01% 6.06+0.05 8324071 5.52+0.01°
{:rrltlgrl‘t’;f‘sf;er DPC6297 8.94+0.14  823+0.19  6.52+0.04% 6.09£0.10  6.65£0.60 5.60+0.02°°
g';’ﬂgg‘;gﬁg;’ig”m DPC5286 9.68+008  9.79+0.06  6.57+0.07CDF 6574038  7.13+0.06 5.64+0.015C
m;g;‘s’coccus DPC6921 10.06£0.27  9.51+0.06  6.44+0.055 6.2940.04  7.93+0.32 5.34+0.07F

Results are showed as means + SD of triplicate experiments. Strains that showed significant difference (P<0.05) in
CFU ml™* after the incubation time are reported in in bold. ND= not detected.

2 AF Results of pH values sharing the same letter in the column corresponding to MS1 or MS2 do not significantly
differ (P<0.05)
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Figure 2.2. Principal component analysis (PCA) MD plot of MS1, shows the separation
between the volatile profiles of the controls (CO and C24), and the bacterial strains,

showing a development of volatile compounds during the 24 hours of incubation.

2.4.3. Model system 2 (MS2)

In comparison to MS1, with the exception of S. equorum DPC4416, M.
gubbeenense DPC5286 and A. arilaitensis DPC6297, there was a significant increase in
cell numbers after incubation for 15 days for all strains analysed (Table 2.2). There was
a significant decrease in pH (P<0.05) after the incubation period only for M.
gubbeenense DPC5286, S. saprophyticus DPC5671 and M. luteus DPC6921 (Table 2.2).

While 68 volatile compounds were detected in the MS2, only 15 were significantly
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associated (P<0.05) with specific bacterial strains (Table 2.3 and Table 2.5).
Specifically, they were 1 acid (acetic acid), 1 ketone (2-heptanone), 1 lactone (8-
decalactone), 2 esters (ethyl acetate, isobutyl acetate), 6 alcohols (2-methyl-1-butanol, 2-
heptanol, 2-nonanol, benzyl alcohol, octanol, phenylethyl alcohol), 1 sulphur (dimethyl
disulphide), and other compounds (E-2-nonenal, furfural, indole). The PCA plot (Fig.
2.3), based on the volatiles detected in MS2, describes 47%, 37%, and 4%, of the total

variability with first, second and third principal components respectively.
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Figure 2.3. Principal component analysis (PCA) plot of MS2, shows the separation
between the volatile profiles of the controls (C15 and CO0), and the bacterial strains,

showing a development of volatile compounds during the 15 days of incubation.
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Table 2.3. Volatile compounds significantly (P<0.05) associated® with the bacterial

strains in the two model systems (MS1 and MS2).

Strains MS1 MS2
Brevibacterium 2-Ethylhexanol, 2-Heptanone,
aurantiacum DPC5683 p-Xylene, 2-Methyl-1-butanol,

Methyl thiolacetate,
Dimethyl sulphide

Phenylethyl alcohol,
Ethyl acetate,
Isobutyl acetate,
Acetic acid,
8-Decalactone,
Furfural

Brevibacterium
linens BI1

6-Methyl-2-heptanone,
2-Tridecanone,
2-Ethylhexanol,
3-Methyl-1-butanol,
Dimethyl sulphide,
2,5-Dimethylpyrazine,
1-Octene,

Furfural

2-Heptanol,
Benzyl alcohol,
Isobutyl acetate

Brevibacterium
linens DPC5699

2-Ethylhexanol,
Benzyl alcohol,
Dimethyl sulphide,
Methyl thiolacetate

Phenylethyl alcohol,
2-Nonanol

Corynebacterium .
casei DPC5298

2-Hexanone,
2-Heptanone,
2-Tridecanone,
1-Pentanol,
Hexanol

2-Heptanone,
8-Decalactone

Corynebacterium
flavescens NCIMB 8707

2-Pentadecanone,
3-Methyl-1-butanol,
2-Ethylhexanol,

Benzyl alcohol,
Phenylethyl alcohol,
Dimethyl sulphide,
Methyl thiolacetate,
Isobutyl acetate
Isopentyl acetate,
2-Furanmethyl acetate,
3-Methyl-butanoic acid,
Butanoic acid,
p-Xylene,
2,5-Dimethylpyrazine,
1-Octene,
3-Hydroxy-2,4,4-trimethylpentyl-2-methylpropanoate

2-Heptanol,
2-Nonanol,
Phenylethyl alcohol

Corynebacterium
variabile DPC5313

6-Methyl-2-heptanone,
2-Tridecanone,
2-Ethylhexanol,
Benzyl alcohol,
Dimethyl sulphide,
p-Xylene,

1-Octene

Octanol,
2-Nonanol,
Acetic acid
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Staphylococcus
equorum DPC4416

6-Methyl-5-heptene-2-one,
6-Methyl-2-heptanone,

2-Nonaone

2-Ethylhexanol,

Methyl thiolacetate,
3-Methyl-butanoic acid,

Acetoin,

p-Xylene,

Acetic acid,
1,3-Bis(1,1-dimethylethyl)-benzene

2-Methyl-1-butanol

Staphylococcus .
saprophyticus DPC5671

6-Methyl-2-heptanone,
2-Tridecanone,
2-Pentadecanone,
2-Ethylhexanol,
3-Methyl-1-butanol,
Benzyl alcohol,
Dimethyl sulphide,
Acetic acid,

Acetoin,
2,5-Dimethylpyrazine,
2-Ethyl-5-methyl-pyrazine

2-Heptanol,
Acetic acid

Arthrobacter
arilaitensis DPC6297

6-Methyl-2-heptanone,
2-Tridecanone,
2-Ethylhexanol,
Benzyl alcohol,
Trimethyl-pyrazine

2-Heptanone,
8-Decalactone,
Indole

Microbacterium
gubbeenense DPC5286

2-Hexanone,
6-Methyl-2-heptanone,
2-Tridecanone,
2-Ethylhexanol,
3-Methyl-1-butanol,
Nonanol,

Isobutyl acetate,
Isopentyl isovalerate

2-Heptanone,
5-Decalactone,
2-Heptanol,

Isobutyl acetate,
Dimethyl disulphide,
(E)2-Nonenal

Micrococcus
luteus DPC6921

2-Tridecanone,
2-Pentadecanone,
2-Ethylhexanol,
Octanol,
2-Undecanol,
2-Hexyl-1-octanol,
Benzyl alcohol,
Dimethyl sulphide,
3-Methyl-1-butanol,
Isopentyl acetate,
Acetic acid,
p-Xylene,
2,5-Dimethylpyrazine

The significant association between volatiles and bacterial strains was determined by the selection of the volatile

compounds with the highest component coefficients for the first, second or third principal components. The selected

volatile compounds were analysed with one-way (ANOVA), to observe if they were significant higher (P<0.05) for

the strains, compared to the controls.
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2.5. Discussion

Two approaches were taken to determine the suitability of model systems to
screen the flavour potential of a range of genera associated with surface ripened cheese.
MS1 was used to study the flavour producing capability of strains in the stationary phase
of bacterial growth using a simple substrate, composed mainly of high concentrations of
FAAs and small peptides (NZ amine). MS2 was used to study the strains in an
exponential phase within a complex substrate, mainly composed of cheese curd (fat and
protein). Results of the model systems demonstrated that the growth of the bacterial
strains was influenced by the growing phase of the cells inoculated, and by the type of
nutrients added. This was consistent with other studies where synthetic models did not
show an increase in the number of cells (Kieronczyk et al., 2001; Stefanovic et al.,
2017a), while in cheese based model systems there was a significant growth (P<0.05)
during the incubation (Milesi et al., 2008).

The pH varied in both model systems and was significantly lower (P<0.05) at
the end of the incubation for specific strains, compared to the control (Table 2.2). The
pH was mainly influenced by the acidic (e.g. carboxylic acids, and phenolic
compounds), or basic compounds (e.g. nitrogen-containing compounds and sulphur
compounds) derived from the bacterial metabolism of the model system components;
however, in MS2, the pH was also related to the metabolism of the lactose (added after
the autoclaving) and lactate, which were not present within MS1. The higher pH of MS1

(starting pH ~6.65) likely supported the metabolism of the bacterial strains, compared to
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the lower starting pH in MS2 (starting pH ~5.7), simulating the condition of the exterior
of surface-ripened cheese. Most of the Gram-positive bacteria (not acidophilic) are not
able to convert lactose into lactate (with lactate dehydrogenase), and grow on the cheese
surface when the lactate is metabolized by the yeasts, and the pH increases (>6)
(Bertuzzi et al., 2017; Mounier et al., 2006).

It is likely that the pH levels, and the composition of MS1, provided better
conditions for the metabolism of the substrates by the selected bacterial strains, with a

consequent biosynthesis of a more diverse range of volatile compounds (Fig. 2.4).

%

Others
Ketones
Sulphurs
Esters
Alcohols
Acids
Aldehydes
Phenols
Aromatic hydrocarbons
Thio-esters

MS1 MS2

Figure 2.4. Percentages (%) of the class of compounds identified in MS1 and MS2.

Only B. aurantiacum DPC5683 was significantly associated (P<0.05), with
higher numbers of volatiles in MS2 compared to MS1. However, in both model systems,
there was a separation between the volatile profiles of the controls, and of the strains, as
shown in the two PCA plots (Fig. 2.2; Fig. 2.3), suggesting that the strains were

metabolically active under both conditions. Numerous compounds, such as ketones,
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lactones and secondary alcohols, were detected within both two model systems (Table

2.4 and Table 2.5).

Table 2.4. Volatiles detected with HS-SPME GCMS in MS1, showing the relative

identification chemical abstracts service (CAS) number and the linear retention index

(LRY).
MS1

| Compounds CAS LRI
Acetone 67641 <500
Dimethyl sulphide 75183 501
Carbon disulphide 75150 530
2-Methyl-1-propanol 78831 620
Acetic acid 64197 630
2-Methyl-cyclobutanone 1517153 661
2-Methylbutanal 96173 662
Pentanal 110623 700
Methyl thiolacetate 1534083 702
Propanoic acid 79094 708
Acetoin 513860 718
3-Methyl-1-butanol 123513 734
2-Methyl-1-butanol 137326 735
Dimethyl disulphide 624920 744
Isobutyl acetate 110190 767
Toluene 108883 767
1-Pentanol 71410 775
Ethyl isobutyrate 97621 778
1-Octene 111660 783
2-Hexanone 591786 788
Butanoic acid 107926 791
Butyl acetate 123864 812
Hexanal 66251 813
Furfural 98011 836
3-Methyl-butanoic acid 503742 846
2-Methyl-butanoic acid 116530 849
S-Methyl 2-
methylpropanethioate/Butanethioic 42075423/
acid, S-methyl ester 2432511 851
Ethyl 2-methylbutanoate 7452791 855
2-Furanmethanol 98000 858
Hexanol 111273 864
p-Xylene 106423 869
Isopentyl acetate 123922 875
2-Heptanone 110430 893
Cyclohexanone 108941 900
2-Heptanol 543497 901
Methional 3268493 910
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2,5-Dimethylpyrazine
a-Pinene
6-Methyl-2-heptanone
Benzaldehyde

Dimethyl trisulfide
1-Octen-3-ol
6-Methyl-5-heptene-2-one
2-Pentylfuran
2-Furanmethyl acetate
Trimethyl-pyrazine
2-Ethyl-5-methyl-pyrazine
2-Ethylhexanol
D-Limonene

Benzyl alcohol
Benzeneacetaldehyde
p-Cresol

Octanol

Acetophenone
2-Nonanone

S-Methyl hexanethioate
Isopentyl isovalerate
2-Nonanol

Phenylethyl alcohol
Octanoic acid

Nonanol

Methyl furfuryl disulphide
Dimethyl tetrasulfide
Benzene, 1,3-bis(1,1-dimethylethyl)-
2-Undecanone
2-Undecanol

Indole

Methyl phenylthiolacetate
3-Hydroxy-2,4,4-trimethylpentyl 2-
methylpropanoate
2-Hexyl-1-octanol
2-Tridecanone

Phenol, 2,4-bis(1,1-dimethylethyl)-
2-Pentadecanone

123320
80568
928687
100527
3658808
3391864
110930
3777693
623176
14667551
13360640
104767
5989275
100516
122781
106445
111875
98862
821556
1534083
659701
628999
60128
124072
143088
57500002
5756241
1014604
112129
1653301
120729
5925746

74367343
19780791
593088
96764
2345280

917

939

950

970

979

982

986

992

992
1005
1011
1030
1035
1040
1052
1065
1072
1074
1091
1098
1099
1101
1124
1161
1177
1224
1236
1255
1293
1298
1305
1369

1375
1485
1488
1502
1693
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Table 2.5. Volatiles detected with HS-SPME GCMS in MS2, showing the relative

identification chemical abstracts service (CAS) number and the linear retention index

(LRY).
MS2

| Compounds CAS LRI
Dimethyl sulphide 75183 506
2-Propanol 67630 522
Carbon disulphide 75150 525
2,3-Butanedione 431038 577
Ethyl acetate 141786 626
Acetic acid 64197 636
1-Butanol 71363 654
2-Methylbutanal 96173 660
Pentanal 110623 697
2-Ethylfuran 3208160 700
Acetoin 513860 713
3-Methyl-1-butanol 123513 732
2-Methyl-1-butanol 137326 735
Methyl isobutyl ketone 108101 736
Dimethyl disulphide 624920 744
Isobutyl acetate 110190 753
1-Pentanol 71410 761
Toluene 108883 766
2-Hexanone 591786 788
Hexanal 66251 800
1-Octene 111660 805
Butyl acetate 123864 811
3-Methyl-butanoic acid 503742 832
Furfural 98011 835
2-Methyl-butanoic acid 116530 842
2-Furanmethanol 98000 857
Hexanol 111273 865
Heptanal 111717 869
p-Xylene 106423 870
Isopentyl acetate 123922 873
2-Heptanone 110430 888
Styrene 100425 896
2-Heptanol 543497 900
Methional 3268493 910
2,5-Dimethylpyrazine 123320 917
a-Pinene 80568 938
(E)-2-Heptenal 18829555 964
Benzaldehyde 100527 969
Hexanoic acid 142621 973
1-Octen-3-one 4312996 974
Dimethyl trisulfide 3658808 978
1-Octen-3-ol 3391864 983
3-Octanone 106683 984
6-Methyl-5-heptene-2-one 110930 985
6-Methyl-2-heptanone 928687 987

112



2-Pentylfuran 3777693 988

Octanal 124130 1005
D-Limonene 5989275 1022
Benzyl alcohol 100516 1037
2-Ethylhexanol 104767 1043
Benzeneacetaldehyde 122781 1051
2-Octenal 2548870 1061
Octanol 111875 1070
3,5-Octadien-2-one 38284274 1072
p-Cresol 106445 1073
Acetophenone 98862 1075
2-Nonanone 821556 1090
2-Nonanol 628999 1099
(2-Ethylcyclopentyl)methanol 36258089 1101
Nonanal 124196 1105
Phenylethyl alcohol 60128 1124
Octanoic acid 124072 1160
(E)-2-Nonenal 18829566 1163
2-Undecanone 112129 1292
Indole 120729 1306
Mesitaldehyde 487683 1362
1-[4-(1-Hydroxy-1-

methylethyl)phenyl]ethanone 54549723 1477
§ -Decalactone 705862 1496

These compounds are considered FFAs metabolites, and their presence within a
cheese model system without fat sources, such as MS1, was previously reported in other
studies (Deetae et al., 2007). Stefanovic et al. (2017a) suggested that these compounds
could likely be derived from the release of FFAs from cell membranes. In addition,
higher percentages of sulphur compounds, esters, and S-thioesters were detected in MS1
compared to MS2, while higher percentages of aldehydes were detected in MS2,
probably derived from non-enzymatic autoxidation reaction of fatty acids (Fig.2.4).

It is possible that higher concentrations of substrates derived from FAAs
degradation, such as alcohols, carboxylic acids, and acyl-CoA (for esterification, or
alcoholysis) were likely present in MS1, supporting the consequent ester biosynthesis

(Liu et al., 2004). The formation of S-thioesters follows the same esters pathways (Liu et
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al., 2004), but it is limited by the methanethiol availability, originating from the
metabolism of sulphur amino acids. Cysteine and methionine are precursors of sulphur
compounds, which are particularly important contributors to the flavour of surface-
ripened cheese, due to their very low odour perception, and their strong garlic, cabbage,
and very ripe cheese odours (Curioni and Bosset, 2002; Sablé and Cottenceau, 1999). In
MS1 more sulphur compounds and S-thioesters were detected (Fig. 2.4), and some of
them (dimethyl sulphide, and/or methyl thioacetate) were significantly associated
(P<0.05) with several strains (S. saprophyticus DPC5671, B. linens BI1 and DPC5699,
B aurantiacum DPC5683 C. variabile DPC5313, M. luteus DPC6921) (Table 2.3),
while in MS2 only M. gubbeenense DPC5286 was significantly associated (P<0.05)
with dimethyl disulphide, suggesting that the abundant FAAs within MS1 have
supported the synthesis of higher number of sulphur compounds and S-thioesters. The
pathways that drive to the production of sulphur compounds, were specifically described
in B. linens (Rattray and Fox, 1999); however, in this study, dimethyl sulphide and
dimethyl disulphide were also significantly associated (P<0.05) with different strains,
confirming the study of Bonnarme, Psoni, and Spinnler (2000) who investigated the
pathways which lead to catabolism of methionine with the synthesis of sulphur
compounds, which showed that other species such as M. luteus, Corynebacterium
glutamicum, and S. equorum could be also be potentially responsible.

The volatile profiles of the bacterial strains presented some associations with the
enzymatic activities analysed. Specifically, S. saprophyticus DPC5671 and S. equorum

DPC4416 showed the ability to hydrolyse tributyrin, as already observed in other
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metabolic studies for various species of staphylococci (Talon and Montel, 1997), and
were responsible for the production of FFAs derivatives, such as methyl ketones (in
MS1: 6-methyl-5-heptene-2-one, 6-methyl-2-heptanone, 2-nonaone, 2-tridecanone, and
2-pentadecanone) and secondary alcohols (in MS1:2-ethylhexanol; in MS2: 2-heptanol)
(Table 2.3), in agreement with the volatiles detected by Deetae et al. (2007) for
Staphylococcus species in a synthetic model system.

Growth of Brevibacterium species on the surface-ripened cheese is often
associated with development and synthesis of sulphur volatile compounds (through the
catabolism of methionine) (Jollivet et al., 1992; Rattray and Fox, 1999). Using the
model systems (MS1 and MS2), dimethyl sulphide and/or methyl thiolacetate were
significantly associated (P<0.05) with all three Brevibacterium strains, but only in MS1
(Table 2.3). All Brevibacteria strains hydrolysed tributyrin and demonstrated esterase
activity (on p-nitrophenol butyrate) using CFEs (Fig. 2.1), and correspondingly were
significantly associated (P<0.05) with 2-ethylhexanol, 6-methyl-2-heptanone, 2-
tridecanone (in MS1), 2-heptanol, 2-nonanol, 2-heptanone, d&-decalactone (in MS2)
(Table 2.3), which likely originated from lipid oxidation (Collins et al., 2003; Thierry et
al., 2017).

Three species of Corynebacteria were tested in the model systems and showed a
heterogeneous metabolism. C. variabile DPC5313 and C. casei DPC5298 were
significantly associated (P<0.05) mostly with potential FFAs metabolites, while C.
flavescens NCIMB 8707 was the most metabolically active strain in MS1, as observed

with the PCA plot (Fig. 2.2), where it separated from all other strains. It was
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significantly associated (P<0.05) with numerous potential metabolites from aromatic
amino acids (in MS1: benzyl alcohol, phenylethyl alcohol; in MS2: phenylethyl
alcohol), branched-chain amino acids (in MS1; 3-methyl-1-butanol, 3-methyl butanoic
acid, isobutyl aetate, isopentyl acetate), and sulphur amino acids (in MS1: dimethyl
sulfide, methyl thiolacetate) (Table 2.3). These data were in agreement with enzymatic
assays using CFE, where C. flavescens NCIMB 8707 displayed a significantly greater
(P<0.05) GDH activity compared to the control (Fig. 2.1), which likely supported the
FFAs degradation.

M. gubbeenense DPC5286 presented medium levels for GDH, esterase, and
aromatic AT assays (Fig. 2.1), and was correspondingly significantly associated
(P<0.05) with both potential derivatives from FFAs (in MS1: 2-hexanone, 6-methyl-2-
heptanone, 2-tridecanone, 2-ethylhexanol, nonanol; in MS2: 2-heptanone, o-
decalactone, 2-heptanol) and amino acids (in MS1: 3-methyl-1-butanol, isobutyl acetate,
isopentyl isovalerate) (Table 2.3). Considering the enzymatic assays, A. arilaitensis
DPC6297 was the most active strain, presenting positive activity on tributyrin, and
significantly greater (P<0.05) activity for the GDH and aromatic AT activity (Fig. 2.1),
and was significantly associated (P<0.05) with metabolites of FFAs (in MS1: 6-methyl-
2-heptanone, 2-tridecanone, 2-ethylhexanol; in MS2: 2-heptanone, 3-decalactone) and
aromatic amino acids (in MS1: benzyl alcohol), and was the only strain associated with
indole (Table 2.3), which is known to be a tryptophan derivative. M. luteus DPC6921
did not display hydrolytic activity on tributyrin, but did show significant higher

(P<0.05) esterase activity (on p-nitrophenol butyrate), compared to the control (Fig.
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2.1), and was significantly associated (P<0.05) with FFAs metabolites in MS1 (2-
tridecanone, 2-pentadecanone, 2-ethylhexanol, octanol, 2-undecanol, 2-hexyl-1-octanol)

(Table 2.3).
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2.6. Conclusion

Model system 1 was better screening tool for surface ripening bacteria, as there
were more compounds detected that one can significantly associate with the genera
tested. Gram-positive bacteria, normally associated with surface-ripened cheese, are
more active on a substrate including more readily available FFAs and peptides, similarly
to what occurs on the cheese surface. Overall, this study suggests a novel approach for
the investigation of the microbial flavour development, giving better knowledge
regarding the flavour potentialities and enzymatic activities of those surface-ripened

bacteria with technological importance for cheese ripening.
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Chapter 3

Use of smear bacteria and yeasts to modify flavour and appearance of

Cheddar cheese

This chapter has been published in International Dairy Journal (2017), 72,

44-54. DOI: 10.1016/j.idairyj.2017.04.001

In this chapter Dr Deirdre Kennedy performed cryo-SEM analysis on the cheese

samples.
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3.1. Abstract

Strains of Staphylococcus saprophyticus DPC5671 and Corynebacterium casei
DPC5298 were applied in combination with Debaryomyces hansenii DPC6258 to the
surface of young Cheddar cheese curd to obtain two different surface-ripened cheeses. A
surface microbiota developed over the incubation period, comprising of both yeast and
bacteria; pulsed field gel electrophoresis and cryo-SEM confirmed that the inoculated
strains of S. saprophyticus DPC5671 or C. casei DPC5298 were the dominant strains on
the surface of the cheese at the end of the ripening period. The smear cultures changed
the appearance and aroma, which were significantly different from the control cheese.
The approach presented in this study represents a method for the development of new

cheese varieties with short ripening time and novel aromas.

127



3.2. Introduction

Surface-ripened cheese is a traditional dairy product, which has plays an important
role in both small and industrial scale dairy production. Surface-ripened cheese is
characterized by a short ripening time and strong aroma produced by the growth of
smear microbiota on the cheese surface. Surface-ripened cheeses are manufactured by
inoculating the surface of the cheese curd, by dipping, spraying or brushing with a
mixture of bacteria and yeasts. The traditional method of production is called “old-
young smearing” and consists of washing young curds with the brine from old cheese, to
encourage the transfer of the microbiota from the old to the young cheeses (Desmasures
et al., 2015; Fox et al., 2017a).

The microbiota on the surface of surface-ripened cheese is composed of a variety of
microorganisms which coexist in symbiotic relationships. Yeasts are normally the first
resident microorganisms to establish themselves on the surface of the cheese due to their
tolerance to low pH and salt. Yeasts metabolize lactate, producing H,O and CO, and
increase the pH (Cholet et al., 2007; Corsetti et al., 2001). Moreover, they produce
metabolites and growth factors (vitamins and amino acids) which encourage the growth
of Gram-positive bacteria, such as Corynebacterium, Staphylococcus and
Brevibacterium species (Cogan et al., 2014; Larpin et al., 2011).

The growth of smear microorganisms on the surface of cheese curd modifies the
appearance, aroma, proteolysis and lipolysis of the cheese within a relatively short

ripening time (McSweeney, 2004). The combined growth of the bacteria and yeasts on
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the surface of the cheese results in the production of proteolytic and lipolytic enzymes,
increasing the amount of free amino acids (FAAs) and free fatty acids (FFAS)
(McSweeney and Sousa, 2000; Sousa et al., 2001). Yeasts and Gram-positive bacteria
isolated from surface-ripened cheeses have a wide range of proteolytic enzymes that
display various peptidase activities, with FAAs increasing within the cheese as a
consequence.  Additionally, yeasts and Gram-positive bacteria  possess
esterolytic/lipolytic enzymes capable of catabolizing triacylglycerols in cheese,
producing FFAs (Curtin et al., 2002; Fox et al., 2017Db).

The further metabolism of FAAs and FFAs during the ripening produces flavour
compounds important for cheese aroma. The catabolism of FAAs, especially of
branched chain amino acids, aromatic amino acids and sulphur amino acids, produces
mainly aldehydes, alcohols, carboxylic acids and sulphur compounds. Moreover, FFAS
are involved in reactions leading to the production of flavour compounds such as
secondary alcohols, carboxylic acids, esters, lactones and ketones (McSweeney and
Sousa, 2000; Singh et al., 2003; Smit et al., 2005; Yvon and Rijnen, 2001).

The characteristics of surface-ripened cheese are not strictly controlled inside
artisanal cheese plants. The resulting product is also affected by the final microbial
consortia of the cheese, which is influenced by the individual in-house microbiota
(contaminant microbial communities) of the cheese-making facilities. Microorganisms
detected in the environment of artisanal cheese-making plants have also been found on

the surface of surface-ripened cheeses, indicating a strong relationship between product

129



and the environment in which the cheese is manufactured and ripened (Bokulich and
Mills, 2013; Goerges et al., 2008; Mounier et al., 2006).

In previous studies, smear strains were added on the surface during the ripening, or
as adjunct cultures to the milk during manufacture of surface-ripened cheese; however,
some of the added strains were not detected at the end of ripening (Feurer et al., 2004;
Goerges et al., 2008). These commercial smear strains have to compete with the in-
house microbiota and do not always successfully establish themselves on the cheese
surface (Bokulich and Mills, 2013; Feurer et al., 2004; Goerges et al., 2008). It is likely
that the relationship within the smear microbiota promotes the survival of a particular
group of microorganisms to the detriment of others.

With the abolition of the milk quotas within the EU in 2015 there is a renewed
interest in developing novel cheeses with a range of flavours. There is a progressive
increase in global cheese consumption, with an annual production in Ireland of 207.100
tonnes in 2015 (data from Eurostat). Therefore, the aim of this work was to develop a
novel cheese with diverse aromas and short ripening time using cheese curd made in a
traditional Cheddar cheese plant. Ripening time for Cheddar cheese can be from a little
as 3 months for mild cheese up to > 9 months for mature/extra mature varieties. In this
study, the ability of smear bacteria and yeast to grow on the surface of young Cheddar
cheese curd was investigated in order to produce a cheese variety with different flavour

and appearance compared to Cheddar cheese within a short time frame, of 35 days.
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3.3. Materials and methods

3.3.1. Preparation of smear suspensions

For the preparation of D. hansenii DPC6258 suspension, the strain was streaked
onto yeast extract glucose chloramphenicol agar (YGC agar; Becton, Dickinson and
Company, City West, Dublin, Ireland) and incubated aerobically at 25°C for 96 h. Using
a 5 uL loop, the strain was inoculated into 10 mL of trypticase soy broth (TSB; Becton,
Dickinson and Company, City West, Dublin, Ireland) and incubated, shaking at 100
rpm, at 25°C. When the ODgg reached ~1, the cells were centrifuged at 6,000 x g at 4°C
for 15 min, washed twice with sterile 0.75% NaCl and the pellet was resuspended in
sterile 0.75% NaCl to obtain a suspension of ~10° cfu mL".

For the preparation of the C. casei DPC5298 and S. saprophyticus DPC5671
suspensions, the strains were streaked onto trypticase soy agar (TSA; Becton, Dickinson
and Company, City West, Dublin, Ireland) and incubated aerobically at 30°C for 48 h.
Using a 5 pL loop, the strains were inoculated into 10 mL of trypticase soy broth (TSB;
Becton, Dickinson and Company, City West, Dublin, Ireland) and incubated, shaking at
100 rpm, at 30°C. When the ODgq reached ~1, the cells were centrifuged at 6,000 x g at
4°C for 15 min, washed twice with sterile 0.75% NaCl and the pellets resuspended in

sterile 0.75% NaCl to obtain a suspensions of ~10° cfu mL .
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3.3.2. Smearing of cheese blocks

Cheddar cheese was supplied by a commercial cheese company as 20 kg blocks, <24
h post manufacture. The large cheese block was aseptically cut into smaller blocks (~8 x
6.5 x 30 cm). These blocks were then inoculated by placing them for few seconds (3-5
sec) in a saline suspension containing D. hansenii DPC6258 (10° cfu mL™), ensuring an
even coating of yeast. Subsequently the blocks of cheese were placed on sterile, plastic
coated racks and allowed to drain. Once the excess liquid had completely drained, the
cheese pieces were placed inside a sterile plastic bag (Stdpack Verpackungen,
Ochsenhausen, Germany), onto a sterile rack (approx. 2cm in height) within a frame
(approx. 10cm inches in height), ensuring that the surfaces of the cheese did not make
contact with the plastic bag. Relative humidity % (RH%) was maintained by pouring
100 mL of sterile 0.75% NaCl into the base of the bag and the bag was sealed. The
cheese was ripened at 15°C with a RH% of ~97%. After 5 days of ripening, the blocks
of cheese were removed from the bag and dipped for few seconds (3-5 sec) in saline
suspensions containing C. casei DPC5298, or S. saprophyticus DPC5671 (10° cfu mL™).
The blocks of cheese were placed on the sterile rack and incubated for a further 30 days
(for a total ripening period of 35 days), as described above, to produce a surface-ripened
cheese with D. hansenii DPC6258 in combination with S. saprophyticus DPC5671
(cheese A) or C. casei DPC5298 (cheese B). During the ripening period the surface of
the cheese blocks was washed with a sterile sponge soaked in a sterile brine solution
(5% NaCl) at day 7, 10, 15 of ripening to ensure an even growth of the smear

microbiota. As a control, blocks of Cheddar cheese were vacuum packed in sterile bags
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and incubated at 15°C. These blocks were not smeared with either bacteria or yeasts and
were not washed with NaCl solution during the ripening period. However, the control
cheese differs from normal Cheddar cheese in that the temperature of ripening was
higher (15°C) than the ripening temperature normally associated with Cheddar cheese

(~8°C). Three replicate cheese trials were performed.

3.3.3. Sampling cheese

The surface of the cheese A and B was aseptically sampled for enumeration and
isolation of bacteria and yeast at 3, 5, 7, 10, 15, 21, 25, 30 and 35 days of ripening.

When analysing the control cheese samples, a composite sample of core and surface
was analysed, while for the test cheeses both the surface and core were analysed
separately. At day 0 and day 35, samples were taken from the control cheese, cheese A
and B for composition, urea-polyacrylamide gel electrophoresis (urea-PAGE), free fatty
acids (FFAs) and free amino acids (FAASs) analysis. At day 35, samples were taken from
the control cheese, cheese A and B for sensory evaluation and volatile analysis. At days
0, 10, 15, 21, 25, 30, 35 samples were taken from the control cheese, cheese A and B for

analysis of proteolysis and colorimetric analysis.

3.3.4. Enumeration of bacteria and yeast from cheese surface

During ripening, a sample of ~ 5 cm? was aseptically removed from the cheese

surface and resuspended in 2% trisodium citrate, serially diluted and plated on TSA 5%
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NaCl with 50 U mL™ of nystatin (Sigma Aldrich, Arklow, Co. Wicklow, Ireland) and
YGC agar, for the enumeration of smear bacteria and yeasts, respectively. Nystatin was
added to TSA to prevent the growth of yeast and moulds. The TSA plates were
incubated at 30°C for 48 h, while YGC plates were incubated at 25°C for 96 h. Colonies
were counted and the results expressed as log cfu g™ of cheese. Five colonies from the
highest countable dilution were restreaked onto TSA and incubated at 30°C for 48 h.

Isolates were stocked at —80°C in glycerol for further analysis.

3.3.5. Pulsed Field Gel Electrophoresis (PFGE)

The cultures isolated from cheese A and B were grown on TSA, incubated
aerobically at 30°C for 24 h and then inoculated in 8 mL of TSB, with shaking at 100
rpm at 30°C for 24 h. The PFGE was carried out as described by Bannerman et al.
(1995) for S. saprophyticus, while the method outlined by Brennan et al. (2001) was
used for C. casei. Before digestion the agarose plugs were cut into small slices (1 by 2
mm), transferred into 100 pL restriction buffer (New England Biolabs, Hitchin, UK)
containing 20 U of Smal (New England Biolabs, Hitchin, UK) for S. saprophyticus, and
20 U of Spel (New England Biolabs, Hitchin, UK) for C. casei and incubated over night
at 25°C or 37°C, respectively. The gel was run in a CHEF-DR |1l PFGE apparatus at 1
V (6 V cm™) at 14°C for 20 h, with the pulse ramped from 5 to 40 s for S.
saprophyticus, while 1 VV (6 VV cm™) at 14°C for 16 h, from 1 to 20 s for C. casei. Gels

were stained with ethidium bromide (0.5 pg mL™) in water, destained in water and then
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photographed using a gel imaging system (Alphalmager 2000, Alpha Immotech, San

Leonardo, CA, USA).

3.3.6. Compositional analysis

Cheese samples were analysed for moisture content by oven-drying 3 g of cheese
sample at 102°C for 5 h and for salt content by a potentiometric method on a mixture of
2 g of grated cheese and 60 g of water (International Dairy Federation, 1988). Total
protein was determined on 0.2 g of cheese sample and total fat was determined on 3 g of
cheese sample by standard methods (International Dairy Federation, 1993, 1996). The
pH was measured with a standard pH meter (Mettler-Toledo MP220, Schwerzenbach,
Switzerland) on a mixture of 20 g of grated cheese and 12 g of water, as described by

BSI standard (British Standards Institution, 1976).

3.3.7. Cryo-SEM

Cryo-SEM was performed using a modification of the method of R6Rle et al. (2010).
Thin sections of samples (1 mm x 1 mm X 4 mm) were cut perpendicularly at the
surface of the cheese and were immediately frozen in liquid nitrogen slush at —207°C.
The samples were then etched at —80°C for 15 min, cooled to —125°C, and coated with
sputtered platinum (10 mA for 60 s). Samples were transferred under vacuum to the cold

stage in a Zeiss Supra 40VP scanning electron microscope (Carl Zeiss AG, Darmstadt,
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Germany), where they were maintained at —125°C and imaged using an accelerating

voltage of 1 kV.

3.3.8. Determination of colour

The development of the colour during the ripening was measured in triplicate on the
surface of the cheese at room temperature, using a Minolta Colorimeter CR-300
(Minolta Camera, Osaka, Japan). A white colour tile standard was used to calibrate the
instrument and the colour was analysed using L*, a* and b*-values, which describe the
colour space. L*-value measures the visual lightness (as values increase from 0 to 100),
a*-value measures from the redness to greenness (positive to negative values,
respectively) and b*-value from the yellowness to blueness (positive to negative values,

respectively).

3.3.9. Proteolysis

The proteolysis was determined by measuring the levels of the non-casein nitrogen
content, soluble at pH 4.6 (pH4.6-SN) (Fenelon and Guinee, 2000) and total nitrogen
(TN) on a water soluble extract of a mixture of 60 g of grated cheese and 120 g of water,
using the macro-Kjeldahl method (International Dairy Federation, 1993). The levels of
proteolysis were expressed as a percentage of the ratio between non-casein nitrogen

content and total nitrogen (% pH4.6-SN/TN).

136



3.3.10. Urea-PAGE

Urea—PAGE was performed according to the method described by Rynne et al.
(2004). The gel system was composed of a separating and stacking gel, using a
PROTEANSs Il xi cell vertical slab gel unit (Bio-Rad Laboratories Ltd., Hemel
Hempstead, Herts, UK). The samples were prepared, maintaining the same
concentration of protein (4.25 g of protein content L™ sample buffer) to have a final
volume of 1 mL. Ten microliters of sample solution were loaded into individual wells.
The sample buffer (pH 8.7), the sample preparation and the running conditions were as
described by Henneberry et al. (2015). After the run, the gel was removed from the
plates and stained overnight in an aqueous solution of Coomassie Blue G250 (0.25 %
w/v), destained in a destaining solution (acetic acid 10%, methanol 25%), and washed in
distilled water. The images were acquired by a gel imaging system (Alphalmager 2000,

Alpha Immotech, San Leonardo, CA, USA).

3.3.11. Free amino acids analysis

Individual FAAs were determined on the soluble N extracts as described by
McDermott et al. (2016) using a Jeol JLC-500V AA analyser fitted with a Jeol Na+ high
performance cation exchange column (Jeol Ltd., Garden city, Herts, UK). The
chromatographic analyses were conducted at pH 2.2. Results are expressed as pg mg™

of cheese.
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3.3.12. Free fatty acids analysis

FFAs extraction was performed on 10 g of grated cheese, according to the method
described by De Jong and Badings (1990). The FFAs extracts were aliquoted into amber
glass vials and capped with PTFE/white silicone septa (Agilent Technologies, Little
Island, Cork, Ireland). The FFAs extracts were derivitised as methyl esters as outlined
by Mannion et al. (2016) using a Sample Prep Workbench (Agilent Technologies, Little
Island, Cork, Ireland). Fatty acid methyl esters extracts were analysed using Varian
CP3800 gas chromatograph (Aquilant, Dublin 22, Ireland) with a CP84000 auto-sampler
and flame ionisation detector (GC-FID) and a Varian 1079 injector (Aquilant, Dublin
22, Ireland). For the GC-FID analysis, 0.7 puL were injected into a CP FFAP CB
capillary column (30 m x 0.25 mm X 0.32 um) (Agilent Technologies, Little Island,

Cork, Ireland). Results are expressed as pg mg™ of cheese

3.3.13. Volatile analysis

After sampling the cheese samples were wrapped in foil, vacuum packed and stored
at -20°C. Before analysis the samples were defrosted at room temperature and blended
with a cheese grater. For the analysis, 4 g of cheese sample were placed in a screw
capped SPME vial with a silicone/PTFE septum (Apex Scientific, Maynooth, Ireland).
The SPME vials were equilibrated to 40°C for 10 min with pulsed agitation (5 s on/2 s
off) at 500 rpm. Sample introduction was performed using AOC-5000 injection system
(Shimadzu, Albert-Hahn-Str., Duisburg, Germany) and a single 50/30 um Carboxen

TM137 / divinylbenzene / polydimethylsiloxane (DVB/CAR/PDMS) SPME fibre was
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used for the volatile extraction (Agilent Technologies, Little Island, Cork, Ireland). The
SPME fibre was exposed to the headspace above the samples for 20 min at depth of 54
mm, then was retracted and injected into the GC inlet and desorbed for 2 min at 250°C.
Injections were made on a Shimadzu 2010plus with an Agilent DB-5ms column (60 m
x 0.25 mm x 0.25 um) (Agilent Technologies, Little Island, Cork, Ireland), using a
multipurpose injector with a Merlin microseal. The temperature of the column oven was
initially held for 30 s at 35°C, increased to 230°C at a rate of 6.5°C min™, and to 320°C
at a rate of 15°C min™, yielding at total GC run time of 41.5 min. The carrier gas,
helium, was at a constant pressure of 1.58 bar, performing a splitless injection. The
detector, a Shimadzu TQ8030 MSD triple quadrupole mass spectrometer, was used in
single quadrupole mode. The ion source temperature and interface temperature were set
at 220°C and 280°C, respectively, and the MS mode was electronic ionisation (70 v)
with the mass range between 35 and 250 amu. The chromatograms were deconvoluted
and the peaks quantified with TargetView (Markes International Ltd, Llantrisant, UK).
The compounds were identified using mass spectra comparisons to the NIST 2014 mass
spectral library, and using an internal database with known target and qualifier ions for
each compound. Ten microliters of the standard solution [1-butanol, dimethyldisulphide,
butyl acetate, cyclohexane, benzaldehyde at 10 ppm, and 2-phenylethanol at 50 ppm, in
methanol/:water (1:99)] in an empty SPME vial were run before and after every series of
samples to ensure that both the SPME extraction and MS detection were performing
within specification. An autotune of the GCMS was carried out prior to the analysis to

ensure optimal GCMS performance. All analyses were performed in triplicate.
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3.3.14. Sensory affective evaluation and ranking descriptive analysis

The blocks of cheese sample (~500 g), vacuum packed and stored at -20°C, were
defrosted at 4°C the day before sensory evaluation. The surface of cheese A and B was
removed and the blocks were cut into portions for the sensory test. Twenty naive
assessors were recruited in University College Cork, Ireland. Sensory acceptance testing
was conducted using these untrained assessors, both Cheddar and surface-ripened
cheese consumers, (age 21 - 48 years). Assessors used the sensory hedonic descriptors
for the control, cheese A and B. Samples underwent monadic presentation to the panel at
ambient temperatures (~21°C) and coded with a randomly selected 3 digit code. Each
assessor was asked to indicate their degree of liking on a 10-cm line scale ranging from
0 (extremely dislike) to 10 (extremely like). Ranking descriptive analysis (RDA) was
then undertaken using the consensus list of sensory descriptors, which was also

measured on a 10 cm line scale. All samples were presented in duplicate.

3.3.15. Aminopeptidase activity

After the growth of D. hansenii DPC6258, S. saprophyticus DPC5671, and C.
casei DPC5298 in 10 mL of TSB (as previously described in the paragraph of this
chapter “Preparation of smear suspensions”, p 131), the cells were manipulated to obtain
cell free extract (CFE), as described previously in the chapter 2 (“Preparation of cell free
extract”, p 94). The negative control for the assays was CFE heated at 98°C for 15 min.

The concentration of the protein content of the CFE was determined using Qubit®
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Protein Assay Kit (Cambio Ltd, Cambridge, UK), following the procedure of the
supplier.

To measure the aminopeptidase activity on 96 well plate. Chromogenic
substrates, namely L-Lys-paranitroanilide (Sigma Aldrich) (for PepN), and H-Gly-Pro-
pNA (Bachem, Bubendorf, Switzerland) (for PepX) were used, modifying the method
outlined by Jensen and Ardo (2010). These substrates were separately diluted in 2
solutions of 50 mmol L™ sodium-phosphate buffer pH 7.5 at concentration of 1 mmol L~
! Subsequently 50 pl of PepX, or PepN reaction mixture, were added to 50 pl of CFE
and the plate was incubated for 30 min, at 30°C in plate reader (Synergy HT, Bio-Tek
Multi Detection Plate Reader). Absorbance was measured at 405 nm (Synergy HT, Bio-
Tek Multi Detection Plate Reader), Aminopeptidase activity was espressed as nmol of
p-nitroanilne (resultant product of the reactions) released per min for mg of protein,
calculated with the use of a standard curve previously obtained for standard samples of
p-nitroaniline ranging between 0 to 50 nmol. PepX and PepN analysis were performed

in triplicate.

3.3.16. Tributyrin agar assay
The assay was prepared using tributyrin agar (Sigma Aldrich) as previously

described in chapter 2 (“Tributyrin agar assay”, p 93-94).
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3.3.17. Statistical analysis

The statistical analysis for cheese composition, sensorial analysis, FAAs and FFAs
were tested with one-way analysis of variance (ANOVA) using Minitab (Minitab 17,
Minitab Inc, Coventry, UK). A split plot designed with SAS (SAS 9.3; Dublin 2;
Ireland) was used to determine the individual effect of smear treatments, ripening time
and their interaction on the microbiology, pH, % pH 4.6-SN/TN, L*, a* and b* -values,
measured at several time points during the ripening. The statistical analysis of the
volatile compounds was tested with principal component analysis (PCA) and ANOVA-
Partial Least Squares Regression (APLSR) using Unscrambler (The Unscrambler X
10.3, Camo Software, Oslo, Norway). From the results of the APLSR, the individual
volatile compounds positively correlated with the samples were tested with one-way
analysis of variance (ANOVA) using Minitab 17 (Minitab 17, Minitab Inc, Coventry,
UK), to evaluate the significant differences among the samples for each volatile

compound. The level of significance for all analyses was determined at P value < 0.05.
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3.4. Results

3.4.1. Growth of the strains and pH development

PFGE analysis established that the inoculated cultures of S. saprophyticus DPC5671 and
C. casei DPC5298 were the dominant strains isolated at the end of the ripening as all the
colonies taken from the highest dilution had similar PFGE restriction patterns to the

inoculated strains (Fig. 3.1).

- — -

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 M

Figure 3.1. PFGE performed on the strains isolated at day 35 of ripening. Gel A:
markers (lanes M), strains isolated strains from cheese A (lane 1-15), S. saprophyticus
DPC5671 (lane 16). Gel B: markers (lanes M), strains isolated strains from cheese B
(lane 1-15), C. casei DPC5298 (lane 16).
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This was confirmed by scanning electron micrographs (Fig. 3.2) which shows the
microbiota established on the surface of cheese A and cheese B at the end of the
ripening. The morphologies and dimensions of the microorganisms detected were
compatible with D. hansenii DPC6258, S. saprophyticus DPC5671 and C. caseli

DPC5298.

sampleS_14 4 — sampleC_12.4f

Figure 3.2. Cryogenic scanning electron micrographs, acquired with a Zeiss Supra
40VP scanning electron microscope (Carl Zeiss AG, Darmstadt, Germany), of the
surface of cheese A and cheese B at the end of the ripening time. Scanning electron
micrographs showed D. hansenii DPC6258 (striped arrows), S. saprophyticus DPC5671
(black arrows) and C. casei DPC5298 (white arrow) established on the surface of the

test cheeses.

The total count of yeasts and smear bacteria during ripening is shown in the Fig. 3.3.
A significant interactive effect (P<0.05) between ripening time and smear treatments
was observed for the growth of the surface microbiota. No significant differences were

observed on the growth of yeast and bacteria between cheese A and cheese B.
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Figure 3.3. Enumeration in CFU g™ of the cheese surface of cheese A and cheese B
during the ripening time; total yeasts count in cheese A (e) and in cheese B (&), total
smear bacteria count in cheese A (4A) and in cheese B (O). Values presented are the

means and standard deviations from three replicate trials.

The variation in pH of the control, and the core and the surface of cheese A and B is
shown in Fig. 3.4. A significant interactive effect (P<0.05) between smear treatments
and ripening time was observed for pH. From day 21 to 35, the pH was significantly
higher (P<0.05) at the surface of cheese A compared to the respective core and control.
From day 15 to 35, the pH was significantly higher (P<0.05) at the surface of cheese B

compared to the respective core and control.
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Ripening time (days)

Figure 3.4. Change in pH over time; control cheese (e), surface of cheese A (2), core of
cheese A (A), surface of cheese B (O) and core of cheese B (). Values presented are the

means and standard deviations from three replicate trials.

3.4.2. Cheese composition

The mean composition of the Cheddar cheese before the smearing process was
typical of a commercial Cheddar cheese after manufacture, but the smearing treatments
influenced the compositional parameters at the end of the ripening (35 days).

Compositional data and significant differences (P<0.05) are presented in Table 3.1.
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Table 3.1. Composition of the control at day 0 and 35 and composition of the surface

and core of cheese A and cheese B at day 35.

Composition Control dO Control d35 Surf A d35 Core A d35 Surf B d35 Core B d35
i 0,
V'\\’,'/?A';t“re (%, 38.80+0.84  38.3240.62° 39.71+1.20%°  40.49+0.86®  39.61+1.43%  41.27+0.39%
Fat (%, w/w) 30.450.33% 30.41+0.27%  28.30+0.14° 30.09+0.69° 28.01+0.25°  29.80+0.30°
Protein (%, w/w) 24.87+0.217 25.17+0.11*  24.28+0.57° 24.5+0.83° 24.94+0.32%  24.72+0.44°
MNFS (%, wiw) 55.79+1.44%  5507+1.02° 55.39+1.77°  57.80+1.33%  5502+2.13°  58.79+0.39%
FDM (%, wiw) 49.77+1.16° 49.32+0.80°  46.97+1.13° 50.51+1.33% 46.41+1.44°  50.7420.24%
SIM (%, wiw) 4.02+0.10% 4174026  3.74+0.20% 3.81+0.33% 3.58+0.10°  3.88+0.51®
Salt (%, wiw) 1.56+0.02? 1.60+0.09° 1.48+0.11° 1.55+0.12° 1.42+0.08° 1.60+0.222

The compositional values for moisture, fat, protein, MNFS (moisture in non fat substances), FDM (fat in dry matter),
S/M (salt in moisture) and salt of control at day 0 (Control d0), for control at day 35 (Control d35), for the surface of
cheese A at day 35 (Surf A d35), for the core of cheese A at day 35 (Core A d35), for the surface of cheese B at day
35 (Surf B d35) and for the core of cheese B at day 35 (Core B d35). Values presented are the meanststandard
deviations of three replicate trials. The significant differences (P<0.05) are indicated with & °.

3.4.3. Proteolysis

The proteolysis was particularly high at the surface of cheese A and B, where the
smear treatments significantly (P<0.05) influenced the level of % pH 4.6-SN/TN (Fig.
3.5).

Urea-PAGE (Fig. 3.6) confirmed the high level of proteolysis on the surface of
cheese A and B. ag-Casein was partially degraded to ag-CN (f102-199) and 0g-CN
(f24-199) in the control cheese and in the core of cheese A and B. However, there was
evidence of further breakdown products on the surface samples of the test cheeses.
Similar B-casein degradation patterns were observed for the control and core of test
cheeses, while samples from the surface of the test cheeses showed that the 3-casein was
almost totally degraded producing $-CN (106-209) and B-CN (108-209) with higher

intensity (Fig 3.6).
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Figure 3.6. Urea-PAGE electrophoretogram of sodium caseinate (lane C), control
cheese at day 0 (lane 1), control cheese at day 35 (lane 2), core of cheese B at day 35
(lane 3), surface of cheese B at day 35 (lane 4), core of cheese A at day 35 (lane 5) and
surface of cheese A at day 35 (lane 6). The urea-PAGE was performed on the basis of

fixed weight protein for all three replicate trials.

3.4.4. Free amino acids and free fatty acids

Significant differences (P<0.05) on the total amount of FAAs were observed
between the control and the surface of cheese A and B at the end of ripening on day 35
(Fig. 3.7). In the cheese A and B, some individual FAAs were significantly higher
(P<0.05) on the surface compared to their respective cores or the control. No significant
difference was determined between the surface samples of cheese A and B with respect
to the total FAAs content. Significant differences (P<0.05) in the total amount of FFAs

were observed between the control and the surface of cheese A and B at day 35 (Fig.

149



3.8). In the cheese A and B, all individual FFAs detected on the surface were
significantly higher (P<0.05) compared to the levels of the respective cores or the
control. Significantly higher levels (P<0.05) of total FFAs were detected on the surface

of cheese A (20169+2120 pg mg™) compared to the surface of cheese B (12338+3382

ug mg™).

3.4.5. Cheese colour

The measurements of the colour on the surface of cheese A and B during ripening
are shown in Fig. 3.9. A significant interactive effect (P<0.05) between time and smear
treatments was observed on a* and b* values. From day 15, a* value was significantly
higher (P<0.05) compared to the control for the cheese A and B. At the end of the
ripening (day 35), a* value was significantly higher (P<0.05) for cheese B compared to

cheese A, indicating a redder colour on the surface of cheese B.
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Figure 3.7. Individual free amino acids content of the control (m), core cheese A (&),

surface cheese A (E), core cheese B (&) and surface cheese B (E) at day 35. The values

presented are the means of the three replicate trials. The significant differences (P<0.05)

are indicated with a, b, c.
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Figure 3.8. Individual free fatty acids content of the control (M), core cheese A (&) and
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presented are the means of the three replicate trials. The significant differences (P<0.05)

are indicated with a, b, c.
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3.4.6. Volatile compounds and sensory analysis

The analysis of variance enabled the selection of 40 volatile compounds which were
significantly different (P<0.05) and positively correlated with the samples (Table 3.2).
In total, 22 volatile compounds (7 acids, 4 alcohols, 5 esters, 4 sulphur compounds, 1
ketone and 1 aromatic hydrocarbon) were significantly associated (P<0.05) with the
surface of cheese A. Eight compounds (2 acids, 2 aldehydes, 1 alcohol 1 ester, 1
pyrazine and 1 sulphur compound) were significantly associated with the surface of
cheese B. Two compounds (1 ketone and 1 hydrocarbon) were significantly associated
(P<0.05) with the core of cheese A. Two compounds (1 alcohol and 1 ketone) were
significantly associated (P<0.05) with the core of cheese B. Nine compounds (4
alcohols, 4 ketones and 1 ester) were significantly associated (P<0.05) with the control

cheese.
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Table 3.2. Volatile compounds detected with SPME-GCMS in cheese A, cheese B and

control, and relative aroma notes.

Volatile compound glf\niber Aroma note

ALDEHYDES

3-Methyl-butanal ° 590-86-3 Malty, powerful, cheese, green, dark chocolate (Kilcawley, 2017)
2-Methyl butanal ® 96-17-3 g/lozg?;/,ljj?brlgcﬂlu)l%cgge, almond, cocoa (Qian et al., 2006; Singh et al.,
ALCOHOLS

Ethanol © 64-17-5 Dry, dust, alcohol (Kilcawley, 2017)

2-Butanol ¢ 78-92-2 Sweet, fruity, fusel oil, wine-like (Kilcawley, 2017)
3-Methyl-1-butanol *  123-51-3 Fresh cheese, breath-taking, alcoholic, fruity, grainy (Kilcawley, 2017)
2-Methyl-1-butanol *  137-32-6 Malty, wine, onion (Kilcawley, 2017)

2,3-Butanediol ® 513-85-9 Fruity (Singh et al., 2003)

2-Heptanol ®° 543-49-7 Fruity, earthy, green, sweetish, dry (Kilcawley, 2017)
2-Ethyl-1-hexanol ¢ 104-76-7 Animal, cardboard (Thomsen et al., 2012)

Phenylethyl-alcohol *  60-12-8 Unclean, rose, violet-like, honey, floral (Kilcawley, 2017)
KETONES

2,3-Butanedione © 431-03-8 Buttery, strong (Kubi¢kova and Grosch, 1997; Singh et al., 2003)
2-Pentanone ° 107-87-9 Orange peel, sweet, fruity (Kilcawley, 2017)

f’ -Methyl-2-pentanone  gep 61 7 Minty-camphoraceous, sharp (Barron et al., 2005)

2-Hexanone ° 591-78-6 Floral, fruity (Qian et al., 2006)

8-Nonen-2-one ¢ 5009-32-5 Animal, stinky (Poveda et al., 2008; Varming et al., 2013)
2-Nonanone ® 821-55-6 Malty, rotten fruit, hot milk, green, earthy (Kilcawley, 2017)
2-Decanone © 693-54-9 Fruity, musty (Qian et al., 2006; VVarming et al., 2013)

ACIDS

Acetic acid ? 64-19-7 Vinegar, peppers, green, fruity, floral (Kilcawley, 2017)
iéli\él%thyl-propanoic 79-31-2 Rancid butter, sweaty, sweet, apple-like (Curioni and Bosset, 2002)
Butanoic acid ? 107-92-6 Sweaty, butter, cheese, strong, acid (Kilcawley, 2017)

zém%thyl' butanoic 503-74-2 Cheesy, sweaty, socks, rancid, rotten fruit (Kilcawley, 2017)
;(-::\élithyl-butanoic 116-53-0 Fruity, waxy, sweaty (Singh et al., 2003)

Pentanoic acid ® 109-52-4 Ehegg‘;\zvgsgb\r/]?%itgtg%s :g{lcgogg;ty grain, swiss cheese, stable, sweaty,
Heptanoic acid ? 111-14-8 Soapy, fatty, goaty, rancid (Curioni and Bosset, 2002)

Octanoic acid ° 124-07-2 Cheesy, rancid, pungent, sweat (Kilcawley, 2017)

n-Decanoic acid ? 334-48-5 Stale, butter, sour, fruity, pungent (Kilcawley, 2017)

ESTERS

Ethyl acetate ® 141-78-6 Solvent, pineapple, fruity (Kilcawley, 2017)
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Ethyl propionate © 105-37-3 Pineapple, solvent, fruity (Barron et al., 2005; Qian et al., 2006)

3-methylbutyl acetate Fruity, banana, candy, sweet (Barron et al., 2005; Curioni and Bosset,
é 2002; Qian et al., 2006)

Methyl hexanoate ? 106-70-7 Pineapple, fruity (Qian et al., 2006; Varming et al., 2013)

123-92-2

Ethyl hexanoate ° 123-66-0 Pineapple, sweet, fruity, banana (Kilcawley, 2017)

Ethyl octanoate ? 106-32-1 Pear, apricot, sweet, fruity, banana, pineapple (Kilcawley, 2017)
Isopentyl hexanoate ®  2198-61-0 Sweet, fruity (Girbiz et al., 2006)

SULPHUR

COMPOUNDS

Methionol ? 505-10-2 Orange (Carpino et al., 2004)

Methanethiol #° 74-93-1 Rotten cabbage, cheese, vegetative, sulphur (Kilcawley, 2017)

Dimethyldisulphide *  624-92-0 Green, sour, onion (Kilcawley, 2017)

Vegetable-like, sulphurous, garlic, putrid, cabbage-like (Kilcawley,

. . S a
Dimethyltrisulphide 3658-80-8 2017)

AROMATIC HYDROCARBONS

Benzaldehyde ° 100-52-7 Bitter almond, sweet cherry (Singh et al., 2003; Smit et al., 2005)

Honey-like, rose, violet-like, hyacinth, green (Kubi¢kova and Grosch,

Benzeneacetaldehyde 15, 761 1997: Qian et al., 2006; Singh et al., 2003; Smit et al., 2005; Varming et

al., 2013)
PYRAZINES
S;/'E;Z?ﬂff—dlmethw- 13360-65-1  Roasted, baked (Qian and Reineccius, 2002)

# volatile compounds significantly different (P<0.05) and positively correlated to the surface of cheese A.
® yolatile compounds significantly different (P<0.05) and positively correlated to the surface of cheese B.
¢ volatile compounds significantly different (P<0.05) and positively correlated to the core of cheese A.
4 volatile compounds significantly different (P<0.05) and positively correlated to the core of cheese B.

¢ volatile compounds significantly different (P<0.05) and positively correlated to the control cheese.

Using hedonic sensory analysis (Fig. 3.10) the control cheese scored significantly
higher (P<0.05) for “Liking of Aroma” compared to the cheese A and B. Cheese A
scored significantly higher (P<0.05) for “Liking of Aroma” compared to cheese B. The
control and cheese A scored significantly higher (P<0.05) for “Liking of Flavour”
compared to cheese B. As seen in Figure 3.11, the control cheese as expected scored
significantly higher (P<0.05) for “Cheddar flavour” compared to cheese A, which
scored significantly higher (P<0.05) for “Cheddar flavour” compared to cheese B.

Cheese A and B scored significantly higher (P<0.05) for “Pungent flavour” and “Mould
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cheese flavour” compared to the control cheese. Cheese B scored significantly higher
(P<0.05) for descriptors “Sweaty/Sour Aroma”, “Pungent Aroma” and “Off-Aroma”
compared to the control cheese. The control scored significantly higher (P<0.05) for

“Crumbly texture” compared to cheese A and B.

Liking of Appearance

Colour Liking of Aroma -a

Overall Acceptability Liking of Flavour -e

Liking of Texture

Figure 3.10. Sensory affective (hedonic) analysis performed in duplicate on cheese A (
A), cheese B (m) and control (e) at 35 days of ripening.
-a: control significantly higher (P<0.05) compared to cheese A and B.

-e: cheese A and control significantly higher (P<0.05) compared to cheese B.
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Cream Flavour
Salt Taste 6 Creamy Aroma

Bitter Taste ‘ . Cheddar Flavour -a
Dairy Sweet Flavour " 4 /s \‘ Dairy Fat Flavour
Crumbly Texture -a " il ‘ Sour Taste

Firmness in mouth -d ‘ \‘ Pungent Aroma -c

Pasty Texture “

Buttery Flavour ‘ ‘ _ / Pungent Flavour -b
Nutty Flavour ‘. " Mould Cheese Flavour -b

Sweet Taste . ' Off-Aroma -c

Earthy Flavour Off-Flavour
Fruity Estery Flavour

Sweaty/sour Aroma -c

Figure 3.11. Ranking descriptive analysis performed in duplicate on cheese A (4),
cheese B (m) and control (e) at 35 days of ripening.

-a: control significantly higher (P<0.05) compared to cheese A and B.

-b: cheese A and B significantly higher (P<0.05) compared to control.

-c: cheese B significantly higher (P<0.05) compared to cheese A and control.

-d: cheese A significantly higher (P<0.05) compared to cheese B and control.
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3.4.7. Enzymatic activities

The aminopeptidase analysis performed on the pure cultures showed high levels
of activity for D. hansenii DPC6258 (Fig. 3.12). PepX was significantly higher
(P<0.05) for D. hansenii DPC6258, compared to S. saprophyticus DPC5671, which
presented significant higher activity (P<0.05), compared to C. casei DPC5298. PepN
was significantly higher (P<0.05) for D. hansenii DPC6258, compared to C. caseli
DPC5298, which presented significant higher activity (P<0.05), compared to S.
saprophyticus DPC5671. On the tributyrin agar, S. saprophyticus DPC5671 was the

only strain with hydrolytic activity (Fig. 3.13).
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Figure 3.12. Aminopeptidase activities (PepX and PepN) of cell free extract of S.
saprophyticus DPC5671 (DPC5671), C. casei DPC5298 (DPC5298), D. hansenii
DPC6258 (DPC6258) and control negative (cell free extract heated at 98°C for 10 min
to denaturate the enzymes). PepX and PepN are expressed as the nmole min™ of product
per mg of protein in cell free extract. Values presented are the means from three

replicate trials.
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Figure 3.13. Tributyrin agar test on S. saprophyticus DPC5671 (DPC5671), C. casei
DPC5298 (DPC5298), D. hansenii DPC6258 (DPC6258) and Yarrowia lipolytica
(Control). The test was performed in triplicate.
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3.5. Discussion

C. casei and S. saprophyticus, bacteria commonly isolated from surface-ripened
cheeses (e.g. Limburger, Reblochon, Livarot, Tilsit, Gubbeen) (Cogan et al., 2014;
Larpin et al., 2011), do not belong to the traditional microbiota of Cheddar cheese,
although in this study both strains established themselves on the surface of young
Cheddar cheese curd and they were the dominant population on the cheese surface
throughout the ripening. C. casei DPC5298 or S. saprophyticus DPC5671 in
combination with D. hansenii DPC6258 developed a coloured layer on the cheese
surface after 15 days of ripening.

Unlike studies with Brevibacterium linens which showed that colour development
was influenced by the yeast strain used (Leclercq-Perlat et al., 2004b), in this study the
type of colour developed was dependant on the bacteria used. The combination of D.
hansenii DPC6258 with C. casei DPC5298 on cheese B developed a different colour,
which was redder compared to the combination of D. hansenii DPC6258 with S.
saprophyticus DPC5671 on cheese A. Similar results were shown by Mounier et al.
(2006) who reported in a cheese model an increase of the colour after the 15" day of
ripening at 14°C and higher a* value for the combination D. hansenii with C. casei,
compared to D. hansenii with S. saprophyticus, resulting in higher development of red
colour.

The development of the typical aroma and flavour in cheese A and B is associated

with the lipolytic and proteolytic processes of the yeast and bacterial component of the
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smear consortium. These processes were slower in the control cheese, which did not
develop the same levels of proteolysis, FAAs and FFAs (Fig. 3.5, 3.6, 3.7, 3.8) in a short
ripening time (35 days).

During cheese ripening, a gradual decomposition of caseins into small peptides and
FAAs occurs. FAAs are considered precursors of flavour compounds during the
development of cheese flavour. It is likely that the smear treatments increased the
proteolysis of B-casein by plasmin (more active at alkaline pH) on the surface of the test
cheeses (Fig. 3.6), increasing the pH levels. At the end of ripening the dominant FAAs
detected in high amount on the surface of the test cheeses were valine, leucine, proline,
glutamate and lysine (Fig. 3.7), due to their relative concentration in casein and the
peptidase activity of the smear consortium, especially D. hansenii DPC6258. Analysis
of cell-free supernatants of the cultures used in this study confirmed that D. hansenii
DPC6258 had high peptidase activities (PepX and PepN), while activities were low for
S. saprophyticus DPC5671 and C. casei DPC5298 (Fig. 3.13). Similar results have also
been reported for other D. hansenii, S. saprophyticus and C. casei strains (Bintsis et al.,
2013; Casaburi et al., 2006; Curtin et al., 2002).

The hydrolysis of triglycerides is the main biochemical transformation of fat
during cheese ripening, which leads to the production of FFAs. Individual FFAS
contribute to the cheese aroma with their specific flavours and especially with their
metabolites. At the end of ripening high amounts of FFAs were detected on the surface
of cheese A and B. The levels of all individual FFAs detected were higher on the surface

of cheese A compared with cheese B, especially for C10:0 (Fig. 3.8). It has been
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previously reported that the lipolysis by D. hansenii is weak, while studies on Gram-
positive bacteria showed good activity on substrates with different glyceride chains
length (Bintsis et al., 2003; Cardoso et al., 2015; van den Tempel and Jakobsen, 2000).
Experimental work showed that S. saprophyticus DPC5671 had greater lipolytic activity
on tributyrin than either C. casei DPC5298 or D. hansenii DPC6258 (Fig. 3.14). These
results are in agreement with what was previously reported by Talon and Montel (1997),
who detected lipolytic activity on tributyrin in a range of staphylococcus strains,
including S. saprophyticus. The higher lipolytic activity of S. saprophyticus DPC5671
compared to C. casei DPC5298 may explain the higher amount of FFASs in cheese A.

Numerous volatile compounds were significantly (P<0.05) associated to cheese
A and B, especially those particularly characterized by strong aroma notes, such as some
specific carboxylic acids, alcohols, esters, ketones and sulphur compounds. However, in
the control cheese, the majority of volatile compounds detected were characterized by
mild aroma notes, suggesting that the smear treatments have modified the aroma profile
of Cheddar cheese curd in only 35 days of ripening (Table 3.2).

The metabolism of FAAs in the cheese A and B in this study was responsible for
the development of specific branched alcohols and branched chain acids detected (3-
methyl-1-butanol, phenylethyl-alcohol, 3-methyl-butanoic acid). D. hansenii has been
identified as a possible producer of alcohols in previous studies (Arfi et al., 2002; Gori
et al., 2012; Leclercg-Perlat et al., 2004a), while the production of carboxylic acids has
been previously attributed to both yeasts and smear bacteria (Geotrichum candidum and

B. linens) (Jollivet et al., 1992; Jollivet et al., 1994).

164



The high amount of esters detected in cheese A (ethyl acetate, ethyl octanoate,
methyl hexanoate, 3-methylbutyl acetate and isopentyl hexanoate) is likely related to the
high FFAs content and the presence of alcohols in cheese A, considering they originate
from the esterification or alcoholysis of alcohols with carboxylic acids. While
information on the biosynthesis of esters by corynebacteria is sparse, numerous studies
reported ester production by staphylococci isolated from fermented foods, including S.
saprophyticus strains (Talon et al., 1998). The formation of esters in cheese A, not
detected in high amount in cheese B, was likely due to the metabolic activity of S.
saprophyticus DPC5671 rather than by D. hansenii DPC6258.

Other products of FFAs metabolism such as ketones and alcohols were detected
in all cheeses. However 2-pentanone, 2-hexanone, 2-nonanone and 2-decanone were
particularly associated with the control cheese and not with cheese A and B, suggesting
an involvement of LAB rather than the smear cultures. It is known that methyl ketones
result from the pB-oxidation of FFAs by lipolytic enzymes due to autolysis of the LAB
during ripening (Collins et al., 2003), although it is also postulated that production is
enhanced by heating milk or directly from esterified p-keto acids (Alewijn, 2006; Forss,
1979).

Sensory analysis showed different results between the cheese A, cheese B and
control cheese. The sensory panel was not influenced by the colour of the cheese,
because the surface was removed before the sensory test. “Mould Cheese Flavour” and
“Pungent Flavour” are descriptors associated with the surface-ripened cheeses and they

can be correlated with a wide range of volatiles with strong aroma notes (Table 3.2)
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detected on the surface and core of both cheese A and B, namely butanoic, octanoic acid
(originated from lipolysis of lipids), 2-heptanol (from reduction of ketones), 2-methyl-
propanoic, 3-methyl-butanoic, 2-methyl-butanoic, pentanoic acid, 3-methyl-butanol, 2-
methyl-butanol, phenylethyl-alcohol, 3-methyl-butanal (from metabolism of branched
chain amino acids or possibly phenylalanine for phenylethyl-alcohol), methanethiol,
dimethyldisulphide and dimethyldisulphide (from metabolism of sulphur amino acids).
As expected, these descriptors were significantly associated (P<0.05) to the cheese A
and/or B, suggesting that the activities of yeast and Gram-positive bacteria on the cheese
conferred a typical surface-ripened cheese flavour, not perceived in the control. The
descriptors significantly associated (P<0.05) to cheese B, as “Sweaty/Sour Aroma”,
“Pungent Aroma”, “Off-Aroma”, are considered as “unclean” and off-odorants and were
associated with some compounds detected in abundance on the surface and core of
cheese B, such as 3-methyl-butanoic acid, octanoic acid, methanethiol and particularly
8-nonen-2-one (from B-oxidation of fatty acids) which was identified only in cheese B.

Sensory analysis showed the smear cultures on the cheese surface have affected
the cheese ripening giving strong and intense aroma and flavour to cheese A and B,
while the control cheese was characterized by mild aroma and flavour.

The smear treatments have induced the production of new variants of cheese
with novel aroma notes in only 35 days. Overall, the results of the volatile compounds
and sensory analysis suggested that the bacterial strains in conjunction with D. hansenii
may have potential to produce novel cheeses with different aroma profiles using a

Cheddar cheese curd.
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3.6. Conclusion

The cheese-making method described in this paper gives a new approach for the
production of novel surface-ripened cheeses starting from a Cheddar cheese curd. Both
the yeast and bacterial cultures were able to establish themselves on the surface of the
cheese and become the dominant microbiota on the cheese surface, producing a cheese
variety with acceptable appearance and novel flavour aroma profiles. This study
represents a model to produce novel cheese types with a range of flavours and aromas
through the growth of combinations of yeast and bacterial cultures on the using cheese
curd produced on a traditional Cheddar cheese plant. The method proposed could
potentially represent a low-cost solution for medium-small cheese industries to diversify

cheese production.
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Chapter 4

Staphylococcus saprophyticus DPC5671, a strain isolated from the surface

of Cheddar cheese with the potential to diversify flavour

This chapter has been published in Genome Announcements (2017), 16,

e00193-17. DOI: 10.1128/genomeA.00193-17

In this chapter Dr Fiona Crispie performed 454 DNA sequencing of S. saprophyticus
DPC5671 and Dr Caitriona Guinane performed DNA quality analysis and contig

assembly.
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4.1. Abstract

Staphylococcus saprophyticus is a coagulase negative staphylococcus (CNS),
which is involved in the flavour development of fermented food, and thus has been
previously used as an adjunct culture during ripening for the production of cheese and
sausages. However, it is not clear if some CNSs might present health implications,
which could prevent their use in food preparation. In this study, a strain previously
isolated from the surface of Cheddar cheese, S. saprophyticus DPC5671 was extensively
analysed using both genotypic and phenotypic methods. Initial confirmation of the
species was established by sequence analysis of the 16S rRNA, dnaJ and rpoB genes.
Using phenotypic-based methods, it was determined that the strain did not produce any
detectable enterotoxins, presented as coagulase negative, non-haemolytic and did not
show resistance to a panel of antibiotics as set by European Food Safety Authority
(EFSA). The draft genome sequence was obtained for S. saprophyticus DPC5671 and
analysed for potential virulence factors, and potential gene loci encoding for enzymes
involved in cheese flavour development. Although the genome analysis of S.
saprophyticus DPC5671 detected a protein-coding sequence potentially involved in
some cases of urinary tract infection, this strain presented a history of safe use within
fermented food, and its infection mechanism is not related to the food consumption.
Genomic analysis and annotation did not reveal any other potential virulence factors

(genes involved in antibiotic resistance, biogenic amines, and enterotoxins), while
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several CDSs encoding for enzymes implicated in proteolysis (proteinases and
peptidases), free amino acids degradation (aminotransferases and lyases) and lipolysis

(lipases/esterases) were observed and are outlined in this chapter.
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4.2. Introduction

Surface-ripened cheese is characterized by the growth of complex microbiota on
the cheese surface, composed of both yeasts and bacteria, which are responsible,
through their metabolic activity, for the development of the typical flavour, and the
external “glistening” appearance of this cheese variety (Mounier et al., 2017). Due to
their low pH tolerance, yeasts (e.g. Debaryomyces sp., Kulyveromyces sp., Geotrichum
sp.) are the first microorganisms to establish themselves on the cheese surface, and they
are able to increase the pH through the metabolism of lactate, and the secretion of
alkaline compounds, such as ammonia (from free amino acids degradation) (Ferreira et
al., 2002). The favourable higher pH determines the growth of Gram-positive bacteria,
such as Brevibacterium, Corynebacterium and Microbacterium,species which are
considered, with Staphylococci, the most important genera which make up the
microbiota of surface-ripened cheese (Bertuzzi et al., 2017; Mounier et al., 2006;
Mounier, 2015).

The Staphylococcus genus includes both highly pathogenic coagulase positive
species (e.g. Stapylococcus aureus, Staphylococcus haemolyticus) and coagulase
negative species (CNSs). CNSs (e.g. Stapylococcus xylosus, Staphylococcus carnosus,
Staphylococcus equorum) are favoured for meat and dairy fermentation, due to their
tolerance to salt and production of flavour compounds (Blaiotta et al., 2004; Ruaro et al.,

2013; Vergnais et al., 1998). CNSs, together with the other Gram-positive bacteria,
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moulds and yeasts, are considered the microorganisms responsible for the production of
the intense flavour of surface-ripened cheese (Bertuzzi et al., 2017; Desmasures et al.,
2015; Mounier et al., 2017). In some food preparations, it is common practice to add
starter cultures, containing CNSs, to meat and dairy fermentations to increase the
flavour development of the food products during ripening (Di Maria et al., 2004).

The flavour development in cheese is a particularly complex process which
involves both proteolytic, and lipolytic pathways (McSweeney, 2017). The casein in
cheese can be used as substrate for microbial or indigenous milk proteinases, resulting in
an increase of peptides, which are metabolized by the microbial aminopeptidases with
the subsequent release of free amino acids (FAASs). Flavour volatile compounds can
originate from FAAs catabolism, by the activity of decarboxylases, deaminases,
transaminases, lyases, and dehydratases. In addition, triacylglycerols can be metabolized
by the microbial, or indigenous milk lipases or esterases and the free fatty acids (FFAS)
can be degraded through an oxidation process, with a consequent biosynthesis of flavour
volatile compounds.

Despite a history of safe use in fermented foods, some concern has been
expressed around the use of CNSs in food, as research studies on their safety assessment
showed their ability to produce enterotoxins, or to be antibiotic resistant (Irlinger, 2008;
Podkowik, Park, Seo, Bystron, and Bania, 2013). The pathogenic potential of CNSs is a
strain-dependent characteristic, with specific strains of S. simulans, S. xylosus, S.
equorum, S. lentus and S. capitis, isolated from goat’s milk and cheese, capable of

producing enterotoxins (Vernozy-Rozand et al., 1996), and other strains of S.
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epidermidis, S. chromogenes, S. warneri, S. hyicus and S. simulans, isolated from milk
of cows with mastitis, displaying methicillin-resistance (Silva et al., 2014).

In the present study, S. saprophyticus DPC5671, which was used to produce
surface-ripened cheese, was firstly analysed phenotypically to determine its safe
utilization in food system, and subsequently its full genome was characterized and
investigated for the presence of virulence factors and enzymatic pathways related to

cheese flavour development.
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4.3. Materials and methods

4.3.1. Bacterial strains and growth conditions

The bacterial strain of S. saprophyticus DPC5671 was isolated from the surface
of Cheddar cheese and maintained at -80°C for long term storage. For routine use, the
strain was streaked from frozen stocks onto Trypticase Soya Agar (TSA; Becton,
Dickinson and Company ) and subsequently sub-cultured into 10 mL of Trypticase Soy

Broth (TSB; Becton, Dickinson and Company ), shaking at 30°C, for 24 h.

4.3.2. DNA extraction for PCR

Microbial DNA was extracted from a culture, grown in TSB, for 24 h. The
culture (1 mL) was centrifuged at 15,000 x g, for 5 min, and the DNA was extracted
from the cell pellet with the QlAamp DNA Mini Kit QIAGEN (Hilden, Germany),

according to the manufacturer’s protocol.

4.3.3. 16S rRNA sequencing

The 16S rRNA gene (~1500 bp) was PCR amplified using the UniF (5° -
AGAGTTTGATCCTGGCTCAGG- 3’) and UniR (5 -
ACGGCAACCTTGTTACGAGT- 3’) primers. The PCR reaction conditions were as
follows, initial denaturation at 94°C for 5 min, 30 cycles of annealing of 94°C for 40
sec, 55°C for 30 sec, 72°C for 1 minute, and a final extension of 72°C for 10 min. The

PCR products were purified using Illlustra GFX PCR DNA and Gel Band Purification
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Kit (GE Healthcare, Little Chalfont, UK), and analysed through agarose gel
electrophoresis (1% of agarose) to check the size of the amplicons. Amplicons were
sequenced through conventional Sanger sequencing by Beckman Coulter (Brea, CA,

USA) and aligned with BLASTN server (https://blast.ncbi.nlm.nih.gov/Blast.cqi), using

the NCBI database.

4.3.4. rpoB and dnaJ gene sequencing

To confirm the species, genomic DNA from S. saprophyticus DPC5671 was
extracted as described above and used to amplify the rpoB and dnaJ genes. The PCR
amplification for rpoB was performed wusing primers 2491F (5 -
AACCAATTCCGTATIGGTTT- 3°) and 3554R (5’ -CCGTCCCAAGTCATGAAAC-
3”). The PCR reaction conditions were as follows: initial denaturation of 95°C for 2 min,
35 cycles of 94°C for 30 sec, 52°C for 40 sec, 72°C for 1 min, and a final extension of
72°C for 5 min. The sequencing of rpoB PCR product was carried out with internal
degenerate primers 2643F (5° -CAATTCATGGACCAAGC- 3°) and 3241R (5° -
GCIACITGITCCATACCTGT- 3’), on a fragment of rpoB gene of approximately 600
bp (Drancourt and Raoult, 2002).

The PCR amplification for dnaJ was performed using primers SA-(F) (5°-
GCCAAAAGAGACTATTATGA- 3’) and SA-(R) (5 -
ATTGYTTACCYGTTTGTGTACC- 3’). The PCR reaction conditions were as follows:
an initial denaturation of 94°C for 3 min, 5 cycles of 94°C for 30 sec, 52°C for 40 sec,

72°C for 1 min, and 30 cycles of 94°C for 30 sec, 50 °C for 30 sec, 72 °C for 1 min and
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a final extension of 72°C for 3 min. The amplicon size of dnaJ PCR reaction was 920 bp
(Shah et al., 2007). The PCR products were purified with Illustra GFX PCR DNA Gel
Band Purification Kit (GE Healthcare, Little Chalfont, UK), following the protocol of
the supplier, and analysed with agarose gel electrophoresis (1% of agarose) to check the
amplicon size. Amplicons were sequenced with conventional Sanger sequencing at
Beckman coulter (Brea, CA, USA) and aligned with BLASTN server

(https://blast.ncbi.nlm.nih.gov/Blast.cgi), using the NCBI database.

4.3.5. Coagulase activity

The coagulase activity of S. saprophyticus DPC5671 was analysed with a
commercial coagulase test (Sigma Aldrich, Arklow, Co. Wicklow, Ireland) as follows:
100 pL of an overnight culture of S. saprophyticus DPC5671, grown in TSB, (shaking at
30°C, for 24 h) was mixed in a tube with 300 uL of lyophilized rabbit plasma with
EDTA solubilised in sterile distilled water. The tube was incubated at 37°C for 24 h.
The coagulase test was positive if more than 75% of the tube contents had formed a
coherent clot. The test was performed in triplicate and the strains of S. aureus R963 and
S. aureus R4071 were used as positive controls, while a water solution of uninoculated
lyophilized rabbit plasma with EDTA was used as negative control. Coagulase activity

was examined in triplicate.
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4.3.6. Detection of Staphylococcal enterotoxins

S. saprophyticus DPC5671 was tested with 72-wells plate 3M™ Tecra™ Staph
Enterotoxins ID Test (3M™ St. Paul, MN, USA) to screen for the production of
enterotoxins A-E. S. aureus SA45, S. aureus FRI13, S. aureus R963, and S. aureus
R4071 were used as positive controls, in addition to the positive control provided with
the kit. All the strains used in this test were stored at -80°C, and were grown in TSB,
using the same conditions described above for S. saprophyticus DPC5671.
Subsequently, 50 pL of sub-cultured broth were inoculated into 5 mL of sterile skim
milk solution (10% w/v) and grown at 37°C, for 24 h. An uninoculated sterile skim milk
solution was used as negative control for the test. Initially, the 72-wells plate was
washed with the washing solution (provided with the kit), then 200 pL of inoculum were
added to each well, and the plate was incubated at 37°C, for 2 h. Subsequently, the 72-
wells plate was emptied and washed with washing solution for 4 times, and 200 pL of
conjugate solution (provided with the kit) were added to each well and the plate was
incubated at 25°C, for 1 h. Again, the plate was emptied and washed with washing
solution 5 times, and 200 pL of substrate solution (provided with the kit) was added to
each well and the plate was incubated at 25°C, for 30 min. At the end of the incubation,
20 pL of stop solution (provided with the kit) was added to each well, and the colour of
each well was visually compared with the colour card (provided with the kit) to verify
the production of enterotoxins. S. saprophyticus DPC5671 was tested in triplicate for the

production of staphylococcal enterotoxins.
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4.3.7. Haemolysis agar assay

The haemolytic activity of S. saprophyticus DPC5671 was evaluated by
streaking the culture onto TSA containing 5 % rabbit blood v/v (Difco) and incubated at
30°C, for 24 h. The positive strains showed a clear halo around the bacterial colony,
which indicated B-haemolysis. S. aureus SA45 and S. aureus FRI13 were used as

positive controls. Haemolytic activity was examined in triplicate.

4.3.8. Antibiotic sensitivity

Minimum inhibitory concentrations (MICs) for antibiotics were evaluated using
VetMIC system (National Veterinary Institute of Sweden, Uppsala, Sweden). Each
micro-titre plate contained 10 fold serial dilutions of 9 antibiotics (ampicillin,
vancomycin, gentamycin, kanamycin, streptomycin, tetracycline, erythromycin,
clindamycin, and chloramphenicol), and wells for negative (uninoculated broth) and
positive (strains grown in the absence of antibiotic) controls. Five mL of S.
saprophyticus DPC5671 broth culture, grown in TSB as described above, was
centrifuged at 4,500 x g at 4°C for 15 min, and was resuspended in maximum recovery
diluent (Becton, Dickinson and Company) as per the manufacturer’s instructions to
obtain a cell density of ~3 x 10° CFU mL™. One hundred pL of cell suspension was
added to each well on the micro-titre plate and incubated for 48 h at 30°C. The lowest
antibiotic concentration at which no growth occurred was defined as the minimum
inhibitory concentration for each antibiotic. Antibiotic sensitivity was examined in

triplicate.
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4.3.9. DNA extraction for genome sequencing

Genomic DNA was extracted from S. saprophyticus DPC5671 as follows: S.
saprophyticus DPC5671 was grown in 10 mL of TSB as described above. The cells
were harvested by centrifugation at 6,000x g for 10 min, and resuspended in 5 mL of
sterile buffer (75 mM NaCl, 25 mM EDTA, 20 mM Tris, pH 7.5), containing 200 ug
mL™ of lysostaphin (Sigma Aldrich) and incubated at 37°C, for 1 h. Subsequently, a 1
mL of solution of SDS (20%) and proteinase K (0.5 mg mL™) was added and incubated
at 55°C, for 2 h, with occasional inversion. Then, 2 mL of NaCl 5M, and 6 mL of
chloroform were added to the sample and incubated at room temperature for 30 min,
with frequent inversion. The sample was centrifuged at 4,500x g for 15 min, and the
aqueous (upper) phase was transferred into a new sterile tube and 5.5 mL of isopropanol
were added to the sample, which was gently inverted for few times. The DNA solution
was transferred to an Eppendorf tube and washed with 70% (ethanol/H,O) with
centrifugation at 6,000 X g, for 1 min. The DNA, precipitated on the bottom of the tube,

was dried for 4-5 hours and then resuspended in 100 pL of ultra-pure water.

4.3.10. Genome sequencing

The draft genome of S. saprophyticus DPC5671 was sequenced using paired end
454 pyrosequencing, to coverage of 23X. Sequencing took place at the Teagasc 454
sequencing facility on a genome sequencer FLX platform (Roche Diagnostics Ltd.,
West Sussex, United Kingdom) according to the manufacturer's protocols. This was

followed by initial assembly into 24 contigs using the Newbler program (Roche-applied-
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science.com). Prodigal software (Hyatt et al., 2010) was used to predict open reading
frames within the draft genome and the RAST annotation server (Aziz et al., 2008) was
used to determine complementary gene calling and automated annotation. The draft
genome was manually analysed using the ARTEMIS genome browser (Carver et al.,
2012), and comparative analysis with the genome of S. saprophyticus ATCC 15305
(Kuroda et al., 2005) was performed using the Artemis Comparison Tool (ACT) (Carver
et al., 2005). PHAST (Phage Search Tool) web server (Zhou et al., 2011) was used to
determine the presence of putative phage within the genome. The comprehensive
antibiotic resistance database (CARD) software (McArthur et al., 2013) was used to
determine the presence of genes potentially involved in antibiotic resistance and the
presence coding DNA sequences (CDSs) encoding for virulence factors and potential
flavour enzymes were manually analysed using Artemis and the BLASTP web server

(http://blast.ncbi.nlm.nih.gov/Blast.cqi) (Altschul et al., 1997).
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4.4. Results

4.4.1. Strain identification

Prior to whole genome sequence analysis, alignment of the sequenced PCR
amplicons (16S rRNA, rpoB, dnaJ), with BLASTN, determined that the strain isolated
from Cheddar cheese surface was S. saprophyticus. Alignment of 16S showed 100% of
query cover, and 100% of identity with Staphylococcus saprophyticus subsp.
saprophyticus strain IFISW-B3 16S ribosomal RNA gene, the alignment of dnal
presented 100% of query cover, and 100% of identity with Staphylococcus
saprophyticus subsp. bovis strain CIP 105260 DnaJ (dnaJ) gene, and the alignment of
rpoB showed 100% of query cover, and 99% of identity with Staphylococcus

saprophyticus strain FDAARGOS_355 (Table 4.1).

Table 4.1. Results of the best three alignments of the PCR products (16S, dnaJ, and
rpoB) with BLASTN.

PCR Query

products BLASTN hits cover Identity
Staphylococcus saprophyticus subsp. saprophyticus strain IFLISW-B3 16S

16S ribosomal RNA gene 100% 100%
Staphylococcus saprophyticus strain H72 16S ribosomal RNA gene 99% 100%
Staphylococcus saprophyticus strain N33 16S ribosomal RNA gene 100% 99%

dnaJ Staphylococcus saprophyticus subsp. bovis strain CIP 105260 DnalJ (dnaJ) gene 100% 100%
Staphylococcus saprophyticus subsp. bovis dnaJ gene for dnaJ protein 100% 99%
Staphylococcus saprophyticus strain FDAARGOS_336 100% 99%

rpoB Staphylococcus saprophyticus strain FDAARGOS_355 100% 99%
Staphylococcus saprophyticus strain FDAARGOS_336 100% 99%
Staphylococcus saprophyticus strain FDAARGOS_137 100% 99%
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4.4.2. Coagulase activity

The growth of S. saprophyticus DPC5671 within the solution of lyophilized
rabbit plasma with EDTA, did not form any clot, suggesting the strain was coagulase
negative (Fig. 4.1). The strains used as control positive, S. aureus R963 and S. aureus
R4071, formed a clot inside the test tube, due to their ability to produce a fibrin clot

(Fig. 4.1).

o i ]
O ~ ~

' N g 8
o o

Figure 4.1. Coagulase test performed on S. saprophyticus DPC5671 (5671). S. aureus
R963 (R963) and S. aureus R4071 (R4071) were used as positive controls, while water
solution of lyophilized rabbit plasma with EDTA not inoculated was used as negative
control (C-).
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4.4.3. Staphylococcal enterotoxins

With the Staph Enterotoxins ID Test it was possible to determine that S.
saprophyticus DPC5671 was not able to produce A, B, C, D and E enteroxin (Fig. 4.2).
The test showed that the control positive (provided with the kit), S. aureus SA45,

FRI13, R963, R4071, and 178, were positive for the enterotoxin production (Fig. 4.2).
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Figure 4.2. Staph Enterotoxins ID Test performed on S. saprophyticus DPC5671 (5671).
S. aureus SA45 (SA45), S. aureus FRI13 (FRI93), S. aureus R963 (R963), and S.
aureus R4071 (R4071) were used as positive controls, while sterile skim milk was used

as negative control (C-). A green colour in the wells denotes a positive reaction.
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4.4.4. Haemolytic activity

The growth of S. saprophyticus DPC5671 on TSA, containing 5 % rabbit blood
(v/v) (Difco), did not show any halo around the colonies, suggesting the strain was non-
haemolytic (Fig. 4.3). The strains used as positive controls, S. aureus SA45 and S.
aureus FRI13, displayed a transparent halo around the colonies, derived from the lysis

of the red blood cells (Fig. 4.3).

FRI913

Figure 4.3. Haemolytic activity on TSA containing 5 % rabbit blood v/v (Difco), of S.
saprophyticus DPC5671 (5671). S. aureus SA45 (SA45) and S. aureus FRI13 (FRI13)

were used as positive control.

4.4.5. Antibiotic resistance

The minimum concentrations which inhibited the growth of S. saprophyticus
DPC5671 were 0.5 pg mL™ for ampicillin, 0.5 pg mL™ for vancomycin, 0.5 ug mL™ for
gentamycin, 2 pg mL™ for kanamycin, 0.5 pg mL™ for streptomycin, 0.25 pg mL™ for
tetracycline, 0.25 pg mL™ for erythromycin, 0.12 pg mL™ for clindamycin, and 2 pg

mL™ for chloramphenicol. The antibiotic test showed that the minimum inhibitory
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concentrations were lower than the European Food Safety Authority (EFSA) cut-off
values for Gram-positive organisms other than lactic acid bacteria (EFSA 2012) (Table

4.1).

Table 4.2. Results of the minimum inhibitory concentrations test for antibiotics, on S.
saprophyticus DPC5671, and related cut-offs published by EFSA for Gram-positive
organisms other than lactic acid bacteria.

Antibiotic MIC (ugmL™)  EFSA cut-off (ug mL™Y)
Ampicillin 0.5 >1
Vancomycin 0.5 >2
Gentamycin 0.5 >4
Kanamycin 2 >16
Streptomycin 0.5 >8
Tetracycline 0.25 >2
Erythromycin 0.25 >0.5
Clindamycin 0.12 >0.25
Chloramphenicol 2 >2

INA: not applicable

4.4.6. Draft Genome analysis

The draft genome of S. saprophyticus DPC5671 (GenBank assembly accession:
GCA _002009035.1) includes 2,676,318 bp, with an average G+C content of 33.1 %. It
consists of a single circular chromosome and does not appear to harbour any plasmids
(Fig. 4.4). Within the draft genome there are 2,647 coding regions predicted, in addition
to 4 rRNA and 59 tRNA genes. The genome sequence also includes two putative novel
prophages of ~43.6 kb and ~42.9 kb within the chromosome (Fig. 4.5). Automated
annotation performed with RAST showed the predicted functions of the annotated

protein-coding sequence (Fig.4.6).
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Overall, the genome of S. saprophyticus DPC5671 shows high similarity to the
S. saprophyticus ATCC 15305 in terms of genome size, G+C content, and gene synteny

(Kuroda et al., 2005).
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Figure 4.4. Genome plots realized with ARTEMIS genome browser. The map displays
the features of the circular chromosome of S. saprophyticus DPC5671. From the outer to
the inner concentric circle of the chromosome (a): circle 1, genomic position in kb;
circles 2 and 3, predicted CDSs on the forward (outer part) and the reverse (inner part);

circle 4, genomic contigs; circle 5, GC content.
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Figure 4.5. Putative phage within the genome of S. saprophyticus DPC5671 (based on
Phast PHAST web server).
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Subsystem Coverage Subsystem Category Distribution Subsystem Feature Counts

m Cell Wall and Capsule (99)

@ W Virulence, Disease and Defense (81)
@ W Potassium metabolism (8)

@ W Photosynthesis (0)

@ Miscellaneous (32)

® W Membrane Transport (38)

@ M Iron acquisition and metabolism (26)
RNA Metabolism (126)

@ W Nucleosides and Nucleotides (91)

@ m Protein Metabolism (200)

@ M Cell Division and Cell Cycle (40)

@  Motility and Chemotaxis (0)

@ M Regulation and Cell signaling (49)
Secondary Metabolism (4)

@ DNA Metabolism (86)

@ M Fatty Acids, Lipids, and Isoprenoids (114)
@ M Nitrogen Metabolism (14)

@ MW Dormancy and Sporulation (9)

@ W Respiration (37)

@ M Stress Response (77)

Metabolism of Aromatic Compounds (9)
Amino Acids and Derivatives (346)
Sulfur Metabolism (24)

Phosphorus Metabolism (35)
Carbohydrates (298)

lcRc ool

Figure 4.6. Subsystem distribution of S. saprophyticus DPC5671 (based on RAST

annotation server).

4.4.7. Investigation of virulence and flavour genes

By the methods used in this study, genomic analysis revealed no obvious
transferable antibiotic resistance genes, decarboxylases genes involved in the
byosinthesis of biogenic amines, and toxigenic genes. Previous studies showed an
involvement of some S. saprophyticus strains in urinary tract infection (UTI), showing a
specific adhesin uafA, associated with adherence to the eukaryotic cell in the urinary
tract (Kuroda et al., 2005). The S. saprophyticus DPC5671 genome was found to have
the predicted CDSs for adhesion uafA (2236218-2242553), with similarities examined
with BLASTP web server to uafA in S. saprophyticus ATCC 15305 of 39 % of query

cover and 97% of protein identity.
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The genome of S. saprophyticus DPC5671 was also investigated for the presence
of CDSs encoding for enzymes involved in the proteolytic or lipolytic, processes which
lead to the formation of volatile compounds (Table 4.3). The genome of S.
saprophyticus DPC5671 was equipped with a large set of CDSs encoding for putative
triacylglycerol esterase/lipase (EC 3.1.1.3; 452825-453700; 1445522-1446325;
2336285-2338546) and carboxylesterase (EC 3.1.1.1; 141578-142318; 280742-281773,
495623-496345; 559524-560126; 611875-612849; 636868-637560; 1451623-1452360;
1843057-1843959; 2197243-2197989). Also detected were CDSs encoding for subunits
of proteinase Clp ATPase (EC 3.4.21.92; 15471-154955; 441093-443555; 1910855-
1912117; 2648299-2650398) and for various peptidases, such as PepB (EC 3.4.11.1;
33604-35085; 2452644-2453882), PepF (EC 3.4.24.-; 881855-883666; 2211807-
2213615), PepM (EC 3.4.11.18; 2446177-2446929), PepP (EC 3.4.11.9; 1026611-
1027669; 1950805-1951857), PepT (EC 3.4.11.4; 186173-187405), pyroglutamyl-
peptidase (EC 3.4.19.3; 480016-480657), and some putative glutamyl aminopeptidases
(EC 3.4.11.7; 512089-513165; 864836-865873; 1999046-2000122). Other CDSs
involved in the FAAs degradation were found, such as genes encoding for glutamate
dehydrogenase (GDH) (EC 1.4.1.2; 17836-19080; 381290-382534), histidinol-
phosphate aminotransferase (AT) (EC 2.6.1.9; 209075-210130), branched-chain amino
acid AT (EC 2.6.1.42; 369574-370650), 4-aminobutyrate AT (EC 2.6.1.19; 601413-

602750), and cystationie S-lyase (EC 4.4.1.8; 703070-704215; 1548097-1549272).
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Table 4.3. Results of the best hit with BLASTP of the protein-coding sequences, for enzymes responsible for the flavour

development.

EC Genome Query AA Query Query
number location Length Domain hits BLASTP Hits cover identity

Proteinase
15471- ATP-dependent Clp protease proteolytic ATP-dependent Clp protease

Clp subunit 3.4.21.92 154955 194 subunit (1-194) proteolytic subunit 100% 100%
441093- ATP-dependent Clp protease ATP-

Clp subunit 3.4.21.92 443555 820 Clp protease ATP binding subunit (3-815) binding subunit CIpC 100% 100%
1910855- ATP-dependent protease ATP-binding ATP-dependent Clp protease ATP-

Clp subunit 3.4.21.92 1912117 420 subunit ClpX (3-411) binding subunit ClpX 100% 100%
2648299- ATP-dependent Clp protease ATP-binding ATP-dependent Clp protease ATP-

Clp subunit 3.4.21.92 2650398 699 subunit CIpA (69-697) binding subunit 100% 100%

Aminopeptidase
33604-

PepB 34111 35085 493 PepB - Leucyl aminopeptidase (13-492) Leucyl aminopeptidase family protein ~ 100% 100%
2452644-

PepB 34111 2453882 412 Leucyl aminopeptidase (6-410) Aminopeptidase 100% 100%
881855-

PepF 3.4.24.- 883666 603 Oligoendopeptidase F (8-593) Oligoendopeptidase F 100% 100%
2211807-

PepF 3.4.24.- 2213615 602 Oligoendopeptidase F (9-602) Oligoendopeptidase F 100% 100%
2446177-

PepM 3.4.11.18 2446929 250 Methionine aminopeptidase (1-250) Type | methionyl aminopeptidase 100% 100%
1026611-

PepP 3.4.119 1027669 352 PepP - Xaa-Pro aminopeptidase (1-352) Aminopeptidase P family protein 100% 100%
1950805-

PepP 3.4.11.9 1951857 350 PepP - Xaa-Pro aminopeptidase (2-350) Aminopeptidase P family protein 100% 100%
186173-

PepT 34.114 187405 410 Peptidase T (2-402) Peptidase T 100% 100%
480016- Pcp - Pyrrolidone-carboxylate peptidase (1-

Pyroglutamyl-peptidase 3.4.19.3 480657 213 206) Pyrrolidone-carboxylate peptidase 100% 100%
512089-

Glutamyl aminopeptidases 3.4.11.7 513165 358 Glutamyl aminopeptidase (8-356) M42 family peptidase 100% 100%
864836-

Glutamyl aminopeptidases 3.4.11.7 865873 345 M42 glutamyl aminopeptidase (46-334) Aminopeptidase 100% 100%
1999046-

Glutamyl aminopeptidases 3.4.11.7 2000122 358 M42 glutamyl aminopeptidase (49-339) M42 family peptidase 100% 100%

Aminotransferase (AT)

Histidinol-phosphate 209075- Histidinol-phosphate aminotransferase (1-

aminotransferase 2.6.1.9 210130 351 349) Histidinol-phosphate aminotransferase ~ 100% 100%

Branched-chain amino acid 369574- Branched-chain amino acid aminotransferase ~ Branched-chain amino acid

aminotransferase 2.6.1.42 370650 358 (1-356) aminotransferase 100% 100%
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4-aminobutyrate 601413- Aspartate aminotransferase family

aminotransferase 2.6.1.19 602750 445 4-Aminobutyrate aminotransferase (1-445) protein 100% 100%

Glutamate dehydrogenase

(GDH)
17836- Glutamate dehydrogenase/leucine

NAD-specific GDH 1.4.1.2 19080 414 dehydrogenase (6-413) Glu/Leu/Phe/Val dehydrogenase 100% 100%
381290- Glutamate dehydrogenase/leucine

NAD-specific GDH 1.4.1.2 382534 414 dehydrogenase (6-413) Glu/Leu/Phe/Val dehydrogenase 100% 100%

Lyase
703070-

cystationie B-lyase 44.1.8 704215 381 Cystathionine beta-lyase (1-378) Cystathionine gamma-synthase 100% 100%
1548097-

cystationie B-lyase 4.4.1.8 1549272 391 Cystathionine beta-lyase (1-374) PLP-dependent transferase 100% 100%

Lipase and esterase
452825- Triacylglycerol esterase/lipase EstA (4-280)

Triacylglycerol esterase/lipase  3.1.1.3 453700 291 yigy! P Triacylglycerol lipase 100% 100%
1445522-

Triacylglycerol esterase/lipase  3.1.1.3 1446325 267 Triacylglycerol esterase/lipase EstA (1-261) Truncated lipase precursor 100% 99%
2336285- Triacylglycerol esterase/lipase EstA (376-

Triacylglycerol esterase/lipase  3.1.1.3 2338546 753 753) Lipase 100% 100%
141578-

Carboxylesterase 3111 142318 246 Esterase/lipase (1-241) Carboxylesterase 100% 100%
280742-

Carboxylesterase 3111 281773 343 Acetyl esterase/lipase (65-320) Alpha/beta hydrolase 100% 100%
495623-

Carboxylesterase 3111 496345 240 Putative esterase (47-236) Tributyrin esterase 100% 100%
559524-

Carboxylesterase 3111 560126 200 Predicted esterase (1-197) Carboxylesterase 100% 100%
611875-

Carboxylesterase 3111 612849 324 Acetyl esterase/lipase (88-324) Alpha/beta hydrolase 100% 100%
636868-

Carboxylesterase 3111 637560 230 Putative esterase (13-225) Alpha/beta hydrolase 100% 100%
1451623-

Carboxylesterase 3111 1452360 245 Esterase/lipase (4-244) Carboxylesterase 100% 100%
1843057-

Carboxylesterase 3111 1843959 300 Acetyl esterase/lipase (54-300) Alpha/beta hydrolase 100% 100%
2197243-

Carboxylesterase 3.1.11 2197989 248 Putative esterase (16-241) Esterase family protein 100% 100%
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4.5. Discussion

CNSs are commonly detected at high numbers in fermented foods, such as
cheese and meat, and include species such as S. saprophyticus, S. equorum, S. hominis,
S. epidermidis and S. capitas (Coton et al., 2010; Rea et al., 2007). While they are
routinely used as adjunct cultures they can also arise from the starting food material,
equipment or the environment during manufacture and ripening (Coton et al., 2010).

S. saprophyticus is a ubiquitous species, commonly detected on the surface of
various types of cheese (Cogan et al., 2014; Larpin et al., 2011). S. saprophyticus
DPC5671 was originally isolated from the surface of a commercial Cheddar cheese and
used in cheese trials in conjunction with Debaryomyces hansenii, becoming well
established on the cheese surface during ripening (35 days), and modifying the flavour
and aroma profiles of the initial cheese curd (Bertuzzi et al., 2017). Mounier et al.
(2006) observed that S. saprophyticus inoculated with D. hansenii in aseptic cheese
curd, was able to reach high numbers (~10 log CFU g™) after 20 days. However, in a
complex environment such as the cheese surface, the growth of Staphylococci, including
S. saprophyticus, is probably limited, in the later stage of ripening, by competition for
the nutrients with the other microbial components (Mounier et al., 2008).

Considering its presence in numerous fermented foods, it is clear that the role of
S. saprophyticus in flavour development requires special attention, and for this reason its
metabolic activity has been studied in the past to understand the pathways which lead to

the biosynthesis of volatile flavour compounds. Within the genome of S. saprophyticus
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DPC5671, CDSs encoding for CEP (cell envelope proteinase) were not detected, which
Is the specific caseinolytic proteinase, commonly found within the genome of
Lactobacillus sp. and Streptococcus sp. (Stefanovic et al., 2017). However, CDSs were
detected within the genome, encoding for subunits of a HSP (heat shock protein) Clp
ATPase, that is active also on albumin and casein. Casaburi et al. (2006) observed that
strains of S. saptophyticus displayed peptidase activities on different substrates,
especially containing L-methionine and L-valine, and esterase activities on butyric
(C4:0) and caprylic acid (C8:0). In a previous study, S. saprophyticus DPC5671 showed
the highest activity, among the smear bacteria tested, for the hydrolysis of tributyrin
(Chapter 2). This was in agreement with the CDSs encoding for peptidases and
esterases/lipases found within the genome of S. saprophyticus DPC5671.

The presence of numerous CDSs associated with lipase/esterase was consistent
also with the study on the esterolytic activity by Talon and Montel (1997), who
observed high levels of hydrolysis for S. saprophyticus strains on butyric acid, and
tributyrin. In addition, S. saprophyticus strains have shown the ability to esterify ethanol
with short/medium FFAs to produce ethyl esters in aqueous media, to further highlight
the involvement of esterases (Talon et al., 1998).

The genome of S. saprophyticus DPC5671 was characterized also by the
presence of CDSs, encoding for GDH, and AT, which are two enzymatic classes
important for the triggering of FAAs catabolism. ATs are the responsible enzymes for
the removal of the amino group from FAAS to 2-oxoglutarate, producing the relative a-

keto acid and L-glutamate; while GDH produces 2-oxoglutatarate from L-glutamate,
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which is the substrate necessary for AT activity (Ardo, 2006). Other CDSs encoding for
enzymes related to FAAs degradation, were observed within S. saprophyticus DPC5671
genome, such as cystationine [-lyase, which might be involved in the elimination of
methionine, with the production of sulphur compounds (Yvon and Rijnen, 2001).

Although CNSs are particularly valued for their role in flavour development in
fermented food, the fact that they have been associated with nosocomial infections and
UTI has raised concerns about the safe use of CNSs in foods (Kuroda et al., 2005). In
addition, Irlinger (2008) suggested that some CNSs could now emerge as exceptional
opportunistic pathogens. The characteristics discussed by Irlinger (2008) as safety risks
included virulence factors, such as enterotoxins (Podkowik et al., 2013; Vernozy-
Rozand et al., 1996) and antibiotic resistance (Silva et al., 2014). The results presented
here have clearly shown that S. saprophyticus DPC5671 was coagulase negative, non-
toxigenic and non-haemolytic, and its antibiotic resistance profiles were below the MIC
cut offs for the panel of antibiotics published by EFSA for Gram-positive organisms
other than lactic acid bacteria. This was confirmed with the genomic analysis where no
predicted protein-coding sequences were detected for enterotoxin production, or indeed
for transferable antibiotic resistance using the methods described in this study. Genomic
analysis also did not show the presence of decarboxylases genes, responsible for the
development of biogenic amines in fermented food within the genome.

While S. saprophyticus DPC5671 did contain a protein-coding sequence with
high similarities to a specific adhesin uafA gene, associated in some cases of UT], there

are no reported cases linking S. saprophyticus to food poisoning or human pathology
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following ingestion of dairy, or meat products (Coton et al., 2010; Irlinger, 2008).
However, new studies are needed to investigate the role of S. saprophyticus and CNSs in

nosocomial infections, especially in immune-compromised hosts (Becker et al., 2014).
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4.6. Conclusion

It is clear that S. saprophyticus species, which is a ubiquitous component of
surface ripened cheese, is involved in the process of flavour development during cheese
ripening. In this study, S. saprophyticus DPC5671 did not show any involvement in
enterotoxin and antibiotic resistance, thus this strain has to be considered safe for the
food use. It is possible that S. saprophyticus could be involved in UTI, even if its
infection mechanism is most likely not related to fermented food consumption.
Although, more research studies are needed to clarify its mechanisms of pathogenicity,
it is clear that S. saprophyticus DPC5671 contributes to the biosynthesis of flavour
volatile compounds, considering its genes content is characterized by CDSs encoding
for putative proteinases, peptidases, AT, GDH, and esterase/lipase. It is believed that the
availability of the genome sequence of DPC5671 will allow for further investigations
regarding its growth on the cheese surface and its role in flavour development in cheese

ripening.
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Chapter 5

Omics-based insights into flavour development and microbial succession

within surface-ripened cheese

This chapter has been published in mSystems (2018), 3, e00211-17. DOI:

10.1128/mSystems.00211-17

In this chapter Aaron Walsh performed the metagenomic analysis, and Dr Fiona Crispie

performed whole-shotgun metagenome sequencing.
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5.1. Abstract

In this study, a young Cheddar curd was used to produce two types of surface-
ripened cheese, using two commercial smear-culture mixes of yeasts and bacteria.
Whole-metagenome shotgun sequencing was used to screen the microbial population
within the smear-culture mix, and on the cheese surface, comparing microorganisms
both at species and strain level. The use of two smear mixes resulted in the development
of distinct microbiota on the surface of the two test cheeses. In one case, most of the
species inoculated on the cheese established themselves successfully on the surface
during ripening; while in the other, some of species inoculated were not detected during
ripening and the most dominant bacterial species, Glutamicibacter arilaitensis, was not
a constituent of the culture mix. Generally, yeast species, such as Debaryomyces
hansenii and Geotrichum candidum, were dominant during the first stage of ripening,
but were overtaken by bacterial species, such as Brevibacterium linens and G.
arilaitensis, in the later stages. Using correlation analysis, it was possible to associate
individual microorganisms with volatile compounds detected by GCMS in the cheese
surface. Specifically, D. hansenii correlated with the production of alcohols and
carboxylic acids, G. arilaitensis with alcohols, carboxylic acids and ketones and B.
linens and G. candidum with sulphur compounds. In addition, metagenomic sequencing
was used to analyse the metabolic potential of the microbial population on the surface of
the test cheeses, revealing a high relative abundance of metagenomic clusters associated

with the modification of colour, variation of pH and flavour development.
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5.2. Introduction

Recent studies, involving both metabolomic and metagenomic analysis, have
begun to address the relationship between the microbiota and biochemical pathways,
that take place during the fermentation process (Dugat-Bony et al., 2015; Walsh et al.,
2016; Wolfe et al., 2014; Wolfe and Dutton, 2015). It is clear that, in fermented food,
the metabolic interactions, which regulate the composition of the microbial population,
influence the taste, shelf life and safety of the subsequent product (Montel et al., 2014).
The ability to manipulate the microbiota of fermented food represents an important
avenue for the food industry to develop new food products with precise characteristics.

Surface-ripened cheese (e.g., Munster, Tilsit, Livarot, Limburger and Comté) is
characterized by the growth of a heterogeneous microbiota on the cheese surface, with
the consequent development of a strong flavour. The flavour and the appearance of these
types of cheese are related to the metabolic activities of bacteria and yeasts, which
comprise the smear consortium. Generally, the cheese is brined or surface-salted, which
also influences the growth of surface microbiota. In some traditional procedures, young
cheese is smeared by transferring the smear from older cheese to younger curd (“old-
young” technique) (Desmasures et al., 2015; Mounier et al., 2017). However, today,
commercial mixtures of smear bacteria and yeasts are more commonly used to produce
a more standardized product.

So far, metagenomic sequencing represented a valid method to investigate the

microbial population on the exterior of the surface-ripened cheese (Bokulich and Mills,
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2013; Delcenserie et al., 2014; Quigley et al., 2012; Wolfe et al., 2014) In studies of
complex microbial communities in fermented foods, such as kefir, the information
gained through whole-metagenome shotgun sequencing allowed the variations of the
microbial population, and also the metabolic pathways involved in the fermentation
process, to be monitored (Walsh et al., 2016).

The aim of the current study was to investigate, at both the species and strain
level, the succession of the microbial populations present on the rind of a surface-
ripened cheese, produced with young Cheddar cheese curd as a base, using two different
commercial smear-culture mixes. Studies were performed, over the course of 30 days of
ripening, to correlate volatile analysis with data generated through whole-metagenome
shotgun sequencing, in order to understand how microbial composition related to
flavour development. Moreover, metagenomic analysis allowed for the screening of
metagenomic clusters during cheese ripening, showing the involvement of the surface

microbiota in a variety of biochemical processes.
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5.3. Materials and methods

5.3.1. Smearing of cheese blocks

A Dblock of commercial Cheddar cheese, < 24 hours after manufacture, was
aseptically cut into smaller blocks (-8 x 6.5 x 30 cm), and washed with smearing
solutions, as described in our previous study (Bertuzzi et al., 2017). Two commercial
smear-culture mixes comprising of Geotrichum candidum, Debaryomyces hansenii,
Brevibacterium linens, Glutamicibacter arilaitensis (previously classified as
Arthrobacter arilaitensis) and Staphylococcus xylosus (S5 mix) (Sacco, Cadorago, Italy)
and D. hansenii, Cyberlindnera jadinii, Brevibacterium casei and B. linens (D4 mix)
(DuPont™ Danisco®, Beaminster, Dorset, UK), were used to inoculate the surface of
the cheese curd. D4 mix was a liquid product which was provided ready-to-use, while
S5 mix a was a powder which was rehydrated (5 g L™) in NaCl solution (0.75%). The
blocks of cheese were washed with the smearing solutions and placed in sterile racks
inside a sterile plastic bags (Sidpack Verpackungen, Ochsenhausen, Germany), as
previously described (Bertuzzi et al., 2017). The cheese was ripened for 30 days at
15°C, with a relative humidity of ~97%. At days 7, 10 and 15 of ripening, the cheese
blocks were brushed with a sterile sponge, soaked in a sterile brine solution (5% NacCl),
to uniformly spread the smear microbiota on the cheese surface. As a control, un-
smeared cheese blocks were vacuum-packed in sterile bags and incubated at 15°C,

similarly to the test cheeses.
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5.3.2. Sampling cheese

Three replicate cheese trials were performed at different times during Cheddar
cheese making season. All data presented are the results of the analysis performed on
samples taken from the cheese surface (at a depth of ~ 0.5cm). All analyses were

performed in triplicate.

5.3.3. Compositional analysis and pH

The moisture and total fat content was calculated by using Fast trac 1l (CEM,
Dublin, Ireland). The salt content was analysed by a potentiometric method
(International Dairy Federation, 1988). Standard methods were used to determine total
protein (International Dairy Federation, 1993, 1996). pH level was measured on day 0,
18, 24 and 30 using a standard pH meter (Mettler-Toledo MP220, Schwerzenbach,
Switzerland), while the other compositional parameters were measured only at the end
of the ripening (day 30). The data were analysed by one-way analysis of variance

(ANOVA) using SAS 9.3.

5.3.4. Determination of colour
At day 0, 18, 24 and 30 of ripening the colour was measured on the cheese
surface at room temperature, using a Minolta Colorimeter CR-300 (Minolta Camera,

Osaka, Japan). The instrument was calibrated on white tile and the colour of the cheese
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surface was measured using L*, a* and b*-values. L*-value measures the visual
lightness (as values increase from 0 to 100), a*-value measures from the redness to
greenness (positive to negative values, respectively) and b*-value from the yellowness

to blueness (positive to negative values, respectively).

5.3.5. Total DNA extraction from cheese surface

The total DNA was extracted from the smear culture mixes and the cheese
samples using the PowerSoil DNA Isolation kit as described in the manufacturer’s
protocol (Cambio, Cambridge, United Kingdom). For the DNA extraction from the
cheese surface, at day 0, 18, 24 and 30, a pre-treatment step was included as follows:
samples were removed from different parts of the cheese block and pooled to give a
representative sample of 5 g. The cheese was placed in a stomacher bag with 50 mL of
2% trisodium citrate and homogenized using a masticator mixer (IUL S.A., Barcellona,
Spain) for 5 min.

Fifteen mL of the smear-culture mix, or the cheese solution, were placed into
sterile falcon tubes and centrifuged for 30 min at 4,500xg. After centrifugation, the
supernatant was discarded and the pellet was placed in a 2mL eppendorf tube. The pellet
was washed several times with sterile phosphate buffered saline (PBS) by centrifuging
at 14,500xg for 1 min, until the supernatant was completely clear. The pellet was then
added to PowerBead tubes (Cambio, Cambridge, United Kingdom) provided with the kit
as described in the protocol and homogenized by shaking on the TissueLyser 11 (Qiagen,

West Sussex, United Kingdom) at 20 Hz for 10 min. The DNA was then purified
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according to the protocol of the standard PowerSoil DNA Isolation kit (Cambio,
Cambridge, United Kingdom).

Total DNA was initially qualified and quantified by gel electrophoresis and the
NanoDrop 1000 (BioSciences, Dublin, Ireland) before more accurate quantification with

Qubit High Sensitivity DNA assay (BioSciences, Dublin, Ireland).

5.3.6. Whole-metagenome shotgun sequencing

Whole-metagenome shotgun libraries were prepared in accordance with the
Nextera XT DNA Library Preparation Guide from Illumina (Clooney et al., 2016).
Samples were sequenced on the Illumina MiSeq sequencing platform in the Teagasc
sequencing facility, with a 2300 cycle V3 Kit, in accordance with standard Illumina

sequencing protocols.

5.3.7. Bioinformatic analysis

Raw whole-metagenome shotgun sequencing reads were processed, on the basis
of quality and quantity, wusing a combination of Picard Tools
(https://github.com/broadinstitute/picard) and SAMtools (Li et al., 2009). Kaiju (Menzel
et al., 2016) was used to determine the species-level microbial compositional of
samples. SUPER-FOCUS (Silva et al., 2016) was used to characterize the microbial

metabolic potential of samples.
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5.3.8. Accession number
Sequence data have been deposited in the European Nucleotide Archive (ENA) under

the project accession number PRJIEB15423.

5.3.9. Proteolysis

Proteolysis levels at day 0, 18, 24 and 30 of ripening were determined by the
ratio between non-casein nitrogen content, soluble at pH 4.6 (pH4.6-SN) and total
nitrogen (TN). The pH 4.6-SN fraction was extracted as described by Fenelon and
Guinee (2000). The Macro-Kjeldahl method was used to determine the nitrogen content
in pH4.6-SN and TN (International Dairy Federation, 1993). The levels of proteolysis

were expressed as a percentage of the ratio (% pH4.6-SN/TN).

5.3.10. Free amino acids analysis

FAAs analysis was performed at the end of the ripening (day 30) on the soluble
N extracts using a Jeol JLC-500V AA analyser fitted with a Jeol Na+ high performance
cation exchange column (Jeol Ltd., Garden city, Herts, UK) (McDermott et al., 2016).
The chromatographic analyses were conducted at pH 2.2. Results were expressed as jig

mg™ of cheese.

5.3.11. Free fatty acids analysis

FFAs extracts were performed at the end of the ripening (day 30) according to

the method outlined by De Jong and Badings (1990). The FFAs extracts were derivitized
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as methyl esters as described by Mannion et al. (2016). Fatty acid methyl esters extracts
were analysed using Varian CP3800 gas chromatograph (Aquilant, Dublin 22, Ireland)
with a CP84000 auto-sampler and flame ionization detector and a Varian 1079 injector

(Aquilant, Dublin 22, Ireland). Results were expressed as pg mg™ of cheese.

5.3.12. Volatile analysis

The volatile compounds were analysed at days 0, 18, 24 and 30. The surface of
the cheese was removed, wrapped in foil and stored vacuum-packed at -20°C until
analysis. Before analysis the samples were defrosted, grated and 4 g of cheese surface
were used. Analysis was carried out as outlined by Bertuzzi et al. (2017) (see “Volatile

analysis” p 138-139).

5.3.13. Statistical analysis

Statistical analysis was done with SAS 9.3 and R-3.2.2 (Team, 2014). The R
packages ggplot2 and pheatmap were used for data visualization. The vegan package
was used to calculate the Bray-Curtis dissimilarity between samples, while the Hmisc

package was used for correlation analysis.
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5.4. Results

5.4.1. Microbial composition of the smear-culture mixes

Two smear-culture mixes D4 and S5 were used for the cheese trials, and
contained, as outlined in the supplier specification sheet, B. linens, D. hansenii, C.
jadinii and B. casei, or S. xylosus, B. linens, D. hansenii, G. candidum and G.
arilaitensis, respectively. Using metagenomic analysis, performed with Kaiju (Menzel et
al., 2016), the relative abundances of the individual species within the mixes were

determined (Fig. 5.1).
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Figure 5.1. Relative abundances of the species (%), which were indicated as being
present by the supplier, within the smear-culture mixes D4 and S5 (replicates of three
analyses DA, DB, DC, and SA, SB, SC).
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B. casei (60.83%) and C. jadinii (15%) were the most abundant bacterial and
yeasts species in D4, while B. linens and D. hansenii were minor components in the
smear-culture mix with relative abundances of 5.25% and 1.92%, respectively (Fig. 5.1;
Table 5.1). In the S5 mix, G. arilaitensis (64.25%) together with D. hansenii (14.56%)
and G. candidum (11.83%) were the most abundant bacterial and yeasts; S. xylosus
(0.59%) and B. linens (3.52%) were present at lower relative abundances. Other species,
not specified by the suppliers, were identified at low relative abundance in the smear-

culture mixes D4 and S5, and are reported in Table 5.1.

Table 5.1. Relative abundance (%) of the microbial species within D4 and S5 mix. Data
are the mean of three replicates. Species highlighted in bold were stated as present by
the culture provider.

Species in the smear-culture mixes (%) D4 mix S5 mix

Brevibacterium casei 61.09 -
Brevibacterium linens 5.26 3.53
Glutamicibacter arilaitensis - 64.03
Staphylococcus xylosus - 0.57
Cyberlindnera jadinii 14.84 -
Debaryomyces hansenii 1.88 14.66
Geotrichum candidum - 12.12
Brevibacterium sp. VCM10 12.82

Brevibacterium siliguriense 1.41 -
Brevibacterium epidermidis 1.10 -
Brevibacterium sandarakinum 0.59 -
Arthrobacter sp. NIO-1057 - 1.27
Debaryomyces fabryi - 1.07
Arthrobacter sp. W1 - 0.38
Glutamicibacter mysorens - 0.24
Arthrobacter sp. EpRS66 - 0.16
Paeniglutamicibacter antarcticus - 0.14
Others 1.00 1.81

"Not detected
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5.4.2. Microbial composition of the cheese surface

Two test cheeses, D4 and S5, were prepared by smearing young Cheddar cheese
curd with the two aforementioned commercial smear-culture mixes and ripened for 30
days at 15°C. Kaiju was used to determine the bacterial and yeast composition of the
cheese surface at day 0, 18, 24 and 30, for both the control cheese (un-smeared and
ripened under vacuum) and the two test cheeses (Menzel et al., 2016). Compositional
data of the cheese surface were analysed by a one-way analysis of variance (ANOVA),
designed with SAS 9.3 to determine the significant differences in the proportions of the
individual species present over time. The metagenomic sequences of the bacteria used as
starter cultures in the Cheddar cheese curd (L. lactis and S. thermophilus), and as
smearing cultures (B. linens, S. xylosus, and G. arilaitensis), were compared at strain
level, using PanPhlAn, to determine the presence/absence of the inoculated bacterial
strains on the cheese throughout ripening (Scholz et al., 2016).
As expected, lactic acid bacteria dominated the surface of all samples at day 0, and their
relative abundance on the surface of the control did not significantly change throughout

the 30 days of ripening (Fig. 5.2; Table 5.2).
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Figure 5.2. Relative abundance at the species-level of the microbiota on the cheese
surface of control, D4 and S5 at day 0, 18, 24 and 30. Data shown for the three replicate
trials (A, B and C).

L. lactis and S. thermophilus were identified in all samples analysed (D4, S5 and
control) (Fig. 5.3; Fig. 5.4). L. lactis was the dominant species in the control,
constituting 75.85% of the initial population at day 0, decreasing to 65.99% at day 30. S.
thermophilus increased from 19.65% at day O to 28.21% at day 30, while the relative
abundance of Lb. helveticus was low throughout the ripening period (2.12% at day O,

and 2.72% at day 30) (Table 5.2).
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Figure 5.3. Heatmaps showing the relatedness of strains detected in cheese samples to reference strains, as determined by
PanPhlAn, based on the presence/absence of pangenome gene-families in their respective genomes. The term “reference”
refers to the reference genome sequence of strains present in NCBI databases, and highly similar to the genome sequences of

the strains identified in the smear mixes, or on the cheese surface.
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PCA plots based on PanPhlAn outputs
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Figure 5.4. Principal component analysis (PCA) plot of the profiles of the strains
determined by PanPhlAn.

However, over the course of 30 days of ripening, the smearing processes clearly

influenced the microbial population of the cheese surface of both test cheeses, D4 and

S5, causing a significant reduction in the relative abundance of Lb. helveticus (P<0.03)

and L. lactis (P<0.0001). At day 18, the microbial populations of the two test cheeses

were dissimilar from the control cheese and also from each other, clustering in three

distinct groups (Fig. 5.5). As expected, the microbiota of the control cheese clustered
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together throughout the 30 days of ripening (Fig. 5.5). From day O to day 18, the
population on the surface of D4 changed from predominately LAB to Debaryomyces

hansenii and Glutamicibacter arilaitensis (Fig. 5.2).

0.51

MDS2

0.01

-0.54

MDS1

Figure 5.5. Bray-Curtis MDS plot based on the different microbial populations of the
cheese surface of control (red), D4 (green) and S5 (yellow), at day 0 (©), 18 (A), 24 (O)

and 30 (+), resulting from the metagenomic analysis performed with Kaiju.
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Table 5.2. Relative abundance of the microbial species on the cheese surface of control,

D4 and S5 at day 0, 18, 24 and 30. Data are the mean of three replicates.

Control D4 S5
Species 0 18 24 30 0= 18 24 30 0= 18 24 30
. 758 575 577 659 743 21.7 747 135 110 139

Lactococcus lactis 5 8 6 9 5 18.7 5 6.18 4 9 5 2
Streptococcus thermophilus 19'2 36'2 36'2 28? 194 6.03 11'2 4.98 20'2 579 591 582
Glutamicibacter arilaitensis -nd - 024 - - 309 435 73'2 - 026 044 042
Debaryomyces hansenii - - 007 045 - 34'; 13'3 4.14 - 212 957 14'8
Geotrichum candidum - - o008 o028 - - o3 1m| - 2 a7 )
Brevibacterium linens - - - - - - 017 0.26 - 884 37‘2 22.§
Staphylococcus xylosus - - - - - 011 - - - 9.08 13'2 10'2
Lactobacillus helveticus 2.12 31 278 272 238 139 141 034 | 219 086 048 0.6
Acinetobacter baumannii 082 012 017 037 | 0.63 - - - | 0.95 - - 015
Streptococcus pneumoniae 056 079 074 0.66 | 0.95 - 029 006| 074 012 0.06 -
Streptococcus salivarius 05 093 093 071 052 - 0.3 - 05 011 0.06 0.05
Arthrobacter sp. NIO-1057 - - - - - 057 072 129 - - - -
Staphylococcus equorum - - - - - 132 043 045 - - - -
Staphylocgccus ) ) ) ) . 269 093 106 ) ) ) )
saprophyticus
Penicillium camemberti - - - - - 037 04 0.63 - - - -
Corynebacterium variabile - - - - - - 204 208 - - - -
Debaryomyces fabryi - - - - - 147 056 0.13 - 164 071 1.09
Psychrobacter sp. P11F6 - - - - - - - - - - 0.4 0.5
Psychrobacter glacincola - - - - - - - - - - 083 113
Psychrobacter sp. JCM
18903 - - - - - - - - - - 052 0.65
Stenotrophomonas

b - - 02 037 - - - - - 017 - 018
maltophilia
Brewbact_erlum ) ) ) ) ) ) ) ) ) 02 094 058
sandarakinum
Anaplasma 0.22 - - | 074 - - - | 045 - - -
phagocytophilum
Other 027 054 049 024 1.04 233 25 356 | 039 059 1.03 0.86

*Cheese D4 and S5 at day 0, before the smearing process

"INot detected
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Subsequently, over the course of ripening, the relative abundance of D.
hansenii, significantly decreased (P<0.0001) from 34.12% at day 18 to 4.14% at day 30
(Table 5.2). In parallel, the relative abundance of G. arilaitensis significantly increased
(P<0.0001) from 30.9% at day 18, to become the dominant population on the cheese
surface (73.75%) at day 30 (Table 5.2). Using PanPhlAn, it was determined that the
strain of G. arilaitensis detected on the cheese surface of D4, was different from the G.
arilaitensis strain used in the smear-culture mix inoculated onto the surface of S5,
confirming that the growth of this strain on D4 did not result from cross contamination
of the two cheeses during inoculation or ripening (Fig. 5.3; Fig. 5.4). The secondary
microbial population (individually between 1% and 3% of the population) of the D4
surface was composed of species not included in the initial smear-culture mix, and
included Arthrobacter sp., Corynebacterium variabile, Debaryomyces fabryi, G.
candidum, Staphylococcus equorum and Staphylococcus saprophyticus (Table 5.2). In
addition, some species present in the initial smear-culture mix (C. jadinii and B. casei)
were not detected during ripening, while the inoculated B. linens strain was detected at
only at a very low relative abundance on the cheese surface of D4 throughout ripening
(Fig 5.2; Table 5.2).

By comparison, the microbiota was more diverse in cheese S5 (Fig 5.2; Table
5.2). On the cheese surface of S5, the relative abundance of the LAB decreased, while B.
linens increased significantly (P<0.004) from day 18 to day 24, reaching 37.05 %,
before decreasing, but not significantly, to 22.84% at day 30 (Table 5.2). The strain

detected was confirmed by PanPhlAn to be that inoculated within the S5 mix (Fig. 5.3;
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Fig. 5.4). The yeasts D. hansenii and G. candidum (components of the S5 mix) were the
most abundant population on the cheese surface at day 18, comprising 21.2% and
37.54% of the microbiota, respectively, but their relative abundance significantly
decreased (P<0.04) by day 24 to 9.57% and 17.6%, respectively, without showing
further significant reductions at day 30 (Table 5.2). S. xylosus did not correspond to the
strain present in S5 mix (Fig. 5.3; Fig. 5.4), and was detected at 9.08% at day 18, and
did not change significantly throughout the ripening period (Table 5.2). In addition, a
secondary microbial population, comprising of D. fabryi (detected in the S5 mix; Table
5.1) and Psychrobacter sp (not detected in the S5 mix; Table 5.1), developed at low
relative abundance (1-2%) on the surface of the cheese S5 (Table 5.2) over the course of
the ripening period. However, some inoculated species were either not detected (S.
equorum) at any stage throughout ripening, or detected at very low relative abundance

(G. arilaitensis ~0.44%) on the cheese surface during ripening (Table 5.2).

5.4.3. Volatile compounds detected on the cheese surface

Headspace solid phase micro-extraction (HS-SPME) gas chromatography-mass
spectrometry (GCMS) was used to analyse the development of volatile compounds at
day 0, 18, 24 and 30 of ripening, for both control and test cheeses. In total, 53 volatile
compounds that could potentially contribute to the flavour development were detected
on the cheese surface. These compounds are predicted to arise from a variety of
substrates, and consisted of 8 alcohols, 6 aldehydes, 10 carboxylic acids, 10 esters, 13

ketones, 2 S-thioesters and 4 sulphur compounds (i.e. a total of 53 compounds; Fig. 5.6).
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As expected, given the microbial diversity on the surface there was a greater variety and
intensity of volatile compounds detected compared to the control cheese, in which only
23 of the aforementioned 53 compounds were detected (Fig. 5.6). In all cheeses, all
volatiles detected increased throughout the ripening period, apart from 2,3-butanediol,

hexanal, heptanal, octanal, nonanal, 2,3-butanedione and dimethylsulphone (Fig. 5.6).
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Compound cas LRI REF  Abund
CONTROL D4 S5
Alcohols Ethanol ea7s <00 a2 [ 1 ] O T 1 M |
3-Methyl-1-butanol 123-51-3 735 733- 1 _ ﬁ
2-Methyl-1-butanol wae 7 s BN T B B O
2,3-Butanediol 513-85-9 816 302[ I I D I l I : ] _
2-Heptanol sazasr oos o[ EEEEEEE BT B U
1-0cten-3-ol nose4 o3 o [N DD | D
2-Nonanol 628-99-9 1107 _ - 1 ﬁ ] -_-
Phenylethylalcohol s s n [ B | BN
Aldehydes 3-Methyl-butanal 590-86-3 es3 ose LT H | I
2-Methyl-butanal 96-17-3 s c2 N BN T
Hexanal 66-25-1 s sor| NN | DN | DN
Heptanal w7y os oo N | N | N
Octanal 124-13-0 1010 1004 || N .
Nonanal a9 113 nos | T B TS I |
Carboxylicacids  Aceticacid 64-19-7 es3 oo NI S D
Propanoic acid 79-09-4 738 723— - I - -
2-Methyl-propanoicacid  79-31-2 m o+ T |
Butanoicacid 107-92-6 804 3l4m D:- _
3-Methyl-butanoic acid 503-74-2 8ss 848 | | Il B T .
2-Methyl-butanoic acid 116-53-0 861 831_ -:Lg - _ I
Pentanoic acid 109-52-4 889 936_ - lil _
Hexanoic acid 142-62-1 978 983 I:l—l:.- _ 7—
Heptanoic acid 111-14-8 1049 1080— - 71 _
Octanoic acid 2a072  une no U] | T BT T
Esters Ethyl acetate wres o0 cu [ NN DN B T =
Ethyl butanoate wssea  s03 soo [NEEDEEEE BRI BN
Isopentyl acetate 123-92-2 880 879_ - l I _
Isobutyl butanoate 539-90-2 959 958_ - - —
Ethyl hexanoate o 100w B OO B
Isopentyl isobutanoate 2050-01-3 1017 1020 _ - - —
Isopentyl butanoate 106-27-4 w061 105 [ B I D
Isopentyl isovalerate 659-70-1 11 1109— - : - —
Ethyl octanoate 106-32-1 1198 1198 _ - - - | I_
lsopentyl hexanoate 2108610 1255 1oc [NNNNNNNNN BN | B NN
Ketones Acetone o1 <soo aoc | NNEEEEE BT [N
2,3-Butanedione 431-03-8 2o s N T | D
Acetoin 513-86-0 737700 [N | ‘: HEE
2-Pentanone 107-87-9 687 687 [_- I i_-_:- - vir‘l
3-Methyl-2-pentanone 565-61-7 = s [ BT BT T
2-Heptanone 110-43-0 894 891 ] - r- 1 | ] |
5-Methyl-2-heptanone wvarn4 % on [ NN D B D
3-Octanone 106-68-3 s « I B | |
2-Octanone mazz 9 o [ Y BN T | DN
8-Nonen-2-one 5009-32-5 1086 1085 _— - 1 ] _
2-Nonaone sarsse 107 s []T T | DI O T | )
2-Decanone so3-sa9 1196 1903 [N T
Sulphur Compounds e thanethiol 74-93-1 <o 22 IGIGNGNH BN lE '
Dimethyldisulfide 624-92-0 #« [ D e
Dimethylsulfone 67-71-0 a1 o2 IV BT _
Dimethyltrisulfide 3658-80-8 982 968_ _
S-Thioesters S-Methyl hexanethioate  2432-77-1 1101 [ T e I i ] “
S-Methyl octanethioate  2432-83-9 1307 1293
Siif ;iif giad
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Figure 5.6. Volatile compounds detected in cheese by GCMS and faceted heat map

showing the variation of volatile compounds between the cheeses at day 0, 18, 24 and

30. The grey tiles are used when the volatile compounds were not detected. The linear

retention index (LRI) was calculated and compared with the reference linear retention

index (REF) to confirm the identification. Values are the mean of three replicates.
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5.4.4. Correlations between microbial taxa and volatile compounds

The correlation analysis between the relative abundance of microbial species and
the abundance of volatile compounds detected on the cheese surface was performed
using the Spearman correlation test, as described previously by Walsh et al. (2016).
From the results of the metagenomic analysis (performed with Kaiju) and the volatile
analysis, it was possible to associate both yeasts and bacteria, at species level, with
specific volatile compounds. Figure 5.6 demonstrates the degree of correlation between
the volatile compounds and the organisms detected.

There was a strong correlation between B. linens and G. candidum with sulphur
compounds and 2-methyl-1-butanol; S. xylosus was correlated with sulphur compounds,
2-methyl-1-butanol and some ethyl esters; C. variablile was correlated with ketones; D.
hansenii was correlated with acids and alcohols; G. arilaitensis was correlated with
ketones and alcohols and acids, and S. saprophyticus with ketones, esters, acids and

alcohols (Fig. 5.7; Table 5.3).
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Figure 5.7. Hierarchically clustered map showing the correlation between the relative
abundance of the microbial species and the levels of volatile compounds detected on the
cheese surface. Clustering was performed by using the hclust function in R. The colour
of each tile of the heat map indicates the level of correlation for a given species-
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Table 5.3. List of strong positive correlations® between the levels of volatile compounds

and the relative abundance of species on the cheese surface.

Correlations

species-compounds Potential precursor R value
Debaryomyces hansenii

2-Methyl butanoic acid Isoleucine 0.81
3-Methyl-1-butanol Leucine 0.85
Octanoic acid Lipolysis 0.76
Hexanoic acid Lipolysis 0.81
2-Heptanol 2-Heptanone (fatty acid oxidation) 0.8
Glutamicibacter arilaitensis

2-Methyl butanoic acid Isoleucine 0.9
3-Methyl-1-butanol Leucine 0.86
3-Methyl butanoic acid Leucine 0.77
Phenylethyl alcohol Phenylalanine 0.83
3-Methyl-2-pentanone Fatty acid oxidation 0.89
2.Undecanone Fatty acid oxidation 0.82
5-Methyl-2-heptanone Fatty acid oxidation 0.78
2-Pentanone Fatty acid oxidation 0.77
2-Nonaone Fatty acid oxidation 0.76
2-Heptanol 2-Heptanone (fatty acid oxidation) 0.86
Geotrichum candidum

2-Methyl-1-butanol Isoleucine 0.76
Methanethiol Methionine 0.76
Dimethyldisulphide Methanethiol 0.79
Brevibacterium linens

2-Methyl-1-butanol Isoleucine 0.81
Methanethiol Methionine 0.82
Dimethyldisulphide Methanethiol 0.85
Dimethyltrisulphide Methanethiol 0.77
Staphylococcus xylosus

2-Methyl-1-butanol Isoleucine 0.77
Methanethiol Methionine 0.84
Dimethyldisulphide Methanethiol 0.95
Dimethyltrisulphide Methanethiol 0.86
Methylthio hexanoate Methanethiol + Hexanoic acid 0.78
Ethyl hexanoate Ethanol + Hexanoic acid 0.85
Ethyl octanoate Ethanol + Octanoic acid 0.77
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Staphylococcus saprophyticus

2-Methyl-butanoic acid Isoleucine 0.76
3-Methyl-1-butanol Leucine 0.77
Heptanoic acid Lipolysis 0.76
5-Methyl-2-heptanone Fatty acid oxidation 0.98
2-Undecanone Fatty acid oxidation 0.88
8-Nonen-2-one Fatty acid oxidation 0.87
3-Methyl-2-pentanone Fatty acid oxidation 0.77
2-Nonanol 2-Nonaone (fatty acid oxidation) 0.78
Isopentyl acetate 3-Methyl-1-butanol + Acetic acid 0.87
Isopentyl butanoate 3-Methyl-1-butanol + Butanoic acid 0.8
Isopentyl hexanoate 3-Methyl-1-butanol + Hexanoic acid 0.8
Corynebacterium variabile

3-Octanone Fatty acid oxidation 0.99
2-Octanone Fatty acid oxidation 0.78
5-Methyl-2-heptanone Fatty acid oxidation 0.77

#Correlations with P value<0.001, (calculated as unadjusted, false discovery rate and Berroni) and R value > 0.75.

5.4.5. Gene content of cheese surface microbiota

Using SUPER-FOCUS (https://edwards.sdsu.edu/SUPERFOCUS) (Silva et al.,
2016), whole-metagenome shotgun sequencing was used to characterize the functional
potential of the whole microbial community on the cheese surface at different stages of
ripening. The functional clusters analysed were initially organized into three different
levels, in relation to the specificity of the metabolic pathways. It became apparent that
the samples clustered into three groups, i.e., control cheese at all time points formed a
group with the test cheeses D4 and S5 at time 0; D4 cheese and S5 cheese formed

separate groups throughout the ripening, with respect to their metagenomic profiles by

Bray-Curtis MDS plot (Fig. 5.8).
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Figure 5.8. Bray-Curtis MDS plot based on the metabolic clusters associated with
metabolic pathways of the cheese surface of control (red), D4 (green) and S5 (yellow),
at day 0 (©), 18 (4A), 24 (O) and 30 (+), resulting from the analysis performed with
SUPER-FOCUS.

Pathway data was analyzed to determine the significant differences of the
individual metabolic clusters by one-way analysis of variance (ANOVA), using SAS
9.3, with the selection of sixteen specific functional clusters with relative abundance
significantly higher (P<0.05) on the cheese surface of S5 and D4, compared to the

control (Fig. 5.9).
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Figure 5.9. Means and SD between the three replicate trials of the relative abundance of
significantly different (P<0.05) metagenomic clusters detected with SUPER-FOCUS at
day O (red), 18 (orange), day 24 (green) and 30 (blue), for the cheese surface of control,
D4 and Sb5.
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5.4.6. Colour and pH variation

pH and colour analysis was performed on the three cheese types and the resultant
data was examined using a split-plot test, designed with SAS 9.3. A significant
interactive effect (P<0.0001) between smear treatments and ripening time was observed
for pH. At days 18, 24 and 30, the pH was significantly higher (P<0.0001) on the
surface of S5 and D4, compared to the control. In addition, the pH was significantly
higher (P<0.0001) on the surface of S5, compared to D4, from day 18 onwards (Fig.

5.10).
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Figure 5.10. Change in pH of the cheese surface of control (e), D4 (O) and S5 (4). Data

show the means and standard deviation of three replicate trials.
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A significant interactive effect (P<0.0001), between time and smear treatments,
was observed on L*, a* and b* values. At days 18, 24 and 30, the a* value was
significantly higher (P<0.0001) for the surface of S5 and D4, compared to the control.
At day 30, the a* value was also significantly higher (P<0.02) on the surface of D4

compared to S5 (Fig. 5.11).
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Figure 5.11. Colour development on the cheese surface of control (e), D4 (O) and S5 (A

). Data show the means and standard deviation of three replicate trials.
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5.4.7. Free amino acids and free fatty acids

Free amino acids (FAAs) and free fatty acids (FFAs) analysis was performed on
the three cheese types and the experimental results were examined by one-way analysis
of variance (ANOVA), using SAS 9.3. The concentrations of total FAAs on the surface
of S5 (15158+1683 pg mg™) and D4 (11914+1769 pg mg™) were significantly higher
(P<0.05) than those on the control surface (6605+819 pg mg™). In addition, some
individual FAAs, such as tyrosine, proline and histidine, were significantly higher
(P<0.05) on the surface of S5, compared to the surface of D4 and the control (Fig.
5.12).
The concentrations of total FFAs on the surface of S5 (22069+3875 pg mg™) and D4
(2656242606 pg mg™) were significantly higher (P<0.05) compared to the control
(133670 ug mg™). Some individual FFAs, such as C4:0, C8:0, C10:0, C12:0, C14:0
and C18:0, were significantly higher (P<0.05) on the surface of D4, compared to S5, or

the control (Fig. 5.12).
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Figure 5.12. Free amino acid (A) and free fatty acid (B) concentration (ug mg™) on the
cheese surface of the control (red), D4 (green) and S5 (yellow), at day 30. Data shows
the means of three replicate trials. The significant differences (P<0.05) are indicated

with a, b, c.
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5.4.8. Proteolysis

The proteolysis was particularly high on the cheese surface of S5 and D4 (Fig. 5.13),
compared to the control. A significant interactive effect (P<0.05) between time and
smear treatments was observed on the level of % pH 4.6-SN/TN. From day 24, the level
% pH 4.6-SN/TN significantly higher (P<0.05) on the cheese surface of S5 and D4

compared to the control (Fig. 5.13).
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Figure 5.13. Proteolysis, expressed as % pH4.6-SN/TN during ripening of the cheese
surface of control cheese (e¢), D4 (A) and S5 (O). Data show the means and standard

deviation of three replicate trials.
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Table 5.4. Means and standard deviation between the three replicate trials of the

compositional paramenters of the cheese surface of control, S5 and D4 at day 30.

Composition Control d30  S5d30 D4 d30

Moisture (%, w/w) 35.54+0.08°  35.13%0.72° 33.4620.84°
Fat (%, w/w) 31.14+0.08*  28.2240.27° 26.63+1.68°
Protein (%, wiw) 25.69+0.15°  26.00£0.37° 25.62+0.37°
MNFS (%, wiw) 51.60+0.12°  48.94+0.90° 45.63+1.69°
FDM (%, wiw) 48.310.12*°  43.51+0.40° 40.03+2.67°
SIM (%, wiw) 4.14+0.13° 3.38+0.22" 3.92+0.08%
Salt (%, wiw) 1.47+0.05° 1.19+0.10° 1.31£0.01%

The compositional values for moisture, fat, protein, MNFS (moisture in non fat substances), FDM (fat in dry matter),
S/M (salt in moisture) and salt of control at day 30 (Control d30), for the surface of cheese S5 at day 30 (S5 d30), and
for the surface of cheese D4 at day 30 (D4 d30). Values presented are the meanststandard deviations of three

replicate trials. The significant differences (P<0.05) are indicated with >,
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5.5. Discussion

In this study, the use of whole-metagenome shotgun sequencing facilitated the
study, at species and strain level, of microbial succession among smear microorganisms
(both bacteria and yeasts) on the cheese surface, and the analysis of the metabolic
potential of the whole microbial community at different stages of ripening. Volatile
flavour compounds were analysed over time, using HS-SPME GCMS, and correlated
with the microbial species that developed during ripening.

Cheddar cheese curd, < 24h post manufacture, was inoculated with two different
smear-culture mixes and incubated at 15°C, for 30 days. Un-smeared Cheddar cheese
curd, vacuum packed to prevent the growth of spoilage moulds on the cheese surface,
was used as a control. This model was chosen to investigate the microbial succession
and flavour development as it had been shown in a previous study that yeasts and
bacteria establish themselves satisfactorily on the surface of young Cheddar cheese curd,
producing cheese with modified flavour and appearance (Bertuzzi et al., 2017).

On the cheese surface of S5 and D4, a very heterogeneous microbial consortium
developed during ripening, triggering an array of biochemical processes. Yeasts are
considered the responsible of the deacidification of the cheese surface (observed on S5
and D4; Fig. 5.10) by the degradation of lactate (to CO2 and H20) (Ferreira et al., 2015)
together with the formation of alkaline metabolites (from metabolism of FAAS)
(Zikanova et al., 2002), and the secretion of growth factors (vitamins and amino acids)

which support the growth of bacteria (Corsetti et al., 2001; Mounier, 2015). As
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expected, in parallel with the growth of the yeasts, the relative abundance of the
metagenomic clusters related to lactate utilization, and the biosynthesis and uptake of
biotin, was higher for the cheese surface of D4 and S5, compared to the control (Fig.
5.9). During ripening, the surfaces of D4 and S5 were washed with a 5% salt solution,
causing a hyperosmotic stress on the microbial population of the cheese surface (Hickey
et al., 2018). This correlated with a higher relative abundance for the metagenomic
clusters related to osmotic stress resistance and metabolism of choline and betaine
(osmoprotectants) (Monnet et al., 2015), for the washed cheeses compared to the
unwashed control (Fig. 5.9).

The development of a red/orange colour on the surface is an important
characteristic of many smear ripened cheeses. This colour development is usually
derived through the metabolism of carotenoids (Krubasik and Sandmann, 2000;
Mounier et al., 2006), and correspondingly higher relative abundance of metagenomic
clusters, involved in the metabolism of the carotenoids (carotenoids and carotenoid
biosynthesis), was observed on the surface of the cheese S5 and D4, compared to the
control (Fig. 5.9).

Surface-ripened cheeses are also characterized by a strong flavour which is
driven by the biochemical metabolism of the microbial consortium which develops on
the cheese surface over time. These are associated with proteolytic and lipolytic
pathways, driving the increase in the levels of FAAs and FFAs. These pathways,
together with lactose and citrate metabolism, are considered to be responsible for the

main precursors of flavour compounds in cheese. During ripening, the relative

256



abundance of the metagenomic clusters associated with the proteolytic pathway, and the
metabolism of triacylglycerols, was higher for D4 and S5, compared to the control,
which was consistent with proteolysis (Fig. 5.13), and FAAs and FFAs related data (Fig.
5.12). During ripening, the relative abundance of metagenomic clusters directly related
to the formation of volatile compounds, such as carbohydrate metabolism, organic acids
(including FFAs) and FAAs (except aromatic amino acids), and indirectly related, such
as TCA cycle (important for the a-ketoglutarate production), was significantly higher
(P<0.05) for the cheese surface of both D4 and S5, compared to the control (Fig. 5.9).
Correspondingly, numerous volatile compounds (alcohols, aldehydes, carboxylic acids,
ketones, sulphur compounds, esters and S-thioesters) (Fig. 5.6) were produced on the
cheese surface of S5 and/or D4, conferring an intense flavour to the cheese surface of
D4 and S5.

During ripening, on the cheese surface of S5 and D4, a microbial succession,
involving various inoculated, and indeed some non-inoculated, microorganisms, was
apparent. Consistent with other studies, specific smear strains, added as adjunct cultures
to the milk, or on the exterior of surface-ripened cheese during manufacture, have not
been detected at the end of ripening (Feurer et al., 2004; Goerges et al., 2008; Gori et al.,
2013; Larpin et al., 2011; Rea et al., 2007). In this study, the species detected on the
cheese surface by metagenomic analysis did not fully correspond with the components
of the smear-culture mixes. Different contaminant populations developed on the cheese
surface of both test cheeses, especially on D4, probably due to the different interactions

and competition with the cultures of the two mixes (Fig. 5.2; Table 5.2).
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D. hansenii was part of the inoculum used for both S5, and D4 surface. D.
hansenii is a component of the surface microbiota of many surface-ripened cheeses, and
Is very tolerant to high salt, and low pH conditions (Cholet et al., 2007; Ferreira and
Viljoen, 2003). Presumably due to these characteristics, D. hansenii was present at high
relative abundance in both test cheeses, mainly in the early stage of ripening (at day 18),
and then decreased gradually in the later stages (day 24 and 30) (Table 5.2). Volatile
compounds significantly associated (P<0.001) with D. hansenii were mainly alcohols
and carboxylic acids (Fig. 5.7; Table 5.3). The biosynthesis of branched chain alcohols
and carboxylic acids, from FAAs metabolism, and the biosynthesis of medium-long
carboxylic acids, from FFAs metabolism, are processes attributed mainly to yeast and
mould metabolism, including D. hansenii (Arfi et al., 2002; Collins et al., 2003; Gori et
al., 2012; Leclercq-Perlat et al., 2004; Martin et al., 2001; Yvon and Rijnen, 2001).

On the cheese D4, the relative reduction of D. hansenii with time, corresponded
to an increase of Gram-positive bacteria. G. arilaitensis, a component of S5 mix, did not
grow on the cheese surface of S5, and, though not inoculated as part of the culture mix,
was the dominant bacteria on the surface of D4 (Fig. 5.2; Table 5.2). Through the use of
PanPhlAn, which uses metagenomic data to achieve strain-level microbial profiling
resolution, we have demonstrated that the G. arilaitensis strain, present on D4, was not
the same strain as inoculated onto S5 (Fig. 5.3; Fig. 5.4). The inability of the inoculated
G. arilaitensis strain to grow on the S5 cheese is most likely due to the different
interactions within the microbiota on the cheese surface. Other studies on the microbial

composition of the surface of Limburger cheese observed that G. arilaitensis behaved in
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a similar manner, showing high relative abundance when it was co-inoculated only with
D. hansenii, while showing low relative abundance when combined with both D.
hansenii and G. candidum (Mounier, 2015). That G. arilaitensis contributes to cheese
flavour has been shown previously in model cheese media (Deetae et al., 2007)
(producing alcohols, and especially ketones), and in the current study, where it was
significantly (P<0.001) associated with 3-methyl-1-butanol and phenylethyl alcohol,
branched carboxylic acids (from FAAs metabolism), 2-heptanol and ketones (from
FFAs metabolism) (Fig. 5.7; Table 5.3). In addition, a genomic study showed numerous
genes encoding for protein degradation and fatty acid oxidation in G. arilaitensis
(Monnet et al., 2010).

On the cheese surface of S5, G. candidum was co-inoculated with D. hansenii
and established itself to become the most abundant yeast population by day 18. The
successful cohabitation of G. candidum and D. hansenii may be explained by the fact
that they do not compete for energy sources in the same way in cheese. D. hansenii uses
lactate, or the limited amount of lactose present in the cheese post manufacture (0.8-
1%), while G. candidum preferentially uses only lactate (Monnet et al., 2015; Mounier
et al.,, 2008). During ripening, sulphur compounds were significantly associated
(P<0.001) with G. candidum (Fig. 5.7; Table 5.3), which is in agreement with other
studies which have shown that G. candidum is able to catabolize methionine in one-step
degradation, with the biosynthesis of sulphur compounds (Arfi et al., 2002; Boutrou and

Guéguen, 2005; Jollivet et al., 1994).
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The production of sulphur compounds is an important characteristic of many
surface ripened cheese and B. linens is considered one of the main species responsible
for the development of the strong flavour of many surface-ripened cheese through the
biosynthesis of sulphur compounds derived from methanethiol. In this study, B. linens
was present at relatively low abundance in the original culture mixes (5.26% and 3.53%
for D4 and S5, respectively; Table 5.1). However, while detected at very low relative
abundance on the cheese surface of D4, was one the most dominant bacteria detected on
S5 (37.05% at day 24; Table 5.2). While this may be due to inter-strain differences, it is
most likely due to the different interactions within the microbiota of S5 and D4. Studies
have shown that B. linens does not always establish itself on the cheese surface during
ripening, even if it is present in the initial culture mix (Brennan et al., 2002; Goerges et
al., 2008; Larpin et al., 2011; Mounier et al., 2005; Rea et al., 2007). However, in
previous studies, G. candidum has been shown to stimulate the growth of B. linens in
co-culture (Lecocq and Gueguen, 1994), suggesting the hypothesis that in S5, G.
candidum, present at high relative abundance, was likely producing growth factors that
supported the growth of B. linens; while in D4, it was out-competed by G. arilaitensis,
which established itself very quickly on the surface of S5 and made up 75% of the
microbiota at the end of ripening. B. linens was significantly associated (P<0.001) with
methanethiol and its derivatives (dimethyldisulphide and dimethyltrisulphide) (Fig. 5.7;
Table 5.3), which likely originated from the one-step degradation of methionine (Deetae

et al., 2007; Jollivet et al., 1992; Rattray and Fox, 1999; Yvon and Rijnen, 2001).
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Other species, while present at lower relative abundance on the cheese surface of
S5 and D4, were also responsible for the biosynthesis of some volatile compounds. S.
xylosus, present in the S5 mix, was not as successful as B. linens at establishing itself on
the cheese surface, and was present at only at 10.83-13.36% of relative abundance,
during ripening (Table 5.2). This is most likely due to competition for nutrients within
the microbiota, as suggested by Mounier et al. (2008). Members of the genus
Staphylococcus can establish themselves on surface ripened cheese in the early stages of
ripening but are regularly overtaken by other bacteria at the later stages (Irlinger et al.,
1997; Mounier et al., 2006; Rea et al., 2007).

In this study, specific species detected in low relative abundances in S5, such as
S. xylosus (9.08-13.36%), and in D4, such as S. saprophyticus (1.06-2.69%), and C.
variable (2.04-2.08%) (Table 5.2) were significantly associated (P<0.001) with a range
of flavour compounds important in surface-ripened cheese (Fig. 5.7; Table 5.3), and
interestingly, while S. xylosus has been previously shown to produce sulphur
compounds only in fermented meat (Stahnke, 1999; Tjener et al., 2004), in this study
was correlated with specific sulphur compounds in cheese. This data would suggest that
some smear bacteria though present at relatively low abundance in cheese are likely
contributors to the release of FFAs and to their degradation, due to esterase activity and
hence contribute to the aroma and flavour in the final cheese product (Casaburi et al.,

2006; Curtin et al., 2002).
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5.6. Conclusion

In the study reported here, whole-metagenome shotgun sequencing was employed as
a novel method for the analysis of a fermented product with a complex microbiota.
Metagenomic analysis was an efficient tool to understand the variations of the microbial
population of the cheese surface over time and the related metabolic potential.
Moreover, the association between the volatile compounds and the species represents a
novel system to study the flavour development in cheese. In conclusion, the approach
used in this study enabled us to determine the microbial succession during ripening, and
also to begin to unravel the contributions of the various components of the surface
microbiota when present within a complex microbial environment. The method
proposed in this study can be utilised within industry to control the microbiota of
fermented food and helping to drive the production of food products with specific flavor

characteristics.
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6. General discussion

While numerous studies have focused on the flavour development in cheese by
the metabolic activity of lactic acid bacteria, this research focused on surface-ripened
cheese. In this type of cheese, the flavour development is a process which occurs during
ripening, through the metabolism of a complex microbial population, which establishes
on the cheese surface, comprising mainly yeasts and Gram-positive bacteria
(Desmasures et al., 2015; Mounier et al., 2017). The aim of this research was to
investigate the potential flavour activity of the surface microbiota in cheese. The
compounds which contribute for the formation of the cheese flavour can be volatiles,
mainly responsible for aroma, such as methyl ketones, lactones, aldehydes, alcohols,
carboxylic acids, phenols, sulphurs, S-methyltioesters, esters, terpenes, and pyrazines,
and non-volatiles responsible for taste, such as free amino acids (FAAS), and peptides.

Commonly, extraction techniques associated with gas chromatography mass
spectrometry (GCMS) are routinely used for the characterization of the cheese volatile
compounds. However, to date, only a limited number of studies have been undertaken to
characterize the volatile flavour compounds of surface-ripened cheese, and the
techniques used are, in the main, outdated (Dumont et al., 1974a; Dumont et al., 1974b;
Guichard et al., 1987). In this study, a newer extraction technique, solid phase
microextraction (SPME) was chosen, due to its high efficiency in the characterization of

the volatiles of Tilsit cheese and other varieties (Fuchsmann et al., 2015; Mondello et
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al., 2005). SPME was selected for the analysis (for cheese and model systems), due to
its proven reliability, and ease of use. In addition, a triple phase-coated SPME fiber
(DVB/CAR/PDMS) was chosen, as it is considered the most efficient fiber for the
extraction of cheese volatiles (Mondello et al., 2005); and the stationary phase used for
volatile separation presented an intermediate polarity (DB5) which guaranteed good
affinity with a wide range of compounds.

It is known that the type of extraction technique used greatly influences the
selectivity for volatile analysis, and it is proven that the use of different techniques can
provide more information regarding the volatile compounds which characterize the
flavour of surface-ripened cheese (Valero et al., 2001). The nature of the stationary
phase of the GC column can also affect the sensitivity for specific compounds (Imhof
and Bosset, 1994), and the simultaneous use of different columns, separately or in
combination (two dimensional gas chromatography), can provide more complete results
(Arora et al., 2006). In the future, a simultaneous use of different extraction techniques
and stationary phases to give a fuller description of the volatile compounds which
characterize the cheese flavour may be advantageous.

While this research mainly focused on the volatile compounds, the non-volatile
compounds were also partially investigated. FAAs, dervived from microbial
metabolism, were analysed due to their important role as precursors for flavour volatile
compounds. The FAAs analysis was achieved through the use of cation exchange high
pressure liquid chromatography (HPLC), as described by McDermott et al. (2016),

enabling both quantitative and qualitative characterization. Although in this research
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FAAs analysis was successfully performed, the peptides content was not evaluated
(either in cheese trials, or in cheese model system). The peptides which originate from
the proteolytic activity of the microbial population, might have the potential to
contribute to the cheese taste, considering particular peptides isolated from cheese
display specific tastes (Zhao, Schieber, and Géanzle, 2016). To date, only Roudot-
Algaron et al. (1994) have studied flavour peptides in surface-ripened cheese,
identifying vy-glutamyl peptides from Comté. Nowadays, different techniques are
available for the detection of these peptides in cheese, and usually the analysis is
performed through gel permeation chromatography to separate the peptides fractions on
the basis of size, and liquid chromatography—mass spectrometry (LC-MS) for
identification. The characterization of flavour active peptides could be a new potential
topic for further studies on the metabolism of the surface microbiota, and the flavour
development in surface-ripened cheese.

In this study, microbial species of surface-ripened cheese (yeasts and bacteria),
were investigated within cheese model system, and when were then applied to the
cheese surface. A cheese model system was used as a quick and simple approach to
screening for the biosynthesis of volatile compounds from individual bacteria
inoculated. The results showed clearly that Gram-positive bacteria were more active in a
cheese model system where less complex substrates were readily available, such as
FAAs and peptides. These were seen as ideal substrates to investigate their contributions
for the cheese flavour diversification. While most of the studies in cheese model system

explore the individual ability of the bacteria, or yeasts, to produce volatile compounds,
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few studies have been performed on the combination of yeasts and bacteria. Specific
combinations can potentially show a lack of, synergistic, or inhibitory effect on the
production of volatile compounds, in relation to the nature of their metabolic interaction,
as shown by Martin et al. (2001) who have studied flavour generation, by coculturing
several yeasts, moulds, and bacteria in a cheese model medium. To gain a better
understanding of flavour development in surface-ripened cheese, it could be
advantageous to continue the study on complex mixes of microorganisms within such
systems.

The flavour-forming abilities were determined by the multiple enzymatic
pathways displayed by the various microorganisms inside the genome. The microbial
genome contains protein-coding sequence for enzymes involved in flavour development.
The genome of Staphylococcus saprophyticus DPC5671, isolated from a Cheddar
cheese surface was sequenced to investigate its potential metabolic activity. Analysis of
volatiles produced by S. saprophyticus DPC5671 was performed when the strain was
inoculated into cheese model systems, or when applied in combination with D. hansenii,
to the cheese surface. The enzymatic activities (esterase, lipase, aromatic
aminotransferase, and glutamate dehydrogenase) of S. saprophyticus DPC5671 and
other Gram-positive bacteria were also tested with the use of chromogenic and agar-
based assays. Numerous genes encoding for enzymes involved in the cheese flavour
development were identified successfully, confirming the data from the volatile and
enzymatic analysis. This study showed how genome sequencing is a valid and robust

tool to reveal the metabolic potential of a specific strain. In the future the use of more
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accurate high-throughput biochemical tests (e.g., Phenotype Microarrays'™) could be
combined with genome sequencing, to facilitate the correlations between the genomic
and metabolic data (Shea et al., 2012).

As mentioned before, the metabolism of the smear microbiota was also studied
directly in cheese. Complex culture mixes were applied to the Cheddar cheese surface,
modifying the flavour and appearance. The surface microbiota was highly metabolically
active, and volatile analysis was performed to better understand its role in the flavour
development. Volatile analysis clearly showed how the metabolism of the surface
microbiota influenced the flavour development.

In addition, whole-genome shotgun sequencing was used to study of the
microbiota on our surface-ripened cheese. The microbial variations were statistically
correlated with the volatile analysis in order to identify the species responsible for the
volatile flavour development. This was a novel and important study in cheese, which has
combined volatilomic and metagenomic data. Metagenomic analysis allowed the full
characterization of the microbiota during ripening, showing the microbial variations
both at species and strain level, and providing more information about the microbial
interactions on the cheese surface. Specific strains were able to establish on the cheese
surface in cohabitation with others, or did not survive due the competition for the
nutrients. This also represents an efficient method to screen the complete metabolic
potential of the cheese microbiota during ripening, providing an overview of the
metagenomic clusters associated with specific metabolic pathways. Unfortunately, the

complexity of the surface microbiota has not allowed for the identification of the
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individual species responsible for specific metabolic pathways. Other studies on Kefir,
showed through the use of HUMANN2 (bioinformatics software), that it was possible to
link individual pathways to microbial species (Walsh et al., 2016), and this should be the
next approach to adopt also for cheese. Some recent studies have shown also that
nuclear magnetic resonance (NMR) spectroscopy can be a potential tool to differentiate
cheeses manufactured with different starter cultures in relation to the metabolites
produced (Piras et al., 2013; Rodrigues et al., 2011). In future, metabolomic analysis
with NMR might help to identify better the metabolites from the microbial metabolism,
responsible for the diversification of surface-ripened cheese.

Overall, this thesis has largely and exhaustively explored the role of surface
microbiota in relation to cheese flavour development, through the use of GCMS analysis
on different substrates (cheese and model systems), genome sequencing (on an
individual strains), and whole-genome shotgun sequencing (on the cheese microbiota).
Further research is required to gain a more in-depth analysis of cheese flavour
development, with this thesis providing a useful approach for future research in cheese
and fermented foods, where volatilomic, metabolomic and metagenomic data could be
combined to gain a better insight into flavour development.

The results of this study have showed a potential way to change the flavour of fermented

food in a targeted way, by applying the appropriate smear treatment to the product.
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Abstract:  The volatiles responsthle for the typical aroma of cheese ane produced mainly by bpolytic and proteclytic
pa.lhwzy:mﬂ‘b’y the metsholism of lactose, lactate, and atmie. The volatbe pl:nﬁ]: ufc}lc::c:i:-dubcnnin:dhf A
chromatography (GC), which mdudes the extraction, separanon, and detection of volatles. & wide mnge of extracton
techmigques = avalable, and technological improvements have been devdoped in G separation and detection that enhance
our anderstanding of the mole of mdindual key volatdles to cheese Havor. To date, for surface-mipened cheese, the main
volatiles detected that contribate to favor inclode aods, ketones, aleohols, and solfur compounds. However, based on
the hrmited mumber of studies undertaken and the approaches used, 1t appears that 2 agmfcant degree of iz posably
cxists that may hawve ower- or understimated the :imp.ll:t n'Frpcu:i:E: chemical dlases mvolved mn the favor of these types

of cheese.

Keywords: cheese, Havor, gas chromatography, surface-ripened cheese, volatles

Introduction

Flawar development of chese & related to milk qualicy, pro-
cossing operations, and, most importantly, microbial actviny The
cheese emrimnment & characterized by 2 complexity of micm-
bizl populations which contribute to nomeroos biochemical reac-
tiors leading to the formation of flavor volatile compounds (o,
Guinee, Cogan, & McSwesney, 201 7x; McSweeney, 201 7).

The combination of volutile compounds and their interactions
contributes primarily to the formation of aroma and taste, which
together constitate cheese flavor (Miimi =t al., 2015; Zehenthaner
& Poeineccius, 2002), Chese Havor, in combimmtion with the over-
all appearance of cheese and i textre, is decisve for consumer
selection and preference (ke & Delabuniy 2017; Kikcawley,
HN 7). Comsequently, the importance of smdying cheese Havor
is elated principally to both the acceptance of a cheess within
the marketplace and the perception of a cheesex flavor by the
consamer {mke & Delahonty, 2017). It is known that the fa-
vor preference of the consumer is maotivated by the stimulation
of human chemical senses, particulady thoes for odor {amma)
andd taste (12" Acampora Fellner, Dugo, Dugo, & Mondello, 2008),
Specifically, the perception of fzvar is mainly driven by the com-
hination of aotive volatile componnds perceived in the orthonasal
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and/or retmmasa] cavity. Olfactory perception is a complex biao-
lugical phenomenon triggered by certzin volatile molecules, gen-
enlly hydrophobic ones, which interact with odomant receptors
(G protein—coupled receptors) in the ofactory epithelium of the
nasal cavity (Breer, Fleischer, & Strotmann, 2006; Dunkel et al.,
2014). A precise chemical characteration of the mixture of po-
tential stimulants in food plays an mporant role nimvestgatng
olfactory perception and o evalmte food Havor.

The analyss of volatile compoonds in food is commonly per-
formed wsing gas chromatographic (GC) technigoes, employ-
imgg very sensitive technologies capable of detecting trace levels
of volatile compounds. It is fundamental that GO detection is
of high sfficiency, especially a= volatile compounds, which are
present at trace bevels, can be easily perceived during sensory anal-
ysis (kv perception threshold) and can contribute significanty to
the flavor profile of cheese (Hummel, Sekinger, Wolf, Pauki, &
Hohal, 1957}, The complete amalysis of the woltile aroma com-
ponents of cheese is a complex procedure which includes extrac-
tionconcentration. techmigues, chromatographic separation, and
identihcation/quantibcation. Howewver, it is necesary to concen-
trate the wolatiles extracted from the fisod matrix, becaws the tech-
nigaes available for the detection of volatiles are still les senitive
than the human nose, which is able to perceive odors at extremely
e concentrations {parts per billion to parts per trillion) (Bartlett,
Ellcte, & Cardner, 1997; Mackie, Stroot, & Varel, 1998). The
techniques and analytical tools svailable can be adapted to optimize
results for any particular cheese variety, including surface-ripened
cheeses (Lecann, Ducroet, Jooquand, Gratadoux, & Feigenbanm,
2002; Maondello et al_, 2005; Salom, Erbay, Kelebek, & Selli, 2017,
Valero, Sanx, & Martinez-Castro, 2000].
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Volatiles of surface-npened cheese. ..

Surface-ripened cheese fuch as Mnster, Munster, Tilsit, Li-
varot, Limburger, and Comté) is chamcterized by the growth of
surface bacteria and yessts on the cheese surface during ripen-
ing, which are mesporsible for the stong typical favor and the
characteristic * gletening” appearance (emnasares, Bora, & Ward,
M 5; Fox, Guines, Cogan, & McSwesney, 201 Tk Mounier, Co-
tom, Idinger, Landaud, & Bonnarme, 2017). Ths chese varisty
is characterized by an intense Haeor, confermed by 2 wide varisty
of volatile compoands (acids, ketones, alcohols, esters, and salfur
compounds), which can be detectsd in different ratics, in relaton
to the technigqoes and methods wed for wlatile analysis {Lecan
et al, 2002 Valero =t al., 2000%

This review describes the formation of the main volatile clases
that contribute to cheese Havor, and it examines the .amﬂ]jtu:ﬂ
methodologies used to detect volatile compounds i dairy prod-
vcts, highlighting the adwantages and potential shortcomings of
specific techniques. Subsequently, the favor of surface-ripensd
cheess ix described, and the main volatiles which contribute to the
characteristic flavor of the surface-ripened cheese are presentesd,
focusing on their favor contribution and the methods wsed for
their detection.

Flavor development in cheese

The biochemical processes which bead to the symthesis of
valatile compounds are very complex (Arda, McSweeney,
Maghaul, Upadhyay, & Fox, 2007); Canesan & Weimer 2017;
Kilcawley 2017; McSweeney 2017; McSweeney, Fox, & Cioci,
M7 Thierry et al, 2007L It & knowwn that the volatile com-
pounds identified in cheese are mainly the prodoces of bpoly-
sis, proteclysis, metabolism of residual lactose, lackate, and citrate
They abs include metabolism of free fatty acids {FFAs), and free
amina acids (FAAs) (Fox et al., 200 72; McSweeney, 2007).

Lactuose is the principal crbohydrate present in milk {~4.8%
in raw cosv milk). During cheese mannfactore, the sarter lactic
acid bacteriz (ILAB) comvert =ome lactose into hctats, which is
respunsible for the decrease in pHl. Lactate can be further meab-
olmed by LAB into formate, acetakdelyrde, ethanol, and acetats.
In sarface-tipened cheese, the lactate & abo comverted by yeasts
and molds inte C0 and HyO), whils in Swis-type chese: pro-
picmic acid hacteria metbolive lactate mia propionate, acetibe,
and COp (McSweenay et al, 20170 After cheese marmfacture,
the residual citrate present in the curd can be meabolized by
citrate-positive LAR into acetate and lactate, ko prducing other
important favor compounds such as acetoin, 2 3-butanediol, di-
acetyl, and 2-boanone (McSweeney etal, 2017; Singh, Dmake, &
Cadwallzder, 2003).

The catzhalism of FAAs prodoces mainly aldehydes, aloohals,
carbomylic acids, amines, and sulfur compounds (Figure 1) (Gane-
san & Weimer, 2017; Kilcwley, 2017). Ammatic amino adds,
branched-cham amino acids, methionine, and aspartic aad are
conmverted into e-keto acids by a tansamination reaction, catalyzed
by amino acid aminctransferase. The resulting o-keto acids are
then further degrmded to branched-chain and aromatic aldzhydes,
acyl-CoA, hydroxy acids, and methanethial (&rdd 2006; Canesan
& Weimer, 2017; Smit, Smit, & Engels, 2003). The trarsami-
ration of valine, isolevcine, and lencine beads to the production
of 2-methylpropanal, 2-methylbutanal, and 3-methylbanal, e
spactvely (Ardd, 20046; Singh et al_, 2003). Aspartic acid can be
comverted by trarsamination into oxaloacette and forther into
acetoin, diacetyl, or 2,3 hotanedsol (Ardd, 2006). Fecently, Per-
ala, Wolf, Bergamini, Perotti, and Hynes (2014) observed that
in Lagobarillus parazazer, the tranmmination of aspartic acid has
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a fundamental mole in the production of diacetyl Previousy,
Morgan (1976 had observed that in Lagemcus Iaois var, maln-
pemes enrymatic pathways exist for the redoction of phenylalanine
and methionine to phenylacealdehyde and methional, respec-
tively However, aromatic aldehydes ar produced mainly throogh
spontaneows chemical oxidation of e-keto ackds, derived from
tryptophan and phenylibnine, poducing benzaldehyde, or from
tryptophan, generating nitrogen-contzining compoands such as
indodeacetate, indal-3-aldehyde, and satole (Gao et al, 1997,
Yvan & Fijnen, 2001).

Aldzhydes can be comverted to their corresponding alcohols by
aleohal def , or oxidized to their cormesponding car-
haxylic acids by aldehyds dehydmgenase (Ganesan & Weimer
2017; Kibcwley, 2017; Ywon & Rijnen, 2001). The biosym-
thesiz of primary and aromatic alcohok, and ehtive cardbocdic
acids, is mainly attribuble to the meabolEm of molds and
yeast. Cestrichiom candidum and yeasts solated from Camembent
have the ability to produce aloohols and carboarylic acids throagh
the mebolism of FAAs (Ywon & Rinen, 2001). The pres-
ence of dochols, such as 2-methylpropancl, 2-methylboanol, 3-
:rncﬂ'r_r]bur.annj. amd p]'i::rr_rlcﬂ'l.l.nnL tng:thcr with the presence of
carboxylic acids, such as 2-methylpropanaic, 2-methylbutanoic,
3-methylbutanoic, and phenylacetic acid, awe indicators of the re-
duaction of banched-chain and ammatic FAAs (Singh et al, 2003;
¥von & Fijnen, 3001).

The meabolism of FAAs by decarboylation can prodoce
ammines, which are not asociated with good quality cheese, doe
tar their patentially adverse health effects amd often poor favor.
(mam-positive hacteria, inchoding LAB, are considered the princi-
pal producers of amines, due o their high decarhaxylase activity.
An intense and uncontmolled ripening could mpport extensie
proteclysis, with the mlease of high amounts of FAA=z, which are
the fondamental substrates for the hiJmpi]'m:i.'l of amines (Linares,
Martin, Ladera, Aharer, & Fermandez, 201 1; Marino et al., 2013).
The most important amines ame hisamine, tyramine, putrescine,
cadaverine, and J-phenyl ethylmine, which are produced from
the decarhaxylation of histdine, pyrosine, omithine, hysine, and
B-phenylalinine, respactively (Linares et al., 2011; Marino =t al.,
2013),

In addition, cabolen of FAAs can be ndtated I:!j' elimiration
reactions, catalyzed by amino acd lyase, which deave the side
chain of amino acids. This pathway leads to the synthesis of phe-
nal and indole from the metabolism of aromatic amino acids, and
tar the production of methanethicl from methionines (Ardi, 2004;
Ganesan & "Weimer, 2017). B linens (by methionine j-byase) and
L lagis (hy cysathionine J- and p-lyase) were reported o pro-
duce methanethiol, through elimimtion maections, starting from
methionine (Yvon & Fijnen, 2001). Yeasts, Mimoocasese, and
Brevibacseriven Iimens, commonly found in surface-ripened cheese,
havee the ability o cleave the side chains of tyrosine and ypto-
phan, releasing phenol, and indole, respectively (Jollvet, Berengsr,
Vaysser, & Belin, 1992; Jalbivet, Chatod, Vaysier, Bensoussan, &
Belin, 1994). For this reason, phencl & a Havor compound fre-
quently detected in sorface-ripened cheese (Urbach, 1997).

The farther cabolin of methanethiol ma oxidative reactions
leads to the production of dimethyldisalfide and dimethylreul-
fude. Sulfor compounds are particulady important contributors to
the flavor of surface-ripened cheese, due to their very low odor
perception and their stong garic, cabbage and very ripe cheese
odors (Corioni & Boset, 2000; Sable & Cottenceaw, 1999), MNu-
merous L AR species are capable of degrading methanethiol, pro-
ducing dimethyldeulhde and dimethylrzulhde. However, oypical
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Figure 1-General pathways for catabolism of free amino acids in cheess, modified from Yvon and Rijnen {20011

species found on sarface-ripened cheese, such as Micsoocaceae,
H. binens, and . cmdidvm, are considered the main prodocers of
sulfar compoands, which are detected at high concentmtions in
these varicties l'_]nuivd. etal, 1992, 1994)

Lipobyse of the miglycerids by microbial and mdigenous
milk ETIEYITIES, and also EREymes from added rennet pastes, m=-
suls in the development of mediom-chain (carthon chain lengihs
=10} and long-chain {carbon chain lengths = 10) FRAs (Collins,
McSweeney, & Wilkinsan, 2003; Thierry et al., 2017). The lipas=
enrymes caalyre the hydmolyss of triglycerides, with the forma-
tion of FFAs, di- and mono-glycerides, and glyceral. The sban-
dance of FFAs directly affects the Havor properties of cheess, and it
TATEES from low levels in Edam cheese (fotal amoant -~ 300 p]:mJ
ter very high levels in blue-veined cheese (totl amount 30000
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ppm) (Woo & Lindsay, 1984). The flavor cantribation of FFAs in
cheese is mainly influenced by the pH. FEAs at high pH levels
are less flavor active and are ofien perceived a5 “soapy” as they are
comeerted to nomalatile slis. &t bow pH FEfs exist in free form
and are perceived as mncid at high concentrations (Alewijn, 2006;
Singh et al , 2003).

FFAs comtribute to the formation of cheese Aavor not only di-
rectly, but abo indirectly as they are precursors of methyl ketones,
secondary alcchok, smight-chain akdehydes, lactones, esters, and
Sthinesters (Figare 2) (Collins et 2l 2003; Smit et al, 2005
Thierry =t al., 2017 FFAs can be oxidized to §-ketoacids, and
then decathaxylated to cormesponding methyl ketones, with one
carbon less (Collins ot al., 2003; Kﬂl:twh-].‘ N T 'I'|:|i1:1'r3,I et al_,
2017). The biosynthesis of methyl ketones is mainly attributed to
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Figure 2-General pathways fior the mtabolism of free fatty acids in cheese, modified from MicSweeney and Sousa (2000}

madd metabolism, such as Penicllium rogueforti, Pemiallinm camem-
berti, and . comdidum, ard due to their typical odors and low
pemeption thresholds, are mest likely respomnsible for the charmc-
teristic flaver of surface-mold-ripened, and blue-veinsd cheeses
(Caollins et al., 2003; Curioni & Bomset 2002; Sable & Cottencean,
1998 However, it i alsa puﬁl'u].l.t.l:d that ketones can be pm-d.nl:ml
by heating milk, or directly from esterihration of J-keto acids
{l=wijn, 2006). Urbach {1997) suggested that some kstones may
b formed directly from #-ketoacids in the GO inlet, possibly re-
sulting in an oversstimation of ketones in the volatile Hawor profils
of the cheese mample.

Ketones can be further converted by reductase to secondary
alcohols (Collins et 2l 2003; H:i]czwi:y. N T). This metabalic
pattrway is mainky atriboted o molds (sach a5 Penicllium spp),
which are considered responsible for the production of secondary
alcohols (such as 2-pentanol, 2-heptanol, and 2-nonanol) in bloe-
weined chesses (Colkrs etal., 2003). However, secondary alcohols
are thowught not to stongly contributs to the cheess favor (Singh
etal, 2003), sven if 2-heptancl was identified as a key odomnt of
Comgonzola and Crana Padano chesse types (Curioni 8 Bossst,
M0,

Although ursansrated fatry acids, both free and esterified can be
imvalved in nonenrymatic amtoaxidation reactions, these reactions
are mot overly commaon in cheese, as cheess i 2 very reduding
emimnment. However, when this reaction occors it produces
straight-chain aldehydes, which are characterizsd by “green gas-
like™ aromas, preducing compounds sach as propanal, hexanal,
heptanal, octanal, nonanal, 2-d=cenal, and 2-and=ceral, plus oth-
ers (Alewijn, 2006).

Esters are another group of valatle compounds which are in-
valved indirectly in the metabolism of FRts, whereby the eseri-
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fication and alcohalysis reactions lead to the biosymthesis of eters
(Zallins et al., 200%; Lin, Holland, & Crow, 2004). Esterification
is the formation af esters from alcohals and carbosylic acids by -
terase, whereas aloohalysis is the production of esters from alcohals
and scylglycerals, or acyl-CoA {derived from the metabolisn of
FAAs, FFAs, and/or cu'b-uh:.rd:ﬂ-:ﬂl. |::|. .l.q.']l:n.mfﬂ:ﬁe. In aleohal-
ysis, fatty acy]l groups from acylglycerols and acyl-Cod derivatives
are directly transferred to alcohols and are the major mechanism
of ester bicsynthess by LAR (L et al, 2004). Some esters are
characterived by bow perception thresholds and are genemally ap-
preciated for their sweet, froity, and Homl notes, and for their
ability to minimize the sharpnes and bitternes of a cheess, wau-
ally associated with high levels of FEAs and amines {Curiond &
Fomset 2002; Lin et al., 2004; Sablé & Cottencean, 1999,

FFAs, or fatty acyl groups, can react with methanethiol o
produce S-methylthioesters. Stmilacly, in ester biosynthesis, 5-
methylthioesters originate from esterification or alcohobss re-
actions (Lin et al., 2004). The bisynthesis of S-methylthicesters
is sirictly dependent on the availability of methanethiol and, for
this reasan, is attributed mainly to those species which interssly
contribute to methansthiol prodection (sach as Miovwomasese, H.
Dimens, and . candidum). 5-Methylthioesters are frequently foumd
in surface-mold-ripened and bloe-veined cheeses, and they are
characterzeed by potent odors with low aroma threshold percep-
tson (Lin et al_, 2004},

Hydmoylated FRAs represent the precursors of lctones. Hy-
droxylated FEAs ame incorporated in milk Gt triglycerides and are
releazsd by enzymatic lipolytic activities or by any heating process
{Alewijn, 2006 Hydrooylated FFAs can abo be produced by the
activities of microbial eneymes (lipooygenase and hydmtass] with
the catzbolism of unsatorated farty acids. Lactones are produced
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Table 1-Extraction technigques available for the wolatile analysis of food and dairy products.

Extraction technigue Sample position Operating principle Trapping technology
Distillation sohent-extraction Fast Flask undes vamum and heated to release the volatiles Comdensar (old trap)
Solid-phase micoextraction Sealedvial F'h.uzh adffﬂtdﬁlhfbuﬂpmedimhliquﬁphaummz Phase-coated fiber
eadspace
Stir bar extraction Sealedwial Emtﬂh-ﬂm:kuinhgbuinmnmni&th:liquidphau Coated magnetic stinring ke
or the headspace
Purge & trap sparnger Imezst gasis purged through the Fsha sparnger Teap irside the wnit
Thermal desorption m:ﬂ:mhﬂ Imest gasis urgndﬁmumhumpm amber Tube trap
Eolid phase dymamic extraction Sealedwial Syringe phase-coated needle sucks volatiles from the Phase coated needle
heads
In-tube extraction Sealedwial s Teap above the needle

Syringe made by a neadle with an above trap sucks wolatiles
from the headspace

from hydmaylated FiAs by 2 one-step transesterihcation reaction
{Alewrijr, 20060,

Some ather voltile clases of compounds, =uch as phenok and
terpenes, can be detected in several cheese varisties becawse they
can be naturlly present in milk before chees: manufacnmme. Phe-
nulic compounds were detected in higher concentrations in sheep
and gaat milk, when compared to cow milk, and they weme con-
sidered responsible for the typical phenolic avor of sheep milk
cheese (Ha & Lindsay, 1991; Kilic & Lindsay, 2005). Phenolic
compounds contribate positively o chesse Havor undl a certain
concentration is reached, but thereafter tend to give unplasnt
notes, as their concentrations increass. The presence of pheno-
lic compourds in milk is relatsd to the process of conjugation,
which is a detaxification mechanim that enables an animal to
solubilize xenobiotics and to excrete them, 'u.ma]]j' in wrme [t
seems that the shundance of phenolic compounds in sheep milk
is inflaenced by bath feeding and breed (Kilic & Lindszy, 2005).
Another class of compounds often identified n dairy products ane
terpenes, which are volatiles mainly detected in artisaral chesses
marmfactured in Alpine regions. These compounds primarily, if
it salely, originate from the differences in 2 cow’s feeding regime
in those areas (Kamowi & De Bzerdemasker, 20070, It is lkely that
the content of terpenes in cheess produced in the Alpine region
is high hecauss of the diverse wild Aora on which cows grare
{Fanlkner =t al., 2018). Howewver, Aprea etal (3M6) also repm'tnd
an increase in terpene content of Montasio cheese during ripen-
ing, which could bz avributed to the ability of TAR tw modify
and biosynthesize terpenoids (Belviso, Giordana, Dold, & Zeppa,
HH 1)

Extraction tachniques of wolatile compounds

As outlined above, there s 2 wide range of flavar compounds,
predomirantly voltile in natare, mvalved in the development of
cheese favor. As 3 result, there has been a wide army of extraction
technigues employed to Bolate and concentrate the volatils from
different cheese varieties. In this regard, the selection of the cormect
extraction technique is of mportance, becanse it can sgnificantly
influence the type of chemical classes extracted and identihed
{Bicchi, Condero, Liberto, Foubiclo, & Sgorbing, 2004; Dumont &
Adda, 1972; Lecarm et al., 2002). The extraction technigues mast
frequently used to isolate volatiles from chesse are disilladon-
extraction, simulaneons distllation-extraction SIDE), sobent-
amrted Aavor extraction (SAFE), purge and tap (F&T), thermal
-rl:nm-ptim‘i T, and :alid.-phue micmextraction [SPME)L Maore
recently, newer extraction tachniques, sach ax salid-phase dynamic
extraction (SPFDE), m-tube extraction TTEX), stir bar sOrpiive
extraction (SBSE), and headspace sorptive extraction (HSSE),
have heen adopted to detect valatile compounds in food matrices
{Tzhl= 1).
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Figure 3-Distillatios-extraction under vacuus from Dusont =t al.
:l'!]"hﬂh cheese is placed in a flask conmected to a group of vacsam
pamgs. The vacuum is maintained during extraction through the wse of
valves located at the beginning and at the end of the series of traps. The
Rask containing the cheese sample is heated by immersion in a heating
bath and the traps are cooled by liquid nitrogen to collect the extract. The
procedure is performed with a "Bnger condenser” to complets the
extraction.

Distillation. Solvent extractions

Distillation-extrction techniques allow for the separation and
concentrution of volatile compounds from cheese amples through
distillation. Distillation extraction is wually peformed under re-
duced presare (<103 Pa), so-called “vacoum distillation.” to
avoid thermal degradition of whtile compoands. The cheese
sample & mixed with water, Aushed with nitrogen, and sealed.
The resulant shurry is distilled under vacoum and the extract is
callectsd in cooling traps (FRgure 3). The extract may ke con-
ceniratsd to remove the water by solvent extraction. Usually, a
salvent {acstonitrile, pentane, dichlomemethane, or diethyl ether)
is added to the extract and a further vacuom distillation is per-
formed. The pH of the final extract can be adjusted to get different.
fractioms (acklic, nentral, or alkaline) for GO injection. The ad-
justrnent of the palarity of the final extract canses separation of the
vidatile compounds. The acidic frotion contains primarily phe-
nalic compounds and FAs; the nevtral faction includes mainky
alcahols, aldehydes, ketones, esters, and lactones, the alkaline
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fraction presents mainly nitrogen-conining compoands, sl
fur compounds, and terpenes. The distillation extraction tech-
nique was very commaon in the past, and numerows smdies wers
performed on the anabysi of the flavor of surface-ripensd and
Cheddar cheeses (Dumont, Fooger, & Adda, 19742; Guichard,
Benbigne, & Crappin, 1967; Libbey, Bills, & Day, 1963). Grooax
and Muoiras (1974) analyred the volatile compounds from Vacherin
cheese by using 2 “gas stripping” tachnigue combined with vac-
wum distillation. In this technique, the cheese sample was homog-
enized with distilled water, and the valatiles were extracted under
redwced pressure by purging the system with an inert s (argon)
at bowr temperatore.

It is possible to perform a distillation extraction of the voltles
-rlirccl‘]r in a solvent. This extraction & called SIDE, and it is faster
than a iraditional distillation extraction. [t requires 2 lower t=mper-
ature for the distillation, considering the sobvent nnally has 2 low
builing paint (Dacre, 1955 Godefmot, Sandra, & Verzele, 1081).
This technique allows for the extraction of volatiles from the con-
dersed solvent vapor (containing volatile compournds), which is
separated from the condensed water vapor (con@ining nomolatile
compounds) in relation to their density, with sabsequent injection
of the extract directly onto the GO colomn. SDE guarantess 2
high extraction rate and it was wsed for 2 waristy of cheess pypes,
such as Fdam, Swiss, Parmesan, Fionl, Pecoring, Gouda, Fm-
mental, Cheddar, and Danish Blue, and it s an ideal sxtraction
technique for components with kow volatlicy {Azhima & Makai,
1987; Dirinck & De Winne 1990 Alewijn, SEwinski, & Wouters,
2003; Larriyoe, Addis, Gauch, & Bosset, 2001).

Solvent-zzisted Havor extraction (SAFE) & another extrac-
tion technique which allows the s=partion and concentration
of volatils by vacoum distillation. The distillation sysem con-
sisis af 2 vacuom pump and waually 2 cooling traps of liquid
nitrogen. The cheese sample & mined with a salvent, and the
volatiles are collected by distillition with the sobent in the first
trap, while the impurities and the watsr condense in the second
trap. Subsequently the extract, contining volatiles and solvent,
iz concentrated by purging with nitragen, followed by mjection
onte the GO column (Engel, Bahr, & Schicbeds, 1939, SAFE
is frequently amocated with GC-olfactometry analysis (Fabalew,
Gowrrat, Barron, Albisa, & Guichard, 2016 "Whebtine, Cadwal-
lader, & Drake, 2005, 2006). In the GC-oMactometry analysis
of Cheddar chesse, Dmaks, Mirce, and McMahon (2010) com-
pared SAFE to headspace SPME (HS-SPME) with divinylhen-
zene/carbocen S palydimethylsibooane IWVBACARPIE) fiber
In this stady &t was clear that some highly wolatile compounds wer=
detected by HE-5PME, and not by SAFE, while some higher-
maodeculir-weight aroma-active volatibes weee detected by SAFE,
amd not by HE-5PME. SAFE & 2 valid method which allows
the extraction of vohtile compounds withowt extensive prepara-
tion, and i is particulady suitahle for GC-olfaciometry analysis,
due to the preservation of the volatiles through extraction at low
temperature. However, SAFE has some limits in the extraction
of highly voltile compounds (Kileawley, 2007; McGorrin, 2007;
Thomsen, Goammat, Thomas-Dangain, & CGuoichard, 204 4). Car-
rently all distillation-extraction technigues, including 5DE and
SAFE, are not msed as frequently as they were previowly, doe o
the length of the procedure, the varzble recovery mie of highly
valatile compourds, and the rizk of thermal degradation of heat-
lakile walatile cmpuund.'l (Marizca & Hosmet, 1997 Sides, Ro-
bands, & Helliwell, 2000; Tanick, 2014). The saolvent nsad in thess
types of extraction can also create interference in the GO chro-
matcgram, producing antifacts. Other technigques are now more
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widespread, such 2= dynamic and passive extractions (discused
bebow), where the volatile compounds are capiured by direct ad-
sarption onto 2 solid-phase, avoiding Gme-consoming seps of
detillation-extraction techniques (Bassst & Gauch, 1993 Tunick,
2014; Wampler, 1'997).

Passive Extractions — Solid-Phase Microextraction,
Stir Bar Sorptive Extraction, and Headspace Sorptive

Extraction

SPME is 2 passive extraction technique, commonly osed for a
wide varicty of applications. SFME can be performed = direct-
SPME (DI-5PME), by exposing a phase—coated fber directly to
a liquid smmple for the detection of semi- and nomvolatile com-
pounds, or as HS-5PME by exposing a fiker in the headspace
for the detection of medium or highly woladle compounds
(lanusskiewice, Sahik, Azarnia, & Lee, 2008; Mallia, Fernand=z-
Garcma, & Bosset, 2005) (FHgare 4). HS-5PME & 2 pasive sxtrac-
tion method which has become very popular for the detection
of volatiles in cheese (Bertined et al., 20017; Condurso, Vere-
era, Romea, Ffano, & Conte, 2008; _'Iinu.uklc‘nw et al_, 2008;
Mondello et al., 2005; Yardsgrdda, ‘Wilkinson, O Sullivan, & Kil-
caw ey, 2014).

In H5-5PME, the coatsd fiber is exposed to the headspace above
2 sample in a sealed vial, withaut direct contact with the ample,
becauss the volatls compounds are in equilibrium between the
gz and liquid salid phases. The cheese mmple (grated or 2= a
shurryl in the vial is wually heated for a specified dme theadspace-
mturation time] to allow the volatles to mtorate the headspace.
Subssquently, 2 coated silica fiber is insented into the vial headspace
for a precise time (equilibrtions/extraction time), at a specific
temperature {equilbmtionextraoton temperature), to allow the
volatile compounds to be caprured by the polymer coating of the
fiber (Pawliszyn, 1997). The sampling s commanly performed
with a mbotic anteeampler, to reduce human error inherent in
the manual injection. After the sorption, the fiber is thermally
desarbed at a precise temperatare, and precondidoned at a higher
temperature before the next extraction, to awoid the carryover of
analytes ta the next analysis.

The type of fiher coating nsed for the extrzotion is the main
factor which influsnces the efhcency and discrimination of the
extrzction. & wide variety of fibers are available, and selection
and choice of fiber is critical (Mondello et al, 2005; Werkhodf,
Brennecke, Bretschneider, & Bertram, 2001; Spietelon, Pilhreeyk,
Kloskowski, & Mamiesnik, 2010). The fiber selection has o con-
sider the palarity and thickness of the coating, in relation o
the nature of the analytes of interest. The CARUTDMS fiber
i 2 common matrix wsed for cheese amalysis, and it & partic-
ulrly sensitive for the detection of highly woheile sulfor com-
pounds, sach as carbonyl sulfide, hydrogen sulfide, or methanethiol
(Lecanu ot al., 2002; Lestremau, Anderson, Desawriers, & Fanbo,
2003; Janosckiewice et al., 2008). In this double-phase fher, the
low-molecular-weight polarfapolar analytes are caprured by the
parous carbon strectare of the CAR hyer (Mondello et al., 2005).
Salam =t al. (301 7) optimized H5-SPME for valatiles from white-
brined Turkish cheess, comparing the eficiency of 2 different
fihers (DVBACAR/PDMS and CARSPINS] for the analysis of
10 key compounnds. CAR/PDMS fiber was the most suitable
fiher for the extraction of wolatile compounds in white-brined
cheese, aspecially for those analytes with low molecalar weight=
fisoamyl alcohol, sthyl lacate, and bubnoic acid). Mondells
et al. (2005) evaloated 5 differsnt fibers (IWVE/CARPIIMS,
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Figure 4-5olid-phase microextraction [direct and headspace) (4], headspace sorptive extraction (E), stir bar sorptive extraction {C], solid-phase
dymamic extraction [, and in-tube extraction (E), from Laaks, Jochmann, and 3chmide [2012]).
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S5—Optimization of HS-SPME for the is of cheese, from
?D:Eb etal [ 25L El.'tmd:innl:q:lili‘la]m the rrmg;':t-t-
polymeric fibers for the detection of 10 key compounds.

CAFPDMS, carhowax TV B, palyacrylate, and PIXMS), suggest-
ing that DVEACAR/PIIMS was the most efficient. with the high-
st extraction capahility for the detection of the analytes of goat
cheese (Fgpare 5). In the triple-phase fiber ([DVER/CARPIIMS),
the larger compounds {les volatile) are captared by the porows
DVEH, while the smaller volatles (highly wolatile) pas threugh
and are captured by the pomus carboxen layer. Howewer, the
double-phase CARSPIDMSE was efficient anly for the extraction
of lowe-maolecolar-weight polirdapalar analytes, with lieele affinity
for compounds with high molecolar weights. Also, Risticewic and
Pawhzryn (2013) analyzed the efficiency of different SPME fibers
on 3 mixture contining 2 wide mnge of volatility and polarity
compounds, confirming that DVBSCARSFIIMS was the most
sereitive fiber for aralytes with a molecolar weight <185 gfmol.
Murewwer, they studied the different interactions of specific ana-

2008 Insttute of Food T:dlm:l:lgish.'

292

bytes with the VB CARPIIMS fiber. Due to the limited surface
capadity of the SPME fiber, competition occurs betwesn the ama-
bytes for the adsorption sites, driven by their chemical charzcters-
tics fmalbecalar ndg}tmd.puhrjty:l and the distributbion constant.
{Kgh, which indicates the mtio of the distribution of the analyte
between the fiber coating and the mmple. The analytes at high
concentration, with higher Kj can deplace aralytes with smaller
K, thereby adverssly affecting the ahility to get 3 troe reflaction of
the volatle profile of the mmple. Risticevic and Pawlimom (2013)
reported that interanalyte displacement was very limited by the
uze of DVE/CARSPIMSE fiber, which mrely occurred only for
compaunds with small K.

The extraction conditions, such 2= headspace-sataration time,
extraction/equilibration  temperature,  extractionsequilshration
time, sampls wolome, and sample agitation, can be controlled
in relation o the matore of the smple, the analytes, and the
type of Aber coating used (Harmon, 2002; Spietehn, Kloskowski,
Chreanewski, & Mamiesnik, 2013). Mondello et al. (2005) opei-
mized the conditions of HE-SPME asociated with GC-FID and
302-MS5 for the analyss of & goat cheeses. They compared differ-
ent headpace-mtumtion times at the mme temperatare (G0 "),
suggesting 10 min as the aptimal dme. In general, low-moleoalar-
weight volatiles presented the highest peak areas after 5 min -
ration time, while high-molecubir-weight compounds required a
longer time (=10 min). Mondelo ot al (2005) also showed that
the optimal condstions were 60 *C for the extraction/equilibration
temperature and 50 min for the extracion/equilibmtion dme,
which were the conditions shown to have the highest wolatile 2x-
traction yields for both bve- and high-molecolar weight volatiles.
Burbank and Cfian (2005) optimized the conditions of HS-5PME
{with CAR/PDMS fiber), asociated with GC-pulsed flame pho-
tomeitric detactor, for the anabysis of sulfor compounds in Cheddar
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cheese. They compared different extraction/squilibration times at
the same temperature (50 ). The sulfur compounds detected
increased their response over the course of 2 b, kot 30 min was
chosen as 2 good compromise between sensitivity and mantime
efficiency for the instrament. Moreover, they compared different
extraction/equilibrtion temperstores at the same -aqu.ﬂlhnhnn
time {30 min). The presence of methanethicl,

and dimethylrealfide did not change hetween 30 and 70 °C
whilz methional was detected when the temperaure was above
50 *C, and dimethyl sulfone reached the maximum respanss at
55 " Therefore, 50 °C was indicated to be the optimal extrac-
tion/ equilibration temperatare. Salom et al. (2017) optimized the
conditions for GC-FII analysis of white-brined Turkish cheess,
for both fibers tested (DVEACARSTPIMS and CARVPIME)L
DWVE/CARSPIME fber presented an optimal pedformance with
an extraction/equilibration dme of B min at 548 ", whils
CARSPIME fiber showed most effective extraction after 85 min,
at 36.2 "

HE-5PME has been shown to be highly sensithve for the iden-
tification of low concentrations of odorows compounds such as
sulfur cm‘np-nnnds:in different varictes of cheess (Frank, (wen, &
Pattersaon, 2004). Lecarm et al. (2002) highlighted that H5-SPME
was maore senstive in detecting 2 wide mnge of volatile com-
pounds in surface-ripened chesse, which are important for odor
perception (methanethicod, carbon disulfide, dimethyl sulhde, ace-
tome, ethyl acetate, 2-butnone, and 3-methylbutanall, that wer=
not detected using varuom-distillation extraction, becanse of the
overlap with a solvent peak or loses during the extraction pro-
cedure. In the analyss of Parmigiano-Feggiano cheese, Bellesia
et al. (2003} compared H5-5FME with P&T, without noticing
any substantial difference i the recovery of volatiles from the
same zample, confirming the reliability of the 2 methods.

COrverall, SPME is an excellent technigue because of antomated
sampling, high sensitivity, and high throwghput, withouot the use of
extraction sohents (Harmon, 2002; Spistelun ot all, 2010, 2003).
The major dewhack of SPME is the bow entrapment capacity
of the fiker coating; however, new fbers with thicker coatings
have become available, incloding SPME Armmow technclosy that
ha= much greater capacity and thus sensitrvity than the original
fibers.

Another methad, successfully applied to food matrices, was
SHSE {Huang, (i, & Yuan, 2009: Ya & Hu, 2008). The princ-
ple of SBSE & hased on the sorpbon of volatile compounds in 2
sample (liquid or semi-liguid matrix), thmagh the wse of 2 mag-
netic stirrirg bar with a glss jacket, coated with a sorbent layer
{Figure 4). The stirring bar & in direct contact with the mmple o
allow the full sorption of compounds, and the sample is ypically
stirred for betwssn 30 and 240 min, depending on to the stre of
the stirring bar. Once the volatiles are adsorhed, the sirming bar
is rinsed in distilled water to remove nomeolatiles and thermally
desorhed similardy to T (Baltussen, Sandra, David, & Cramers,
19959 There are limited optiors for commercially available coat-
ings, such as FI3MS, ethylene glycol/siBecone, and palyacrylate.
Himaizver, newer technologies are now available to frmualate spe-
cial in-howse coatings made of orgnic polymers and modified
polymers (He, Chen, & Hu, 2014; Lancas, Cueime, Gross, &
Olivares, 2009 The fiber most ccunml:mjjr e for food anal-
y= is 2 PIDMS fiber. SHSE performed with 2 PIOMSE Aber was
wsed for analyring Havor compounds in fresh and cooked milk,
yomart, and cream chesse by Hoffmann and Heiden (2000}, os-
ing a polar column for the sepantion. In the analysis of cream
cheess, the compounds detected were mainly ketones, long—chain
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Fhas (Ce-Chel, lactones (§-decalactone, 8-dodecalactone], and
diethylphthalite. SESE is 2 valid technique due to the high adsorp-
tion capacity, the minimal risk of thermal degradation of wolatle
compoands, and hecanse the extraction does not require high tem-
peratures (Lancas et 2., 200%; Kilcawley, 201 7). However, SBSE is
nat without #s problems, with limited commercial avaikbibty of
coatings and the difficulty of automating soch a systemn {He et al,
2014). In addition, SBSE may be less suitable for the analy=ss of
cheese and dairy produces, as the high fat and protein contents
may interfere with the sxtraction process (Lican =t al., 2012).

HSSE represens 2 good altermative o SBSE, becanse it does
nisk come o direct contact with the :i.mph: [Licom et al., 2012},
HESE is 2 technique recently adopted for cheese analysis with
interesting resulis {Licon et al., 2012, 2015; Panseri et al., 2008).
In HISSE, the coated stirring har i placed in the headspace of 2
sealed vial containing the ample (Figure 4). The cheese ample i=
fnely grated or mixed with water, and the volatiles are sxtractsd
smilady to H5-SPME, whereby the cheese ample is heated and
stirred to ensare 3 uniform concentration of volatile compounds
hetween the gas and Bguid/solid phases. The tme of extraction is
longer than H5-SPME (usmally 1 to 4 bl due to the volame of the
coating material, to ensare maximam sorption of wolatiles by the
coating of the stirving bar {Licon et al., 2012; Panseri et al., 2006).
However, the entrapment capacity is sgnificantly higher than that
of the original SPME fikers, which increases the sensitivity of the
technique (Kilcawley, 20170, As in SBSE, after the sorption, the
magmetic stirring bar is thermally desarbed. & FI3MS sirring bar
of 1 o0 2 cm is preferred for cheese analysis (Licon et al, 2012,
2015; Panseri et al., 2008).

Licon et al. (2012) reparted good linsarity, recovery, precision,
and reproducihility of data when wing HSSE for cheese analysis.
This technique showed good recovery of ketones in sheep milk
dﬂj.l‘ld.lldﬂ"l’j‘ﬂhﬂ in Ritto cheese (Licon ot al, 2012; Panseri
et al., 200E).

Drynamic Extractions — Purge and Trap, Thermal
Desorption, Solid-Phase Dynamic Extraction, and
In-Tube Extraction

In d::rnm:li: methods, such as P& T, TIL SPDE, and [TEX, the
cheese sample is heated, and the volatile compounds are continu-
ously removed and concentrmated in 2 cold tap, or adsorhed onto
an inert support before injection anto the GO cpillary column.

T} is a comman tachnique which has been wsed to differenti-
ate the flavor compounds in different varieties of cheese (Lawlor,
Delhunty, Wilkinson, & Shechan, 2002; Valern et al, 2001;
Villasefior, Valern, Sane, & Martiner Castro, 2000). Lawlor et al.
(2002 wsed the TI) technique for hard cheese types, much as
Appenzeller, Dubliner, Fmmentl, Gabriel, Groyere, C0d Ams-
terdam, Raclette, and Téte de Maoine. In TI), the dheese :a.rnph:
i heated in 2 mmpling chamber to 2 desired t=mpersture to re-
leaxe the vohitle compounds. Using an inert carrier gas (helium
or nitmagen), the stripped wolatile compounds are mansfermed and
trapped ima TID tobe made of adsorhent trpping material, usuwally
with low water affimity {such as Tenax TA) (Fignre &), Subss-
quenthy, the T13 whe i purged to ensure that water is removed
mdmﬂtmaﬂyd-_m‘bedm transfer the vnlal:i]tnm‘lpunncl:tu
a cooled trap and finally to the GC inlet by a flow of purging gas
thelivm ar nlb'ng:n} Walero, Miranda, Sane, & Martinez-Castro,
19970, A wide mnge of dhsorbent and adsorhent trapping ma-
terials is available for the T twhe, hased on the nature of the
anabytes. T12 is an efficient technigue, and the data obtained from
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Figure &-Funge and trap {F) and thermal desorption (&) apparatus.

this extraction are very representative, becass a large amount of
sample is analyred due to the lirge loading capacity of the sampling
chamkber.

PaT is another dynamic extraction method commonly wsed
in the determination of volatle compounds in chesse. PacT i 2
good techmique for the detection of highly wolatle compoands
with lower boikng poinis, such as deoholic compoonds (Malka
ot al., 3005; Thom=en ot al., 2014). Boset and Gasch (1993) used
the P&T method to analyee different chesse varisties, soch as
Parmigiana, Mahon, Fontina, Comte, Beaufort, and Appenzeller,
with numerous compounds detected, especially alochals. There
was a predominance of alcohols among the compounds detected
when volatile analysis of Spanih sheep milk cheese was pedformed
with PaT Ii'l;cm.a'rﬂc-?aﬂmia. Carhanell, Gaya, & Nuner, 2004;
Barrom et al., 2007; Gomes-Fouge, Ballesteros, Vifias, Caberas, &
Maritner-Casiro, 20035, Using the P&T t.nchniquc. the chess
mmple is wually homogenized with water, placed in 2 U-shaped
glas sparger and heated. Subesquently an inert gas {nitrogen o
helium)} is purged thmugh the sample to tansfer the volatile com-
poands to an inert support of tapping material, which & thermally
desorbed and concentrated once agin in a cold map (oyofecasing)
before injection onto the GC-colomn (Fguee 6) (Bellr, Liche-
enberg, & Kroner, 1974). A wide range of rapping materiak &
available for ths technique. P&T is a solvent-free and officent
technigue, sspecially for the detection of highly walatile com-
p-nnnd.s Mallia =t al_, 2005).

Hirwewer, the high kevels of moisturs in some types of chess
«can interfere with P&T and 112 extractions, and even damage the
M5-detector (Pillonel, Bosset, & Tabacchi, 2002). The moisture
in the cheese samples can cause condenmtion in the TT» tobes
impeding the good desorption of volatiles, while in P&T the
maztare can be purged from the ample to the rap, and imjected
oni the GC colomn, contributing to the production of artifacts
(Kilcawley, 2017 Valero et al., 1997}, Mowadays, numerows strate-
gies are available to eliminate the moisture in the desorption pro-
cess in cheese analysis. For example, before desorption, the salid
trap can be fiushed with an inert dry gas o remaosve part of the wa-
ter fdry purge techniquoe) (Canac-Arteaga, Viallon, & Berlague,
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15493). Anather soluton & to install a cold-water rap fcondenser
at ~—10 (7} kemted before the tap to condense the residuoal
water from the mmple (condensation tachnigue) (Canac-Arteam,
Viallon, & Berfagwee, 1099k Other approaches inclode mixing
a hygroscapic sakt {sech as sodivm sulfate, sodiom chloride, or
polassiom carborate) with the ample (Canac-Arteaga, Begnand,
Viallon, & Berdagué, 2000 Valers et al., 1997; Vilk=fior et al.,
20040), or placement of 2 cartridge with 2 hygroscopic salt fsach
as sodium carbonate, magnesium sulfate, or calcium chlorids) in
front of the map to eliminate water (Cuillot, Fernandez, & Le
Cloirec, 20000. A drying tube made of permeable material =sach
as Mafion has abo been used to facibaie diffusion and to remoee
water from the sample (Pankow, 1991). Despite warious stategies
being adopted, these methods are not totally efficient due to partial
remonval of mostare andfor the loses of analytes (Pillonel et al.,
2007). Mare modern systems contain built-in maisture contml
units, but moisture muost =il ke maraged for the =fectiveness of
thase technigques.

SPIE is another dynamic technigque that is now becoming com-
monly wsed (Bicchi et al., 2004; Gamem, Weselink, & de Jong,
2013). The innovative l.edmcﬂuﬂ' of SPDE imeolves 2 steel needle
coated internally with a sorbent material, which extracts wolatiles
from the headspace. The needle is inserted mside the ample vial,
and the planger of the syringe is moved up and down several times
to draw the volatiles inside the needle. Subssquently, the wolatiles
are thermally desorbed and 2 purging gas (helium or nitrogen)
pazzes throogh the syringe with a direct injection onto the GO
calumn (Lipinski, 2001) (Faure 4). Depending on the nature of
the analytes, different nesdles, coated with varions sorbent ma-
terials, are commencially availsble. To maximize the recovery of
SPI3E, the choice of coating materials and extraction conditions
are fundamental. In favor research, the moest commaon sorbent ma-
terial wsed for the SPIDE needles are PIXMS and CARSPOMS.
During smamphing, the major factors influencing the end result of
SPIIE are the mampling temperatore and the mumber of extmac-
tion strokes, while the fow ratz of the drw and eject steps were
found not to be critical (Kamphoff, Thiele, & Kure, 2007; Van
Durme et al., 2007). For the analysis of volatiles in roasted coffze,
Bicchi et al. (2004) compared SPDE to H5-5PME, maintaining
the mme extraction conditions .mn:lu:ppingm.i.:nal (PIOMS) for
both techniques. SPDE resulted in higher concentration factors,
compared to H5-SPME for almost all amalytes detect=d. Bicchi
et al. (2004) supgested that the difference beteeen the two meth-
ods was due to the fact that the extraction volume of the coating
material of the nesdle in SPDE was higher than the vwolume of
coating, fiker of HE-5PME. However, disimilar remls were re-
ported by Gamero et al. (2013), who stated that H5-SPDE {with
PIXMS active carbon needle) had the least sensitivity, compared.
to H5-5PME (with DVE/CARPDMS fber), DI-SPME (with
IWVEACARPIIMSE fiber), and SBSE {with FI?MS bar coating) for
the analysis of volatiles in wine. The resulis presented in this stody
are not directly comparable, because different adsorbent material
and extraction times were s=lscted to compars different extraction
technigues. (hverall, in thess stodies, the efficiency of H5-5FDE
was warizhle, and this extraction methed shoald ke further svalu-
ated o understand s full potential in #avor anabysis.

ITEX isa technique wery similar to SPDE. It consists of 2 nnigoe
setup of 2 needle, 2 microtrap made of sorbent material, and a
headspace syringe surrounded by an external heater (Figune 4).
During extraction, the sample is heatsd under controlled condi-
vial. Similarly to SPIE, the planger of the syringe is moved up
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and down several times, o drew and concentrate the volatiles dy-
namically into the microtap. The analytes are thermally desorbed
in the GC injector with 2 purging gas (helum ar nitrogen) which
flows thromgh the syringe. Different coating materials are available
for different analytes. As with SPIDE, the number of extraction
strokes performed during the sorption step, is the most important
parameter influencing the resabis (Lazks, Jochmann, Schilling, &
Schmidt, 2013).

Together with the other dynamic extractions, SPDVE and ITEX
use large adsorption wolomes and these technigues can be sas-
ity automated using a mbotic antomamphing system. Moreover, in
SPDE and ITEX, the desorption step can be directly
onto the injection port of the GO column. To date, very linle
research has been publzhed on the wse of ITEX or SPDE in food

arualysis.

Effect of salt and pH on the headspace extraction

The sample preparation, throogh the modification of pH levels
or salt content can influsnce the yield of extraction of volitles
in the headspace. The practice of adding sakt to the sample, or
"n]l:i.ng ouwt,” s considered an officient and bow -—cost method o
increase the extraction rate of certain analytes. The added salt dis-
sociates to s ions, reducing the solobility of specific analytes and
fomces these to move into the headspace. “Salting-out”™ Gciliates
the extraction of more pobir and bvew-molecolar-weight analytes,
but it is not effective for high-molecular-weight analytes, which
could adhere o the glas vial (Shirey, 2000). The most commoaonky
wsed =it is sadium chloride, even though recent sodies have high-
lighted new applicatons usng bivalent or muoltivalent salbts (Fiorini,
Pacetti, Gabbianelli, Gabrielli, & Ballini, 2013; Pinha, Ferreira, 2
Ferreire, 2002). This techrigue showed positive effects on the ex-
traction of sopropylamine, sopropana] (Shirey, 2000, carboocylic
acids (Harman, 2002; Fiorini et al., 2015), phenals (Buchhalz &
Pawliszyn, 1994), aromatic bydrocarbons [[Djoean & Asadi, 1997),
terpenoids (Carcia, Magraghi, Reichenbdcher, & Danzer, 1996,
amines (Miiller, Fattore, & Benfenati, 1297), and Maillard reaction
prodocts (Coleman, 1996). Some adjostments may greatly infla-
ence the "n]l:i:lg—-unt" effect, as the h:ﬂdspﬂcc valome has o be
kept as small as posible to increase the concentration of analytes.
Also, stirring of the ample was observed to influence the extrac-
tion rate of specific analytes. The extraction/ equilibration time
of le= volatile compounds was rduced by stirring, while having
only 2 minimal effect on highly volatle compoands (Boechhol: 8
Pawliszyn, 1954; Pillonel et all, 2003).

Murewwer, variation in pH can influsnce the extraction rate of
specific analytes in the headspace, particulacly those weakly acidsc
or basic compounds, such s amines and phenols, which should
ke maintzined in an undimociated form (Spietehn et al., 2003)
The maodification of pH facilitates the dimociation of the polar
aralytes, which become more easily extractable. Compounds with
lowar R (acid disociation corstant) are dissociated at acidic pH,
while compoonds with high pkG (basic disociation constant) are
dissociated at alkaline pH. As expected, Shirey (2000) showed that
acetic acid was hest extractsd at pH 2, whil: isopropylamine and
propionitrile were best extracted at pH 11. In this stody, it was
not anticipated that the pH would have an efect on the extraction
of nonpolar compounds: however, isopropanol and acetone wers
muore efhciently extracted at high pH levels

The modification pH and “mltng out™ are bao methods rec-
ommended cnly for headspace extractions. In a direct Immersion
extraction, the adsarbent coating materizl canmot be resistant to
strong alkaline/ acidic pH, or at high salt concentration {Spietelun
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et al., 2013). Prior to performing thess techmigues, it is recom-
miendad that 2 sample be completely homogenized with the salt-
ing agent, or with the basic/acidic solution, to ensune that the bt
concentrztion, ar the pH level, is uniform inside the matrix. Gen-
erally, in the analysis of cheese flavor, it s not a common practice
ter add salt, or masdify pH, becanss there is no nesd to increase the
extraction rate of certain chemical clases nontirgeted-analysis).
However, acidification and the “salting oot™ effect are procedures
uzed in the argsted-analyss of FRAs of cheess (Forini =t al,
2015; Gonzalez-Cordova, & Vallsjo-Cordoba, 2001 ; Pinho et al,
2002). Feecently, Fiorini et al. 2015) analyzed the volatle FFAs of
cheess with HE-5PME (with 2 IWE/ACARSPIME), showing that
the wse of 2 mixtore of multhalent sl (NH 500, MNalH POy,
:ijnprmud the extraction of the shori~chain FFAs (carbon chain
lengthe =3, while the monovalent salt MaC2l performed better for
the medium-—chain FFAs (C8 o C10).

Gas chromatography

In Aavor research, GO is the most commonly used analytical
methodalogy to sepamate and identify volatile compounds. GO
technigques use 2 mohile phase, which i an inert carrier gas fsuch
as heliom, hydrogen, nitrogen, or argon) to carry the extractsd
volatile compounds through 3 GO column. In volatile analbysis,
G colomns are heated inan oven following a s=t temperstore
program. The maost wolatile compoonds ehote forst, and osmlly
within the frst 30 min; subssquently the colomn is heated to just
helow is maximom temperature to remove any volatle or lower
volatile components, =0 that the column & unconaminated for the
next sample. Inside the GO column, the volatile compounds form
weak electmsiatic interactions with the sationary phase, based on
the palarity of the compoands. The polarity of the stationary
phase varies, wually depending on the analytes to he sepamated.
Irepending on the analyte volatility and degree of interaction with
the sttionary phase, the analytes elute from the colomn at different
=t times, during a fixed or isothermal tempersture mmp. The
volutile compounds are subsequently identified wsing a spedific
detector.

The factors which influence the performance of 2 GO sys-
temn are inlet liners, oype of injection {on-column, split, or sphit-
1:5]. ype af colamn [ﬂ:ﬂ:mury phnn:. |c|13|]1, -rli.u'uct.nr. or thick-
mes), carrier gas (ow rate, premure), and oven temperatare (os-
ing cryotraps, ramping rates) (Kilcawley, 2017). The selection
of the GC column is the most influential factor for the detec-
tion of the compounds (Imhof & Boaset, 1994). In the past, the
analyses were performed on cheese wing a packed GO colamn
fument et al., 19742; Groux & Moinas, 1974), but fused sil-
ica apen mbubr capillary columrs have become universally nsed:
they have 2 much longer sationary phase, and thus offer hetter
separation potential. GO capillary columns can bave polar station-
ary phases fsuch as polyethyleneghycol, or nitmterephthabic-acsd
miodified polysthyleneglycod), reulting in very efficient separa-
tion of polar compounds such as acids and some alcobols, AL
terratively, columns can have nonpolar stationary phases (such
as PIXMS, phenyl-methylpolysikoane), for the separation of com-
pounds with low polarity such as aldehydes, ketones, esters, amines
hydrocathans, and phenals. Monpolar columes tend to be much
mumnablcihanpdarcn]umm. Huwwever, in recent years, calumns
with intermediate stationary phases (phenyl-methylpalysiloxane,
cyanopropylphenyl-methylpolysloxans, or cpnopropylphenyl-
dimethylpolysikoxane) are becoming more widely used, 2 they
are maore suitable for the detection of 3 wider mnge of palar and
nonpolar volatile compounds.
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Figure 7-Two-dimensional gas chromatography systess (GC x GC).

Imhof and Bosset {1994} compared different sationary phases
for the GO analysis of volitiles of Swiss Emmental cheese. They
stated that a GO capillary colamn, coated with 2 4-pgem layer of
100%: PIOMS, had a hetter resolotion, higher loading capacity,
and higher number of volatiles detected than colomns made of
pudyethyleneglyool and maodihed PIDME columns.

Hewewver, in a food matrix sech as chesse both polar and non-
polar compaurnds are present in considerable amounts; there-
fore it & adwntgeons o carry out the amlysis with GC
columns of differsnt polarities or through 2 two-dimensional GO
sysbem.

Two-dimensional gas chromatography

In many cases cme-dimersioml GO cannot effectively separate
co-ehiting compounds. However, depending on the nature of the
co-chiting compounnds, these can still be dentified and quantthed
successfully using adwanced dat processing deconvalation soft-
ware, However, sometimes multiple compounds, or sructurlly
very simiblr compounds, may co-elute, making identification and
guantification mare difficult or even impossible. Two-dimensional
G GC =G & a powerful gas chromatographic technique that
was developed to imprwe sepamation of co—sloting compounds n
complex sample matrices. In GG technology, the offhoent
passes thromgh a2 fist G column and is then entirely fcompre-
hersive G GC) ar partially fheart-cotting (G0 = GC) transferred
thmugh a thermal, ar How moduhtor, to 2 sscond GC column,
wually shorter and with a different polarity, and at the end reaches
the detector (Figare 7). The sensitivity of the (GO =G0 systems
is wery high, because the wolitiles which come fom the fimt col-
wmn are wsumally cryofocused in a trap and then mleased in the
second G colomn in 2 narrow band, genemating a sharper signal
ﬂ(ill::wl:j DT, Ciam, Burbank, & Wang, 2007, The two GC
columns, with different stationary phases, work independently and
with different temperature settings, and thos have different inter-
actions with the volatile compounds. The second colomn may also
b et up in 2 separate calumn oven to provide more independent
contral of the temperatare settings. Usually the Ars GO column =
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selected to separate the compoumnds in relation to volatlity, whale
the second GC colomn is used for the sepamation based mainly an
differences in polarity for hydmogen bonding with the stationary
phass)] (QRan et al, 2007; Pursch et 2l., 2002). The dat from each
07 column can be combined to have a resulant 2-dimensional
chromatogram. In favor analysis GO = GO & now widely applied
to different food matrices, such 2= wine, fruit, coffes, and ot
(g et al, 2014; Manzana, [Nego, & Bernal, MNozal, & Berral,
2014; Mommers, Pluimakers, Knoaren, Dutriez, & van der Wal,
201 3; Samykanno, Pang, & Marriott, 301 3). GO =GO can be used.
with Sngle quadrupole mass spectrometry, but it & posibly best
unsad with ime-of-flight mas spectrometry as the acquiition rate
is aften higher thus providing more sensitivity.

Up to now, anly 2 limitsd rumber of studies have been car-
ried ot using GO =G for cheess analyss. For the detection of
the volatiles af Cheddar cheese, Arora, Cormier, and Lee {1905)
msed 3 GO G0 system, wsing 2 nonpolar column, followed by
a p-n-lu' column, with 2 P&T exiracton. whils Gogus, Oxel, and
Lewis (2006) selected 2 nonpalar column followed by 2 column
of intermediate polarity, wing a T1) extraction. This technology
increasad the separation and identification power of the analyss of
vodatile components in cheese. It & clear that GO =G0 has better
sensitivity than those technologies with a single colamn. It is to
be expected that GO =G will be more widely applied o dairy
products in the future to imprwve their favor characteriation.

Detection systems

After GC column ssparation it is necesary to kentify and quan-
tify the volatile compounds. The datection systems usad are muol-
tipls and sophisticated and the selsction of the correct technology
depends on the product being analyred and the rangs of analytes
of interest. The detectors most commonly used in dairy research
for the idsntihcation and quantifcation are: the mas metry
S detector, Hame ionation detectar (FIDY, Aame phntnmctrjc
detector (FPIY, and palsed fame photometric detsctor (PEPI).
It is aka passible to pedform an olfaoory analyss with the human
nase, which is called GC-alfactometry (G-,
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Flame ignization and flame detectors

In the past, flame ionization detectors (FIDs) were most fre-
gquently u=ed for the detection of wolatiles in food, bat they now
have been surpased by MS detectors. FIIDs have been the mast
commanly used detectors in GO analysis and are very popular for
the detection of Hawr compounds in chesse (Bergamini, Wolf,
Perotti, & Falarar, 2010; Perabta et al., 2004; Wolf, Peralta, Candi-
ob, & Perotti, 2HE). In FII, the colimn efluent & combusted by
an zir-hydmgen flame, cavsing ionizztion of compounds and pro-
ducing a current which is detected and comverted to 2 signal. FIDs
are widely wsed due o low cost, long-term rehahilicy, and wni-
versml applicability for compounds with carbon-hydrogen bonds
in their chemical strocture (Marizca, & Boset, 1997; Rahman,
ELAty, & Shim, 2015).

A FPI} or PFPD & characterzeed by the combuastion of com-
pounds which produce 2 flame emision passing across a photomul-
tiplier windowe Thereafier, the flame smimion of 2ach compoand
can be electronically separated and elaborated a5 2 sgnal. In the
PFPTY, the Hi.ming process is nok continmoas, ard some classes of
sulfur- or phosphores—contzining compounds are separated be-
cumee they have a delay i the flame emismion. Thes: classes of
compounds produce 2 fame emision abko during the post-palsed
fame time, due to lower chemical bond snergies. For this reason,
a PFPIY has more selectivity and sensitivity for sulfor, phosphorus,
and nitrogen than 2 FPID, where the flaming &= continuoos. The
PFPLY is of low cost, easy to wse, and highly selective for sulfur- or
phosphornes-contining compounds. The main advantage aof the
PFFI2 for dairy products is that it i very sensitive for the detection
of sulfur Dnmpunrﬂ:, which are major conbributors to the stromg
favor associated with many cheese warietes, especially surface-
r.ip-crmd. cheeses umg & Amirav, 1998; Mariaca & Baosset, 1997).
For this reason, this datector is used for studies mainly focosed on
the detection of walatile sulfur compounds (O Brien et al., 2017;
Parliment, Kolor, & Riren, 1982). Barbank and Cian (3005] opti-
mired HE-SPME with CARFIMS fiber, amociated with FFPD,
to investigate the wolatile sulfor compounds of Cheddar cheese.
Burbank and (Qian (2003} found a predominance of cerain types
of compounds such as dimethyl salfide, methanethiol and hydro-
gen sulbde when analyzing Cheddar cheese at varioos stages of

matuTity.

M5 detectors

The principle of M3 & based on the ionization of 2 malscule
and the resolotion of the jonized maolscule based on mas-to-
charge (m/%) mtios in an electmstatic feld (Crofsant, Watson,
# Drake, 200100, Fvery sample analyzed with GOMS prodoces a
total ion chromatogram which then has to be analyzed and in-
terpreted. It is important to have a good-quality chromatogrm
to faciliate the identification of all volatle compounds inside
the mmple fnontargeted-analyss). However, the meaaling chro-
matcgram may present a complex background which can inter-
fere with the analysis. Specific software is pow used to deconvo-
late the chromatogram o eliminate background (noise). During
the chrmmatographic anabyss sach peak is ientified by compar-
ing the mas specta to commercial or internally developed k-
braries in order to identify every peak with a specific compound.
It is also pﬂEiHI: to caboalaie the “linear retention index™ (LRI),
based on metention time in comparson to 2 ==t of specific stan-
dards to aid mample identification. The LRI of each compoand
amalyred i compared with data in an internal orfand external
datzbase to confirm the identihcation. In the case of Eothermal
amalysis (constant oven temperatare thmughouot the GO run), the
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LR could be calculated according with Kovas (1965), 2= shown
elow:

bogip g — loginy

LRIs= 100N + 100
log taye,n — lom tarng

when a temperatare program & apphied to the GO anabysis theating
the oven at a contmdled rate throwghow the GO mun) the TR
is calculated acconding with Van den Dool and K (1963) as
follows:

I — I
LEIi= 100N+ 10024 — BN
Epipeny — dmmy

where LRIy & the linsar retention index of compoand A,

is the retention time of compound A, tppg. and gy, g s
retention time of the alkane with carbon rumber Nmi N1,
respectively. W is the carbon mumber of the alkane which ehotes
carlier than the compound analyred. For the detection of specific
analytes {argeted-aralysis) the we of sandards, which indicate the
compoands to identify, &5 2 more practical method.

The quantihcation of the spectra & pedformed by calculating
the peak area in the chromatogram for each compoond identi-
fed. Different software packages are commemncially available for
decamvoletion, idemtibcation, and quantihcation.

The most commonly used M% detectors are quadrupole mass
analyzrers wherety an electric feld is produced by applying a voli-
age across 4 hyperbobic rods. Fach adjacent rod has the opposite
charge compared o its nearest counterpart. When D valtage is
applied and the woliage Spns are mpidly reversad, varying electri-
cal fields are produced, enabling ions with specific mas-to-charge
mtios to pass (Fahman et al, 20135).

M5 detectar systems can be used in full-scan mode (total fon
current, TIC) to identify compounds viz their fragmentaton pr-
file, comparing the masm spectra to 2 libary which allows the
identification of the compounds in relation to the Smilarity with
reference spectra. Ahernatively, M5 detectors can be used in s
lected ion storage 815} or selected 3on MO MmLOTInG SIM) maode
ter detect only a small rumber of jons and quantify specific com-
pounds with high selectivity arnd sensitivity (Mariaca 8 Hossat,
1997).

Beecently, triple gquadropole (Qq0)) mas spectrometers have
been used for confirmatory analysis. This detector is composad by
2 mass filter quadrupales separated by 2 collEion mas quadrupals
ffragmentator). Diespite its high eficiency, this bype of M5 detsoor
is mot commonly emphoyped for cheese analysis due o the low
mass of volatile compounds in cheese which woald he further
fragmented with Qqi) (Kilcawley, 2047). Howewer, a Gme-af-
flight {TOF) detector has been used in assocation with GO xGC
in Cheddar cheese (Gome et al., 2006). The detector & based
on an ion'’s charge-to-mass ratio wersus tme. &n electrical feld of
kncwn strength is used to accelerats jons, lors of the ame charge
fequal kinetic enerpy) are accelemated thmugh this elecrical feld
at the same mte. The velocity of the ion depends on it mass-to-
charge mtin. By calculating the length of time it has taken for an
ion to reach the detector at 3 known distance, the mas-—to-charge
mati of the luncmbcmmh:dﬂmn'iﬂpmﬁcl:shmdn|mr
speeds) (Rahman ot al., 2015). The high cost of this technology
is the main resson why TOF MS has not been as widsely osed as
quadrupale M5 in chesse Haor reseanch,
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Figure B-Gas chromartegraphy olfactory system [GCAD), from Kilcawley {2017).

Gas chromatography olfactometry

I this technique the homan nose is used a5 3 detector. A miffing
port & connectsd directly to the end of the GC colomn and used to
perform contimuous olfactory anabysss by an indmvadoal(s). With -
spect to cheese and food in general, not all wolatiles, sven if present
in high quantities, affect the favar profile, whils others detected
in small quantities can be extremely significant (17" Acampora
Fellmer et al, 2008; Delahonty, Eyres, & Duafour, 2006). Through
the -0 pechnigue it is posible to discriminate between odor-
active and nonodor-active compounds and report the duration
and the intensity of the cormesponding odor activity. Moreowver,
G0 enables the association of an odor-actve compoand with
an individmal sensory descriptor for aroma characterization.

Im G0, experienced asesmors sniff the affluent of the cobamn

tar detect the presence of odor-active compounds wis 2 specibcally
desigmed odor port (Figare B). The eflusnt of the colomn is spht
into 2 portions; one goes to the GO port and the other one w
2 detector (onally M5 ar FID); in this way it is possshle o relate
the odors niffed at the G- port with the volatile compoands
identified by the detector at the same time. Different methadolo-
gies varying in complexity ar= available to interpret data obtained
by G300 In the detection frequency™ method, the compoands
detected more frequently by a2 panel of asemors are considered the
must relevant and the corresponding odor durations are measumed.
Thus, it is possible to build an aromagram where the breadth of
the peaks is related to the odor duration, while the height i re-
lated o the rumber of odor detections. In other methods called
“dilution to threshald”, sach as “amoma extraction dilution anaky-
sis” (AEIM) and CharmAnalysis™ the sample i diluted fusnally
by a factor of 2 to 3) to reach the odor threshold of the com-
poands in air. In AEDA, it & not necesary to register the odor
duration ar the intensity, as it only considers the presence of odor-
active compounds at different dilutions. Thus, AEIM measures
the maximum dilstion at which it is =ill possble to perceive an
odor-zotive compound, and this value & called the “Havor dihstion
factor”. With CharmAnalysis™, the Charm wlue is calculated for
each odor-active compound through an algorithm. Thas algorithm
consders the dilution factor, the rumber of coincident odor re-
spamses detected at 3 Single retention ndex, and the odor durtion
(¥ Acampora Fellner et al, 2008; Delahuoniy =t al., 2006).
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Anather method called “direct intersity”™ & used to dassfy the
imtensity of the odor-active compounds using a scale of messure-
menit. The dat are ehborated in an ammagram taking into zcoount:
the intensity and duration of the odars perceived (Delabunty et al.,

DOHG).

G0 has heen widely appliad to different warieties of cheese
enabling the association between volatile compounds and aroma
notes (Fochsnann, Stern, Briigger, & Breme, 2015; Thomsen
et al, 2012; Fahaleta et al, 30046). However, GC-0 was abo
recently ussd together with GO = GC. The combination of GC-
0 with G xGC-TOF considerably increased the sdentification
of odor-active compounds in different food matrices (Cordera,
Kicfl, Schicberle, Rzichenbach, & Bicchi, 2013).

Velatiles in surface-nipened chesse

The right ==lection of the techrigues and analytical tools for the
extraction and separation of volatile compoands is important for
the flavor chamacterization of the varioas cheese types, mcluding
surface-ripened chese. Surface-ripened cheeses belong to the cat-
egory of rennet-coagulated cheese, and are 2 very heterogeneas
group. They can be soft (uch 2x Miinster or Munster and Fueblo-
chom), semi-hard (Tilsat, brick, Fort Salat, Livarot, and Limburger)
ar hard (Gruyers and Comts), with a variable pericd of ripening
{Cogan et al., 2004; Fox et al., 2001 7Th; Mourer et al, 2017

The sensory properties of sorface-ripened cheese are very vari-
ahle and hawe hesn described nsing a myriad of descriptive terms
including wily, mncid (Chaomes), pepper ondertones (Appen-
zeller), and pangent, slage, and sweatyfsour odor with a rncid,
mushroom, aily, smoky, slage, bitter, and barnt afier—taste (Tée de
Moine and Raclette) (Lawlor & Delahunty, 2000; Lawlor et al.,
2007). In an in-depth analyss of 152 European cheeses, Kop-
pel and Chambers 213 defined the general aroma profiles of
surface-ripened cheese, soft and semi-hand, 25 musty, moldy, sour,
sa]l::.t. and |:-1.Ll:t-|:|-_|.'.

Ewen if flavor sudies on saface-ripened cheese are Bmited, dai-
ferent extraction techniques and smtonary phases wene wmed for
the volatile analysis of several surface-ripensd cheeses, thus influ-
encing their volatile prafiles (Figure 9), and the valatile compounds
most commanly identified were mainly aldebydes, alcohols,
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Figure 9—Percentages of volatile compomnds detected in different surface-ripened cheese varieties.

carbomylic acids, methyl kstones, sthyl esters, sulfor compounds,
and ammatic hydrocarbons (Takl 2]

Aldehydes hawe mainly been identifisd in some Swis and
French sorface-ripened cheeses [lable 20, Hexamal and 3-
methylbunal were the aldzhydes most commaonly detected
Hexaral &5 charcterived by green, dightly froity, lemon, and
herhal notes, while 3-methylbatanal is related to malty, poswerfal,
cheess, green, and datk—chocolate notes (Curiond & Boset, 2002;
Kilcawley, 2017; Thansen et al,, 2012}, Berealdebyde was abo
frequently datected, and it was wsaally associated with hitter al-
mond and sweet cherry Havors (Singh et al., 2003; Smit et al.,
305). In sarface-ripened cheese, aldehydes were detected in
high percentage uwsing nonpalar/medivm-polar stationary phase
G, especially with T and P&T extractions (Bonaid, Idinger,
Spinnler, & FEngel, 2005; Lawlor et al, 2002; Valem et al., 200100

Generally in murface-ripened chesse, akcohols are the volatile
compounds detected in highest numbers, when compared with
other clases of compounds {Table 2). The primary alcohols maostly
detected were ethanal {dry dust, alcohol notes), 1-propanc] feweet
and wine-Eke notes), and 3-methylbutanal (fresh cheese, breath-
taking, alcoholic, fruiny, grainy, and solvent-like notes), while the
mast common mcm'id.ir}'ﬂ:nhnj sdentified was 2-butanol (raest,
fruity fisel oil, and wine-ltke) (Kilcawley, 2017). In surface-
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ripened chese 2 high percentage of aleohols were identified, wsing
intermediate stationary phase, mainly with vacoam-distillition and
F&T extractions (Bomet & Gawsch, 1993; Dumont et al., 1974a,
1974b) (Figure 5.

Carbonylc acids, sach 2= butanoic, 2-methylbanoic, hexanoic,
and octanic acid, have not been frequently identified n surface-
ripened chese (Table 2], hecawse the GO columrs nsed for wolatile
compoand datection are wmally nonpalar columns, which are le=
=aitable for polar compounds (Croisant et al., 2011). Maoreower,
at the pH levels of surface-ripened cheese (pH ~ &), carboacylic
acids are present as nonvolatle sals, thereby reducing their fAavor
impact (Singh et al., 2003), When idemifed in surface-ripensd
cheese types, carboxylic acids (Table 2) had strong and onpleas-
ant odors, described a5 sweaty, rancid, and cheesy (Kilcawley,
201 7). As expectsd, in suface—ripened chese the nse of medinm-
pabar/palar stationary phases greatly influenced the detection of
carboxylic acids, which were extracted with various technigues
T and HS-SPME] fFachsmann et al., 2015; Valero et al., 2001)
(Figare 9).

Some methyl ketones, such as 2-butanone, 2-pentanome, 2-
nonanens, and 2-heptanone, have commonly been ddentifisd
in 3 wide range of suface-ripened cheese varisties (Table 2.
Sweet, ether-like, dightly nauseating notes were asociated with 2-
haknone; orange peel, swest, and froity notes, with 2-pentanone;
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Table 2-Principal wolatile compounds most frequently detected in surface-ripened cheese warieties, and related extraction techmiques utilized, namely

vacuum-distillation, DHS

trap], and 5DE |simultaneous distillation-extraction)

ic headspace extraction), TD [thermal desorption], H5-SPME [hesdspace solid-phase microextraction ), PAT [purge and

Compounds Surface-ripened cheess [Extraction technique References
Butanaic acd Limburge:; Crauses, Tt Vacuum-distillation; DHS; TO; Paslimest et al, 1982 Valero et al, 2001;
= HESFME e smann etal, 2015
I-Methylbutanoic Limburger; Livarat; Tilsit Yacuum-distillation; PET; Pasliment et al, 19E2; Borait =t 2l 7005
acid HESPME Fuchsmann et al, 2005
Hexanoic acid Limburger; Chammes; Tiksit Vacuum-distillatson; DHE TO; Pasliment et al, 19B2; Valero et al, 2007;
HESPME Fuchsmann etal, 2005
Dctamca: acd Limburger; Chammes; Tiksit Wacuum-distillatson; DHS; Pasliment et al, 1982; Valero et al, 2001;
SDE; TD; H5-SPME Fuchsmann et al, 2005
I-Methylbutanal Combé; Beaufort; Appenzeller; Chaumes; P&T; I}IS.TD; H5-SPMIE Bosset and Gauch 1993; Valero et al, 2001;
Til=it Fuchsmann et al, 2005
Hesanal Comté; Chaumes; Appenzeller; Rachette; Téte  Wacuum-distillation; SDE; TD Conchoed =t 2l V987 Waleso ot 2l 7000 ; Lawdor
ine wtal, 700
Banmldetyde Comté; Raclette; TEtede Maine: Livarot Tilst Macuum-distillation; PET: TD;  Guichaed =t al, 1987 Bosset and Gauch 1983;
HE-5FME Lrwlor et al, 2003; Bomaiti tal, 2005;
Fuchsmann :1.al. 015
1-Eutanone Wachesin; Maroilles; Livarot; Font FEveque; Wacuum-distillation; PET; TO: ~ Ceouxand -:rﬂm:'IBTﬂ-; Dumaont etal, 19743;
Comté; Besefort; ller; Baclette; HE-SPME Bomet and Gauch 1293; Lawior etal, 2002;
Téte de Maine: Tilsn Fuchsmann etal, 2005
2-Fentanane Wachesin; Margilles; Limburger; Chaumes; Vacuum-distillation; DHE; TD;  Ceoux and others 1574; Dumant etal, 1874a;
Agperzelar; Radette; Tate de Mone; PET Parliment et al, 1962; Valero et al, 3001;
Livarat Lawior et al., 2002; Bomaiti et 2l, 2005
1-Heptanone Maroilles; Pont FE'-'equz Lan res; Vacheris, Wacuum-distillartion; DHE; Geoux and others 1574; Dumost etal, 19743, b;
Livarat; Limbul aufiet; SDE; TD; PET Parliment et al, 1962; Guichard et al, 1287;
mpuu:tr.[ aumes; Ihl:lem::Te‘lzd: Bomset amd Gauch 1593, Valero etal, 2007;
Lawior et al, 2002; Boraiti etal,
2-0ctanane Limburger; Comté; Appenzeller; Racletbe; Wacuum-distillation; TD Pasliment et al, 1982; Guichard et al, 'Iﬂ]‘
Tetedz Maine retal, 2002
2-Monanone Margilles; Pont ue; Langres; Epaoi Wacuum-distillatson; D Ceoux and others 1574, Dumant et al, 157
MinLn;Enﬁ-hlgg:r Eutm::m SDE; TD; P&T - Parliment et al, 1!& Guichard et al, 15857; =
Beaufort; Appenzeller, Chaumes; Radette; Bomwat amd Cauch 1993; Valeroetal, 2001;
Téte d= Maine La'l'l-ur:tal,II}lIl]:Ec-rniﬁe‘lal.?ﬂDS
2-nderanone Maroilles; Epoeses; Vacherin; Limburger, Wacuum-distillation; P&T Geoux and others 1574; Dumont etal, 1974a, b;
Comté; Lrarot Parliment et al, 1962; Guichard et al, 1587;
Bonaiti et al, 2005
Acetophencne Mamilles; Livasot; Pont MEvegue; Langres; Yacuum-distillaton Dumont etal, 1974a; Padssent =t al, 1987
Limburges; Comte = ! Cuichaed ot al,, 1987
Etkamal Vachesin; nmm-t Font FEveque; Langees; Wacuum-distillation; PET; TD Ceoux and others 1574; Dumont etal, 19743;
m Cowmté; Beaufiort, Appenzelier, Bozuet amd Cauch 1593; Lawlor etal, 2002,
e; Téte de Moine
1-Fropanal Marngilles; Pant ue; Langres; Epoisses; Wacuum-distillation; PET Ceoux and others 1574; Dumcert et al, 19742, b
Wachesin; Livcarot; ';aeauﬁ:lt Boguet amd obfiess 19532
Ear
2-Fropanal P{I.:r ue; Langnes; Comts; Appenzelles; Wacuum-distillation; TOL FET Dumaont etal, 1974a; Boeset and Gaach 1953
Chaumes; Livarot Valero et al, 2001 ; Boeaiti et 2l 3005
2-Methylpropanal Margilles; Livasat; Pont rEuequz Langres; Wacuum-distillation; P&T Dumant et al, 1974a; Bosset and others 1983
Epoimes; Comte; Beaufort, &
1-Ewtanol Pant FE'ﬂ:quz Epmne: Comeé: Beaufort; Wacuum-distillation; P&T Dumant et al, 1974a; Bosset and others 1983
1-Eatanol HarmjiuuLnumt Pant MEveque; Langres; Wacuum-distillation; PET; TD Dumant &t al, 19743, b; Boset and Gauch 1933;
Vacherin; Comag; Beaufiort, Appenzelier; Lawior et al, 2002
Raclette; Teba de Moine
2-ethylbutanal Comté; Beaufort; hﬂ?mrdler TétedeMaine  PET;TD Bossetamd Gauch 1%93; Lawlor et al, 2002
I-Methyibutanal Maroilles; Livasat; Pont lEveque; Langres; Wacuum-distillation; PAT; Dumant etal, 19743, b; Bomet and Gauch 1933;
: Vacherim Comté; Beaufort; DHE:TD Valeraetal, 2001
penzelier; Chaumes
1-Fentanal Erin; !hnlu.P-:\ntrE'mqu: Comte; Wacuum-distillation; PET; Ceoux and others 1574; Dumont etal, 1974a;
E:u.ll’nﬂ: Appenzeller; Chaumes; Radett= DHETD Bomet and Gauch 1593; Valeroetal, 2001;
Lawiar et al, 2002
Hexanol Livaeot; Pont MEvegue; Comte; Chaumes Wacuum-distillation; PET; TD! Dumant &t al, 1974a; Guichard et al, 1587,
Bomet and Cauch 1593; Valero et al, 2001
2-Hzptanal Margille; Pont MEvegue; Langres; Vachenis, Wacuum-distillation; PET; Ceoux and others 1574; Dumont etal, 19743, E;
Comté; Appesredler; Chaumes EDE Cuichaed =t al., 1967: Bosset and Gauch 1993;
Valeraetal, 2001
2-Nonanol Livaeot; Pont MEveque; Langres; Vacheni; Wacuum-distillation Dumant etal, 19743, by Guichaed =t al, 1987
Comté
Phenal Harmlll:: Livasat; Pant fEucqu: Vacheri, Yacuum-distillation; DHS; Dumont etal, 19742, b; Pasliment et al, 1982;
SDE; TD Valeroetal, 2001
1-Fhenylethanol Harmlll:;%:-nlut Pant lEveque; Langres; Wacuum-distillation; TD Dument et al, 1974a; Parkesent ot 2l, 1987;
Epoises; Limburger, Combé; Chaumes Cuichaed =t al, VIBT; Walero et al,, 2001
Cresn| Lrlu:llnt Pant fE'mequ: Langrzs. Limbumger, Wacuum-distillation Dumaont etal, 1974a; Parkesent ot 20, 1987;
Cuichaed =t al,, 1987
Etfryl acetate Harmllﬁ Livazot; Pont MEveque; Langres; Wacuum-distillation; PET; TD Dumaont etal, 1974a; Beeset and Caach 10532

; Comte; Beaufort; Appenzeller,
£t d= Maine

Lawlor et al, 2002
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Table I-Continued.

Compounds. Sarface-ripened cheese Extraction technigue References

Etfrgl butancate Langees; Epoisses; Comté; Cham Wacuum-distill aticer; T, Dumant et al, 157da; Guichard =t al_, 1987;
Appenzeller; Radette; T:I:e-d:!inn: Tilsit HE-SFME ‘d‘ﬂm:-:tal 2001; La'l'lnr:tal ]I:lﬂl

Fucks=ann et al,
hexanoate Lr.la F'nntl'E Eﬂ:ﬂs ‘Wacuum-distil ation; PAT; T Dumant etal, 'Igil'lla C-uu:hm:leti 1987

Eth! i Beautort Ch aurr?m’r Moine;  HERPME . Bosset and Gauch T953; Vabero et al, 2001;

Tlm I.avdnr:tal ]l:l:]] Fuch=mann et al, 2005
octancate Lavarot; Pont [Ew Langras, : Yacuum-distill aticer, SDE; Dumant et al, 'Igl'lla; Pacliment et al, I!BI;

el Limburges; mﬂ:ﬁ, T|L1. o HE-SFME Valero et al, 2001; Fuch=mann et al, 20015

Metiryl thicapetate Pant lEveque; Eposses; Limbaeger; Beawdor  Wacuum-distill ation; PAT; Dumant et al, 157da; Pasliment et al, 18E2;
Chaumes OHS Bosset and Cauch 1583, Walero et al, 20017

Dimetivgd duulfide Maroilles; Pont [Ew Langres; Epoisses; Wacwum-distllaticn; DHS; Dumant et al, 157da, b; Pardiment et al, 1982;
‘l'a:huln Livarct; Limburger; Chaumes; SDETD; F&T Valero et al, 2001; Lawlor et al, 2002; Bonaiti
H.ad:ﬂ:;Tﬂ:d:thn etal, 2005

Dimetig trimfide Marailles; Pont I'Evegue; Langres; Livarat; Wacuum-distllatice; DHS; TD;  Dumaont et al, 197da; Parliment et al, 1982;
Limburger; Chaumes; Tikat PAT; HE-SPME Valera et al, 2001; Lawlor et al, 2002; Bonaiti

etal, 2005; Fuchsmann et al., 2015

Indole Marailles; Livarot; Pont [Eveque; Langres; Wacuum-distilatice; SDE; TD Dumaont et al, 1574, b; Pardiment et al, 1982;
Wacherin; Limbunger, Chaumes: Valero et al, 2001

Toluene Pant IE Langres; Epoisses; Wacherin; Wacuum-distllatice; DHS; Dumant etal, 157da, b; Vabero et al, 2007;
Livazot; Chaumes SDETD; F&T Bunaru:tal 2005

Bznzene Maroailles; Livamot; Pont [Eveqgue; Langres; Wacuum-distllatice; TD Dumant et al, 1974k; Valers et al, 2001
Epoises; Chaumes

Naphthalene Maroailles; Livarot; Langres; Epoisses; Comté Yacum-distllation Dumaont et al, 157da; Cuichased =t al., 1987

rlul.'_r. robten froit, hot milk, green, and |:ﬂ|'l|lrg.I nates, with
T nomanone (Kilkcawley, 2017). Blue chesss notes wers mainky
atiributed bo E-h:ptmt Curiond & Bosset, 2002: Si.ngh ek al .
2003). In surface-ripened cheese, a high percentage of ketones
wete detected, msing 2 nonpolar stationary phase with vacmem-
distillation, and TI) extractions (Lawlor et al., 2002; Fadiment
etal, 1962) (Figare 9).

Esters have an interesting impact on the development of surface-
ripened chese favar, due to their swest, fruity, and Homl notes
{Mdiimi et al., 2015; Urbach, 1997). Ethyl acetate, ethyl banoate,
ethyl hexanoate, and ethy]l ocanoate represent the major es-
ters commonly identified In many varieties of soface-ripened
cheese [Table 7). Higher percentages of esters were detectsd with
vacuum-distillation, using both nonpolar or polar sationary phass
for the sepemtion (Dumant et al, 1974a; CGoichand =t al., 19687)
{Figurs 9.

Another group of volitle compounds widely detected in
surface-ripened cheese, and consdered one of the key compounds
for Hlavwor, are the sulfur compounds (Table 2], especially dsmethyl-
trisulfide and dimethyldisalfide {Corioni & Bomet, 2002 Sable &
Cottencean, 1999). Dimethylirisulhde is generlly asociated with
odor notes of vegetable, sulfurous, gadic, patrid, and cabbage-like
amymas, while dimethyldizalfide i= related to green, sour, and onion
notes (Kilcawley, 2017). In sarfface-ripened cheese, the detection
of salfur compounds was performed effsctively using 2 nonpelar
sttionary phase, with vacoom-distillation, and P&T extractions
(Bonasti =t al. 2005; Parliment et al . 1982}, However, Fuchs
mann et al. (3013 detected high mumbers of sulfor compounds
wsing a polar sationary phase, and HES-5PME, with a MS/FEFLR
detector (Figure G

Ammatic hydmcathbons, such as indole and toluene, were iden-
tified mainly in soft and semi-soft French surface-ripened chesss
{Tahle 7). Indole & considerad one of the compounds resporsible
for unclean-otensil, mee-Eke off-flavors, while twleene is amod-
ated with notty, and rancd odors (Delpde, Gonrdler- Crespo,
Cava, & Famirez, 2011; Yvon & Rijnen, 2001). In surface-
ripened chese, the detection of aromatic hydmcarbons was not
particularly affected by the polaricy of the sationary phass, bot
was mainly influenced by the use of the vacoum-distillation ex-
traction, which is considered 2 reliable technigque for the detec-
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Oither compounds, ofien identified in surface-ripened cheese,
are terpenes. A range of studies looking at a waristy of surface-
ripened cheese types such a= Vacherin,d Comite, Beaofort, and
Téte de Moine found that a brmoad spectrom of terpenes was
present (Bosset & Gaoch, 1993; Domont, Foger, Paole, 8 Adda,
1974k; Guoichard et al., 19677, Terpenes, as aromatic hydrocar-
hans are high-molecular-weight compounds and were predicably
extracted in high percentges by varuom-distillation and SDE
[Dumaont et al., 1974hb; Guichard =t al., 1987; Valero et al., 2001)
{Fgare 9.

-wv:igitcnmpu'und.'l (Dumont et al., 1974a,

Conclusion

Mumerows extraction techniques are sailable for the analyss of
cheese volitiles. However, the techniques available all have some
limitations. The extraction technique, the nare of the extraction
palymeric material, the GO column, and the detector greatly n-
fluence the senstivity and reliability of the detection of specific an-
alytes; evident from studies performed on surface-ripened cheese
varieties, where the volatiles detected were prediciably based on
the characteristics of the extraction technigues and the colomn sta-
tionary phase used. At present, the variows analytical approaches
hawe to be considered a5 complementary techniques in order o
get 2 complete volatle profile. Farther work is required o fully
elocidate the fawor characteristics of surface-ripened chesse.
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Aricle kbioee The strains Simphyloraras sepepltioe DPCSET1 and Gorynshacterium ceed DPCS29E were applied in
EI-'ﬂ_'lli 11 Db J00E. comiination with Deberyomyoes hensent DPCE2S 8 o the surfice of young Cheddar chessecurd o obiin
Beoshed in il fam two different smearripmed cheses. A surbiee micobion developed over the incubation period,
Jﬁﬂﬂiﬂfﬁﬂﬂzm oomyprising of both yeast and bareria; pulsed field gel dectrophoresis confirmed that the inoculaied

srains of X DPCSET] or © comed DPCS238 were the dominant bacerial strains an the
surface of the chewse at the end of the ripening period. The smear cultures changed the appearan o and

aroma, w hich were significantly different from the contral cheese. The approach presented in this soudy
Epesents 3 method for the development of new chesse varietes with novel aromas within 2 sharr

Fvadlabde ilife 17 Apill 2007

Hpening rHime.

& 2017 Elsewier Lrd All mighes reserosd.

L nitmsdwction

Smear cheese it a traditional dairy product, which plas an
important role in both small and inches trial sale dairy production
Smear chesse is char sderised by a shon ripening lime and strong
arima produced by te growth of smear microbiola on the cheese
surface. Smear-ripened cheewes are manmdactured by inoculating
the sirfece of the cheese curd, dipping, spraying or brishing with
a mixture of baderia and yeast. The traditional methad al pro-
duction is called “old-young smearing” and consists of washing
young cunds with the brine fFom old chesse B encourage the
transfer ol the micobiota from the ald to the young dvesses
(Desmaswres, Bora, & Ward, 2015 Fox, Cuinee, Cogan, &
McSweeney, 201720

The micrabkiota on the surface of the smear cheess is composed
ol a variety of migoorganisms that mexist in symbiotic relation-
ships. Yeaxits are normally the st resident microorganisms Lo
eslablish themselves on the surface of the chesse due o their
toleranae 1o low pH and sall Yeasts metabolise lactate, producing
HzD andd 00 and increase the pH (Cholel, Henaul, Gsaregola, &

= Corresponeding awdey. Tel: +353 5 42500,
Erial ol i i el sag e b (BAC Eea).

) oo 00 OO0 . T 00 o
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Bommarme, AN, Gordetli, Fodssi, & Cobbettd, 20600 )L Moréoér,
they produce me tabolite s and growth Factors (vitaming and aming
acids ) whichenoouwrage the grnwth of Gram- positive bactera such
as Corynebadenium, Staphylococous and Brevibocterium spedes
(Cogan et al, 2004; Larpin et al, 20011

The growth of smear microorganisms on the surbce of cheese
ownd madilies the appearanee, aroma, protealysis and lipolysis of the
cheete within a relatively short opening lime (MoSwesney, 2004)
The combined growth of the bactern aand yeasts on thesurface of the
cheesenesults inthe produdion of proteohtic and lipohtic @ ey mes,
increasing Uhe amount of Free amino adds (FAS) and Free By acids
(FFAS) (McSweeney & Soama, 2k Sowma, Anda, & MoSweeney,
200N Yeasts and Gram-positive bacteria isolated Trom smear
cheetes have 2 wide range of proteohyic encymes that display
variows peptidase activities, with FAAs increasing within the chesse
a2 consequence. Additionally, peasts and Gram-pasitive bacteria
pemses esteroly iglipolytic ensymes capable of catabolising -
acylghvoerols in chesse, produdng FFAS (Curtin, Gobbelli &
MiSvwes ney, 2002 ; Fos, Gunes, Gogan, & Mo we eney, 200176

The Turther metabalism of FAAs and FFAS during the ripening
produces lavour compounds important for chesse aroma. The
catabal ism of FAAS, espedally of branched chain aming sdds, arae-
matic amino scids and sulphur aming scids, produces mainly al-
dehydes, alcohols, carbaylic adds and sulplur  ampownds.
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M ver, FFAS are involved in reactions leading to the production
o Ml o com pounds such s secondary alkeshols, carbaxylic acids,
egters, lactones and keones [(McSwesney & Sousa, 200d; Singh
Dirake, & Cadwallader, 2003 ; Smit, Smit, & Engels, 2005; Yvon &
Rijnen, 20011

The charaderstics of smear-ripened cheese are nol strictly
controlled intide artisanal smear cheese plants The mesuting
product i ako affected by the fnal microbial consortia of the
chesse, which is influenced by te individual in-howse microliota
of the cheese-making [acilities. Microorganisms deteded in the
environment of artisanal chesse-making plants have alo been
Founad on the surfsee of smear chesey, indicating a strong rels-
tionship betwesn produad and the emvimonment in which the
chesie & manfactured and rpensd (Bokulich & Mills 2013;
Goerges el al, 2008; Mounder e al, 2006a)L

In previous shdies, smear strains were added o the cheese
surbsce or a8 sdjunct cultures o the milk during mandacture of
smear-ripensd cheese; however, some ol the added strains were
not deeded st the end ol ripening (Fewrer, Vallseys, Gorriew, &
Irlinger, 2004, Coerges et al, 20081 Thewe commencial smear
straing have 1o compebe with the in- house micobiota and do not
always suressfully establish themselves on the cheese surfce
(Bokoulich & Mills, 2013 ; Feurer e al_, 2004; Goerges et al, 2008) It
is likely that the relationship within the smear microbiola pro-
maotes the survival of a particular group of microorganisms to the
detiment of aothers

With the abalition of the milk quotas within the EU in 2005
there it a renewed inEredl in developing mvel cheste with a
range of Mavours. There 5 a progresive inaease inglobal cheese
consumplion, with an annual production in Ireland of 2007100
oS in 2015 {data from Ewrostat) Therefore the aim of this waork
wa o develop a nowvel dheese with diverse aromas and shont
ripening time using cheese ard made in a traditonal Cheddar
chesie plant. Ripening tme lor Cheddar cheese can be lrom a linle
a5 3 manths for mild cheese up tox 9—12 months b maturejextra
matere varieties In this stdy, the ability of smear bacteria and
yeast o grow on the surface of young Cheddar cheete cund was
investigated o produde a cheese variely with di Ferent laour and
appearance amparad with Cheddar cheese within a shon ime
Trame of 35 days.

2. Materials amd meet huads

2 1. Prepamtion of Srmer s pensions

Far the preparation of the Debanwompces hansenii DPORSE
simpension, the strain was streaked onlo peast extract glwoose
chloramphenicol agar (YOO agar; Bacton, Dickinson and Com pany,
City West, Dublin Ireland) and incubated serobically at 25 °C ki
96 h Using a 5 pl loop the strain ves inocuated into 10 ml of
tryplicase soy broth (TSE; Becton, Dickinson and Company) and
incubated shaking at 100 rpm, at 25 °C When the Q0w rea dued
=1, theos] s were centrifirg ed at G000 =g at 4°Clor15min washed
twice wilth sterile D755 Nall and the pellel was resuspended in
skerile 0.75% Nall o oblain a SI.E]!TIEii.I‘Jll.rIf\-1uE' duml™"

Far the preparation of the Conmebacterium oasei DRS298 and
Raphylococans sapraphytios DPCSE71 swspensions, the strains
were sineaked onto bry plicase say agar (T5A; Becton, Dickinsonand
Company ) and incubated serobically at 30°C lor 48 h Using a5 pl
loop, the strains wene inocul ated into 100mL of trypticase soy broth
(TSE; Becton, Dickinton and Gompany) and incubated, shaking at
100 rpm. at 30 *C When the Oy, reached =1, the cells were
centrifuged a1 G000 = g a1 4 °C for 15 min, washed twice with
sterile 0T 5E Nall and the pelleis resuspended in sterle 0755 Nall
o abitain & suspension of <107 ofy mL™ L
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22 Smearing af cheese blocks

Cheddar cheese was supplisd by a comme ndal cheese company
s 20 kg blocks, <24 h pest manufaciure. The large cheese blod
ward aeplically cut inio smaller blocks (-8 = 65 = 30 cm) These
blocks were then inoculated by placing them in a saline sus pension
anLaining [, hangend DPCG258 E1l15'd'uml":l.emn:ing an even
mating af yeast Sulsequenty the blocks of cheese were placed on
sterile, plastic mated racks and all d i drain. Once the exoes
Tiguiidd hased completely drained thechesse pieces were placed inside
a sterile plastic bag (Sidpack Verpackungen, Ochsenhmsen, Ger-
many) on the rack ensuring that the sides of the dheese did mt
make contad with the plastic bag Relative humidity & (RHE) was
i nvesed by pouring 100mL ol 4 terile 05T NS ink the base of
the bag and the bag was sealed. The cheese was npened at 15 °C
wilh a BHZ of -975 After 5 days ol rpening. the blocks of chesse
were remavesd from the bag and dipped in saline suspension con-
Laining C cosei DPCS298, or 5 saprophyptios  DPCSGET
Eﬂf dfuml™ "L The blocks of deese were [facsd an the sterile rad
and incubated for a further 30 days (Tor a total ripening period of 35
days), a8 described above, o produce a smear deeese with
D hamsendi DPOE2SE in combination with 5. sapraphyticis IRCS6T
(chesse A) or C msei DPCS298 (chesse Bl Dwring the ripening
period the surface of the chesse blocks was washed with a serle
sponge saaked in a sterile brine salution (53 NaCl) at day 7,10 and
15 of ripeni ng 1o ensure an even growthol the smeaar mioobéow . As
acontrol bocks of Cheddar cheese were vacuum packed in sterle
bags and incubated at 15 = These blocks were nol smeaned with
eilher backe ria or yeasts and were nol washed with Na(l salution
during the ripening period However, the control cheede diffes
rom normal Cheddar cheese in that the temperalure ol rpening
wers higher (15 “C) than the rpening temperature normally aso-
dated with Cheddar cheese (-8 “C) Three replicate cheese trials
wene perfrmed

23 Sampling cheese

The surface ol the chesse A and B was aseplically sampled for
enmeralion and isol stionol bacteria and yeast at 3.5, 710,15, 21,
25, 30 andd 35 days of ripening.

When anal ysing the control cheese samples, a compsile sam-
e alcore and surfa o was analy se o while Tor the lest cheeses bath
the swrface and cone were anal yse d separatel y. Atday 0and day 35,
mamples wene taken from the @mntmol cheess, cheese & and B lor
avmpos on, urea-polyacrylamide gel electrophonesis (urea- PAGEL
Free Gty acid and free amino acid analysis. Atday 35 samples were
taken fram the contral cheese, cheese A and B lfor sensory evalia-
tion and volatile analysic AL days 0. 10 15 21, 25, 30, 35 samples
were Laken from the contra] cheese, cheese A and B for proteohy sis
anahyis and colorime tric analysiz

24 Enumeration of backenia and peast fom cheese surface

Dm'h'lgﬁ]::ring_mﬁmzufﬂ'b::ﬂn of the test chesses were
aeplically removed and resuspended in 2% trisodium ditrate,
serially diluted and plated on TSA 5% NaCl with 50 U mL™" of
mystatin (Sigma Aldrich, Arkdow, Co Widdow, Ireland) and YGC
agar, o the enume ration of smear bacteria and yeasts, respectivehy.
Hystatin was sdded to TSA 1o prevent the growth of yeast and
ks, The TSA plates wene incubated st 30° Clor 48 h,while ¥0O
lates wiere incubated at 25 °C ke 96 h Colondes wene counded and
the resulls expresied a0 log o g7 of cheese_Five mlonies from the
highest coamtable dilution were re-streaked onto TSA and incu-
bated at 30 °C lor 48 h lsolates were stodked at -8 °C in glyoenal
Err Ffurther analysis.
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25 Pulbsed field gel electrop horesis

The cultures isolated from dheese A and B were grown on TSA
incubated serobically at 30 °Clor 24 h and then inoalaedin 8ml
ol TSB, with shaking at 1080 rpm a1 30 °C ke 24 he Pulied Reld gel
electrophoresis (PRGE) was carried out a8 described by Banner man,
Hanawck, Tenover, and Miller (1995 ) e S saprophpticas, while the
method outlined by Brennan el al. (2001) was used lor C msei
Bekre digestion the agamse plugs were @it into small slices (1 by
2 mm), transherred into 100 pl res triction buller containing 20 U of
Sl for & saprophypticas, and 20 U of Spel (a1l from New Eng land
Bialate, Hivdvin UK)lor C. casel and incubated overnight at25°Car
37°C, respectivehy. The gel was run in a CHEF-DR 11 PFRGE a ppara s
(Bio-Rad Laboratories Lid, Hemel Hempitead, Hertg, UK) at 1V
(6W em ") with the pulse ramped from 500403 a1 14 °C for 20 hlor
5 saprophyticus and from 1o 20sat 14 *Clor 16h Tor C casei Gels
weere stained with ethidium bromide (05 pg mL™") in water,
destained in waker and then phowographed wsing a gel imaging
sytem (Al phalmager 2000, Alpha | mech, San Leanarda, CA
LEAL

26 (omposilional analys is

Cheese samples were anahsed for moisture antent by oven-
drying 3 g of chesse sample at 102 *C for 5 h and for salt content
by a petentiome ric method on a mikture of 2 g of grated chesse
and 60 g ol'waver (1DF, 1988 . Total protein was deemined ond2 g
ol cheese ample and total fat was determined on 3 g of chesse
ample by standard methods (IDF 1993, 1995) The pH was
mexiured with a fandand pH meter (MettlerToledo MP220,
Sctwoer penbach, Switverland jon a mixture ol 200 of grated chesse
and 12 g of water, a5 described by British Standards Institution
standard (BSI, 1976]

27, Derermeination of colour

Thedevelopment ol the colour during m pen ng wat measuned in
triplicaie on the surface of the cheese al noom Lem peralune, using a
Minolla Colorimeter CR-300 (Minolla Camera, Oaka Japan) A
wehite aodowr tike standand was wsed bo calibrate the instrument and
the oolour was analysed using L, 2% and b° -vahees, which deseaibe
the colour space. L™ -value measures the visual lightness (a8 values
increase from O o 100, a"value mexswes fom the rednes o
Eree mness (positve o negative values, respectively) and b®-value
om the yellowness to bluenes (positive o negative vahoes,
respectively |

28 Probealysis

Proteolysis was determined by measuring the levels of the non-
cxtein nirogen conent, soluble at pH 456 (pH46-5N) (Fenslon &
Capines, 2000) and total nitrogen (TH) on a water soluble extract
ol amixture ol 60 g of graved cheess and 120 g of waer wming the
macni-Kjeklahl method (IDF, 19931 The levels of protealysis were
expressed a8 a percentage of the ratio belween non-casein n lrogen
aontent and total nitrogen (X pH45-5NTHL

28 Lrea-pohacrlamide gel electropharesis

Urea-polyacrylamide gel electrophoresis (urea—PAGE) was
perfarmed aconding bo the method deseribed by Rynne, Beredind,
Kelly, and Guines (24 The gel system was composed of a
separating and stacking gel using a PROTEANS 11 x el ve riical slab
gl unil (Bio-Rad Laboratories Lid) The samples were prepansd,
mainlaining the same condentraton of protein (425 g of proein
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comtent L sample buffer) to have a final volume of 1 mlL Ten
micralitres of sample solution were laxled ink individual wells.
Thesample buller (pHE.7TL thesampl e pre par stion and the running
conditons were a5 desonibed by Henneberry, Wilkinson, Kil cwley,
Kelly, and Cainese (2015 Afver the run, the gel was removed Fom
the plates and Stained overndight in an aqueous solution of Coo-
mastie Blue G250 (0253 wiv) destained in a destaining solution
[aceticacid T, methanal 255, and washed in distilled water. The
image s were aoquired by a gel imaging system | Alphal mager 2000,
Alpha lImmaedh)

210 Free aming add analysis

Individual FAAS were determined on the soluble N extrads a5
deseribed by McDermaoll el al Q2016 using a Jeal JLG-500V AA
analyser fitted with a Jeol Na4 high perfbrmance cation exchange
cotumn (Jeol Lid, Garden Gy, Herts, UKL The chromaographic
analyse swereconducted at pH 22_Results necu]renada:p,g:rr@"
ol chesie

211 Free [any acid analysic

FFA extraction was performead on 10 g of grated cheese, ac-
cording 1o the method described by De Jong and Badings (199070
The FFA e tracts were aliquoted into amibser glas vials and capped
wilh PTFE/'white silicons sepla (Agilent Technologies, Litte lsland,
Caork, Ireland ) The FFA extracts wene der vatised a5 methyd e sbers as
oullined by Mannion, Furey, and Kilcasley (2016) using a Sample
Prep Warkbench (Agilent Technologies) Fally add methyl esens
e tracts wene amalyied using Varan CPI800 gat chromatograph
{ Axpudlant, Daublin, Ireland) with & CPB000 auto- sampl ér and Mame
ionisation detector (GC-FID) and a Varian 1079 injeckr | Adquil ant)
For the GC-FID analysis, 0.7 pl wers injecded into a OF FFAP (B
capillary column (30 m = 025 mm = 032 pm) (Agilent Technal o-
gies ] Results are expresed a8 pg mg~ " of dusese

212, Volatiles aa hysis

Alter sampling the cheese samples were wrapped in lodl, vac-
wum padked and stored at -20 <0 Bekre analysis, the samples
were defrasted al mom temperature and blended with a cheese
grater. For the analysis, 4 g of cheese sample were placed in a
sorew capped SPME vial with a silicons/PTFE septum (Apex Sci-
entific, Maymoth, Ireland) The SPME vials were equilibrated o
40 *C for 10 min with pulsed agitation (5 5 on, 2 5 off) at 500 mm.
Sample introduction was performed using ADC-5000 injection
sysiem (Shimadeu, Alber-Haln-5r, Duisburg, Germany) and a
single SOF30 pm  Carboxen  TM133 divingd bemene fpraly-
dimethykilxane (IMECARPDMSE) SPME libre was used for the
volatile extradion (Agilent Technologies) The SPME fbre was
e posed tothe headspace above the samples for 20 min at a depth
of 54 mm, then was retracted and injected into the GC indet and
desarbed Tor 2 min at 250 °C Injections were made on a Shimadru
20 plus wilh an  Agilent  Di-5ns whemn
(60 m = 025 mm = 025 pm) (Agilent Techmlogiesl using a
vl tiparpes @ injecior with a Merlin microseal. The tem peraturs of
the column oven was indtially held ke 30 5 a1 35 °C, increassd o
230 *Cat a rate of &5 °C min~", and to 320 °C at a rate of 15°C
min™", vielding a total GO run time of 415 min. The camier gas,
helium, was at a comtant preswre of 158 bar, performing a
splitles injection. The detector, a Shimadz TOS0E0 MSD Lriple
quadrupole mass spectromeber, was wied in single quadmpole
il Thee don sdneree Lempeeratune and inter Boe bempe rabure wers
sel al 220 °C and 280 “C, respectively, and the M5 mode was
electmnic ionisation (A v) with the mass range between 35 and
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250 amu The chmmatograns wene deconvoluted and the peaks
quantilied with TargetView (Markes Intemational Lid, Llantrisant,
UKL The compounds were identified using mass spedra ampar-
isons to the NIST 2014 mass spectral library, amd iming an inemal
database with known Largel and qualifier jons lor each com pownd
Ten microlitres of the standard solution |1-butanol. dimetyldi-
Sul phide, butyl acelate, cyclohecans, bencaldehypde at 10 ppo, and
2-phemnylethanal at 50 ppmy in methanali:water (1:99]] in a SPME
vial were run before and after every seres of samples 1o & nsre
that beoth the SPME extraction and MS detection were perfirming
within spedlication. An autolune of the GOMS was carried out
prior 1o the analsis o ensure optimal GCMS performance. All
analyses wene performed in triplicave

211 Sermsory affedive evalution and rmanking desonplive analysis

The blocks ol chesse sample (-500 g) vacuum packed and
sired ot =20 *C were defrosted a1 4 °C the day belore sensory
evaluation The surfice of chesse A and B was removed and the
blodks were cut into portions Br the sensory test Twenly naive
aegsor wene reduiled in University College Cork, Ireland. Sen-
sory ameplance lesting was condwcted ising these untrained as-
segors, who wene both Cheddar and sme ar cheese comumer s, [ age
2148 years )| Asessors wmed the sensory hedonic desoiptors for
the mntrol, cheese A and B, Samples indervwen monadic préesen-
Lation to the panel at ambient temperatures (=21 %C) and coded
with a randomly selected 3 digit mde. Each asmessor was asked 1o
indicate their degree of liking on a 100em line scale ranging from
0 (extremely dislike ) to 10 (extremely like) Ranking descriptive
analysis (FDA) was then underaken using the comnensas list of
sensory descripion, which was also measured on a 10em line scale
All samples wene presented in duplicate

204 Swistical analysis

The statistical analysis for cheess compasition, sensorial anal-
yais, FAAS and FFAS wiere tesied with one-way analysis af variance
[ANDVA) using Mindlaby 17 [ MiniLab Inc_, Goventry, UKL A split plot
dessigned with 5A5 9.3 (SAS, Dubdin, breland ) weas used 1o determine
the singular ellct of smear teatments, ripening tme and
their interaction on the microbiology, pH. T pH 46-5NTH.L", 3*
and b® -values mexswred al several lime points during the
ripening The statistical analysis of the volatile compounds was
tegie ol wi th ANV A-Partial Least Squares Regression [ APLSR) using
Umserambler (The Unscrambler X 103, Camo Sofllware, Osla, Mar-
wayl From the resudts of the APLSRE the individual volatile com-
pounds pasitive ly cormelated with the samples were tested with
one-way analysis of variance (ANOVA ) wing Miniab 17 (Miniab
Inc ), to evaluate the significant dilferences among the samples e
each volatile compound. The level of significance Tor all analyses
was determined at P« 0005,

3. Resuls
A1, Growth af the strains and pH develapment

PFGE analysis established that the imcdated climes of
5 saprophyticus DPCSET 1 and O asei DPCS 298 wiers the dominant
bacierial strains isolated at the end of rpening (day 35)
(Supplementary data) The total count of peasts and smear baceria
during ripening is shown in Fig L A significant intéeractive ellect
(P« QUE) betwesn rpening lime and smear bealments was
olmerved for the growth of the surfaee microbista. No signd licant
dilferences were abse rved in the growth of yeast and bacteria be-
tween cheese A and chesse B
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The variation in pH of the control, and the core and the surface
af cheese A and Bis shown in Fig. 2 A significant interactive effect
(P = 05 betwesn smear trestments and ripening time was
obe rved for pH. From day 21-35, the pH was significantly higher
(Pa 0U06) at the surface of cheese A companed with ils respective
e and the @ntmol. From day 15—35 the pH was significantly
higher (P « 05) at the surface of cheese B comparsd with the
e pective cone and the control

A2 Cheese aumpaosifon

The mean compeasition of the Cheddar cheese before the
smearing process was typical of 2 mmencial Theddar chesse afier
manukdure, but the smearing treatments influened the ampo-
sitional parameters al the end of the ripening (35 days L Gompao-
%itional data and signdficant dilferences (P« 0005 ) are presented in
Table 1.
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Tabde 1
Coiapeiion of et Sl O day O el 35 sl ooiipesaknom of See i Cace and cite of cles st A aied et B ot day 35

[ — Commel & Comaa &35 Sud A 235 Core A 35 Sad B &35 Come B 235
Moitsnae (X, W) A 4 A4 3RAD 4 QEZ 3971 + 120 A0 0 W|ED 3+ 143 41374 0
Far (% wiw) WA £ 033 3041 + 037 B30 £ 014 A0 O B 035" A0 OF
Preein (%, ww] AT £ 03 547 2001 435 £ 057 454 033 B 4 03T 24T 4 Ok
S (X, wjw] 5.7 5 1 5507 4 100 5539 £ 177 578 4 10 SO0 33038 SETH: OFF
FIOM (X, '] T+ 116 4932 4+ 0E0 4597 4 143 505 4 1.0 EA1 3 144" 50744+ OB

5 (X, wha] AL 4 QD 417 4028 3+ 000 3E14 033 15 300" 335 4 051
Sal (X, wiw) 156+ QOO 160 3 Ol 1.48 3001 1554 Q12 L4 5 OUE 160 3+ 023

4 Thee comnprsiiona Dyaes: ate fo ol o, L, piin MYFS i oo o ), POV (G iy i ner ), S/ (sall i v | aoted st el comared i day

0 el A, e it il i By 35 (il 35 ) ol 1ot i e ol i A o oy 35 (Sai T 235, o ot i ool i 4 i ' 35 (i A 35 ) R et il o il it i B
Sy 35 Sl B 235) amed] o nlee v oof clese e Bar day 350 Core B 5L Vales: peewannd are e e anc + stamdand de warives ol thres sl e wiak: vale s wich diffanea

Anpeerarsipd be e Jilfer sipuificandy (F< Q05

11 Probealysis

The proealysis was particularly high at the surfaee of cheese A
and B, where the smear reatments significantly (P < 005] infls-
eneed the level of £ pH 4.6-5NTN (Supplementary data) Upea-
PACE (Fig 3) anfirmed the high level of protealysis on the swr-
Boe of chesse A and B @ -Casein wias partially degraded to ag -CN
(N02—-199) and @q-0N (24-199) in e control dueese and in the
e of chesse A and B However there was evidence of Rurther
breakdown products on the surboe samples of the best cheeses.
Similar f-casein degradation patterns were olmerved for the con
trod aned aovre of pest cheeges, while samples from the surfce of the
st chesetes shovwed that the f-criein wal almost tolally degraded
odudng f-CN {106—209) and BCN [ 108—2049) with higher in-
tensity (Fig- 31

14 Free aming acids and fee ity adds
Signilicant differences (P « 0U05) on the total amount of FAAS

e e s rved beebweeen the contral and the surface of chesse A and
B at the end of ripening on day 35 (Fig. 41 In the cheese A and B,

M g -CM FL02-10

N

g =N 2d—199

Pt 1 Urea-FAGE sharasl P e (lame T ooipmd Cheiie a1
ey O a1, comumed Chiie & oy 35 (Rase 7] oane of Chaie B oy 35 (lase )
sy o o fichore i B a ndary 35 (lase 4 mow o cleasie A ot day 35 lase 5 asd sl off
e A at day 35 (e 6] The s a PG E vk pasr o v s B s ol o ed v g B
e o all e reploane ol
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some individial FAAS were significantly higher (P < 0U05) on the
surface compared with their respective cores or the @ntral. No
signilicant dillerence was de e mmined between the surface amples
of cheete A and B with respect to the iotal A conten
Significant dilferences (P < 0005 in the wal amount of FFAs
wieere ohder ved betwieen the control and the surfce ol cheete A and
B at day 35 (Fig 50 In the cheese A and B, all individual FFAs

|,|gumg'JI of cheesa

g

g

pg myg” of cheese

=

E G

Fig 4. lndvidagl Snee ot aiids o enn of (4] S oaon] (L e s A O
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ar day 35 The vabee poeoad ane S s of the thver reploae 1ol wales
e g e aril g wih d8%iewsny et s are g eificanchy diffe s (P o Q05
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& day 35 The vabies poepnned are Qe spas of (e thvee wpiicae Dids vaees
withie an amiso acld g0 with Afeseas femtes are dgnificaady dfieent (P < 005).

detected on the surface were significantly higher (P < Q05)
compared with the levels of the respective cores or the contral
Significantly higher levels (P < 0.05) of total FFAs were detected on
the surface of chees A (20169 ;21m;gm§")«mp:edwimuu
surface of cheese B (12338 £ 3382 pgmg™ 'L

5. Cheese colour

The measurements of the colour on the surface of cheese A
and B during ripening are shown in Fig. 6. A significant interac-
tive efled (P < 0.05) between lime and smear treatments was
olserved on 2° and b* values From day 15, a° value was
significantly higher (P < 0.05) compared with the wntrol for the
cheese A and B. At the end of the ripening (day 35) a°
value was significantly higher (P < 0.05) for cheese B compared
with cheese A, resulting a redder colour on the swho of
cheese B,

6. Voladle compounds and sensory analysis

The analysis of variance enabled the selection of 40 volatile
compounds that were significantly different (P < 005) and
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positively correlated with the samples (Table 2). In total 22 volatile
wmpounds (7 adds 4 akohaols, 5 esters, 4 sulphwr compounds 1
ketone and 1 ic hydrocarbon) were significantly associated
(P <005) withthe surface of cheese A Eight compounxds (2 acids, 2
aklehydes, 1 alcohol 1 ester, 1 pyrazine and 1 sulphur compound)
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were significantly smsociated with the sirfsce of chesse B Twao
mmpoinds (1 ketone and 1 hydmcartbon] were signdficantly
apociaed (P < 0006 ] with the core ol chesse A Two compaunds [ 1
aloohal and 1 ketone) were signilicantly asociated (P« 05 ) with
the core of chesse B Nine compounads (4 aloohals, 4 ketones and 1
egier) wene significantly asociated (P < 005) with the antral
dupase

Using hedonic sensory analysis (Fig 7) the control dheese
soored significantly higher (P < 0U05) for “Liking of Amma™
mmpared with the chesse A and B Cheese A soored significantly
higher (P« 05 ) for “Liking of Aroma™ compared with chesse B
The amtiol and chesie A saned signilicantly higher (P < 005)

312

are siggilianly dillsreny (P < Q0] andl pocively connelaed no | 7ol sarface of cheese B 1) e asrilave of chesoe B

e = Liking of Flavour™ compared with cheete B As s2en in Fig. 8,
the control cheeie ai expecied, scored significantly higher
(P o 0U05) for *Cheddar Davour™ compared with cheese A, which
soored significantly higher (P < 005) for “Cheddar Mavour™
compared with cheese B. Cheese A and B scored significantly
higher (P < Q05) for “Pungent Mavour™ and “Mould chesse
Mavour” compared with the contral cheese. Chesse B smred
significantly higher (F < Q05) lor descriptors “Sweaty/Sour
Aroma®, “Pungent Aroma”™ and “0f-Amoma™ compared with
the control cheese The contral sScored  significantly
higher (P« 0U05) Tor *Orumbly texiure™ comparad with cheese A
and B



AS Bemurziet d | Mtertiorn ! Doy harmil 72 2007) 44-54 St

Liking of
Appearance

Colour

Qverall
Acceptability

Liking of Aroma -a

Liking of Flavour -e

Liking of Texture

R 7. Seasory afecsive (Medosic) anadysis i dupi

o chosie Al 4 chemie B and costni(@) & 35 days of ripeaieg Letiers after an amrbane dese ixor desate:

(a) conerad signlicandy Ngher (P < Q05 :Lnunﬁm(e:mauwms;h:aumm-a.:t

Croam Flavour

SaltTaste _ 6—1——

Bittar Taste_— |

Crumbly Texture -2 y 42

f

—

Pasty Texture

g Aroma
raddar Favowr -a

T~
|‘ .

Buntery Favour
Nutty Flavour
Sweet Taste i \
wﬂm\t;?"% l ~""’O"-ﬂa'mmr
Fruity Ferery Fawe e

Aig. 8. Raskioy & aralysis perfymet b dagt

o8 deeie A (o), hecse B (g and conardl (@ &t 35 Says of rbening Leders afier o ansbate deariges desode: (a)

conarel sigmSicandy highes (P < 0.05) Bas cheese Aasd K (b] checse Aandt Bsigaficasdy higher (P < 0.05) than conaral; (¢) chesse B significandly higher (P <0.05) thas chese A

and conaral; (d) chesie A dgaficandy Mgher (P < 005] Ban chesse B and coagol

4. Discussion

C casei and S saprophyticns, bacteria commonly isolated from
smear-ripened cheewes (eg, Limburger, Reblochon Livaror, Tilsit,
Gubbeen) (Cogan et al, 2014; Larpin et al, 2011 ), do not belang to
the traditional mig obiotaof Cheddar chee se, althoughin this study
both strains established thenmselves on the surfae of young
Cheddar cheese curd and they were the dominant population on
the cheese surface throughout the ripening.
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C. casei DPC5298 or S, saprophyticus DPCS671 in mbination
with D hansenii DPC6258 developed a colowred layer on the chesse
surface after 15 days of ripening. Unlike studies with Brevibagterium
linens that showed that colowr development was influenced by the
yeast strain used (Leclerog-Perlat, Corrieu, & Spinnder, 2004a), in
this study the type of colour developed was dependent on the
bacteria wsed. The combination D hansenii DPG5258 with C. axsei
DPC5298 on cheeswe B developed a redder colour compared with the
wmbination of D. hansenii DPCE258 with 5. saprop hyticus DPCS671
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on cheese A Similar results we re shown by Mounder e al 2006
wha reponted in a dheese model an increase of the colour aRer the
15th day of ripening at 14 °C and higher 2* value Tor the combi-
mation D, hamenii with C cosei, comparsd with [ hasenii com-
imed with § Sapro phytiaus, resulling in higher development of ned
ot

The development of the typical aroma and Mavour in cheese A&
and B i associated with the lipal yiic and protealy tic processes af
the yeast and bacterial aympone nt of the smear ansortivm. These
rocesses we re slower inthe control cheese, which did not develop
the same levels of proeolysis, FAAs and FRAs in the short ripening
tirme (35 days ]

During cheess rpening. a gradual decomposition of caseing
into small peplides and FAAS oour. FAS are contidensd pre-
cursars of Navour compaounds during the development ol cheese
NMavour. It is likely that the smear trestments inexsed the pro-
tealysis of f-oasein by plasmin (mone sdive at alkaline pH) onthe
surface of the test chesses (Fig. 3 increasing te pH levels. AL the
end of ripening the dominant FAAS detected in high amownt on
the surface of the e chesses were valine, lewcine, proline
ghutamate and hsine (Fig 41 duwe Lo their nelafve oomnde niralion in
catein and the peplidase activity of the smear consartium, espe-
dally [t hansenii DPCGE258. Analysis oloel] Fres supematants of the
altures uwied in this stdy confirmed that [ hamsenii DPMG258
had high peptidase sdivities (Pepd and PepNL while sctivities
were low Tor 5 sapropheticus DIPCSET] and C. casei DPS298
(Supplementary data)l Similar results have besn previously re-
ported for other D, hamsenii, & sapophyfos and C axei siraing
(Bintis, Walopoulow-Mastmojiannald, LitopoulowTzanelaki, &
Robvingon, A3 Catabori Villand, Toldra & Sane, 2006: Curtin
el al, 20021

The hydralysis of trighveerides is the main biochemical trans-
frrmation of B during chesse rpening. which lesds to the pro-
duction of FFAL Individual FFAs contribute 1o the cheese aroma
with thesir specilic avours and especial ly with their me Labolies At
the end of rdpening high amowmnits of FRs were detected an the
surface af cheeie & and B. The levels of all individual FiAs detected
were higher on the suface of chesie A compared with chesse B,
especially Ffor C10:0(Fig- 5L I has been préeviously reporied that the
lipolysis by [ hansenii is weak, while studies on Gram-pasitive
bacterda showed good activity on sulstrates with diferen glye
eride chain lengths (Bintss, Valopowlku- Mas trojiannaki, Litopow
lu-Tznetaki, & Robinson, 2003; Cardoso el al, 2015 van den
Tempel & ]akobsen, 200) Experimental work showed that
5 saprophy Bous IPCSET had greater lipolytic activi by on tributyrin
than either C imsei DPCS298 or [ hamendii DME2SHE
[Supplementary data) These resulls ane in agreement with what
wars prenvious y re ported by Talon and Montel (1997, who detected
lipohytic sctivity on tribulyrin in a range of Saphylococos straims,
inchuding 5 soprophytics. The  higher lipolytic activity  of
5 saprophycus DRCS6T covmpared with O msei DPCS298 may
explain the higher amownt of FRAS in chesse A

Numermas volatile compounds were significantly (P < 005)
avodated o cheese A and B, especially those particularly char-
acterised by strong aroma noles, such a8 some specilic carbaxylic
acids, aloohols, esters, ketones and sulplur compounds, sug-
geting that the smear trestments have modifiesd the aroma
malile of Cheddar cheese cund in only 35 days of ripening
(Tabde 27

The me tabsalism of FAAS in chesse A and B in this study was
redpondible for the development of specific branched alcohols
and branched chain acids deteced [(3-methyl-1-butanal
phenylethylakohol 3-methyHbutanoic acid) D hansenii has
been identified a5 a passible producer of alcohals in previous
stuelies (Arfi, Spinnler, Tache, & Bonnarme, 2002 Gor, Sarensen,
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Petersen, Jespersen, & Amebarg 2002; Leclenog: Pedat, Cormiew, &
Spinnler, 2004b ) while the production of carbosgdic acids has
been previowly attributed to both yessts and smear bacteria
(G trichun candichon and B, Enens) (Jollive |, Bére nger, Vaysier,
& Belin, 19932; Jollivel, Chatawd, Vaysier Bensowmsan, & Belin
1994).

The high amount of esters deleded in cheee A (ethyl actake,
ethyl octancate, methy] hexanoate, 3-methylbutyl acette and
isopenty] hexanoate) is likely relaved to the high FFA content and
the presence of alcohoals in dheew A onsidenng they originate
From the esterification or alamholysis of almhals with carbaylic
acids. While infermaton on the bisynthesis of esters by cor-
ynebacteriais sparte, numerous studies reported ester production

staphylomed  isolated om fErmented  bods,  including
5 saprophy s strains (Talon, Chastagnac, Vergnais, Montel, &
Berdague, 1998). The rmation of esters in cheese A, not debéec-
e in high amount in chesse B i likely due to the metabalic sc-
tivity of & saprophyiars DPCSET1 rather than by D0 hamseni
DPCG25E.

Othe r products of FRA metabalism such a8 ketones. and aloohols
were deteded in all cheeses However 2- pentanone, 2- hexanone,
2-nomanomne and 2-decanone were particularly associated with the
control dheese aml not with chesse A and B, suggesting an
i alvement of LAR rather than the smeéar cultwres. 11 is known that
methy The vnes result Fom the feoddation of FRA, by lipohtic en-
rymes due o autolysis of the LAR during ripening (Collins,
MSweeney, & Wilkinson, 2003) although it is also postulaed
that methylketones can be produced by the heating of milk or
diredly from esterificaton of f-keto acids (Alewijn, 2006; Fors,
1979

Sensory analysis showed diflferent resulls belween deeese A,
cheese B and the contmal chesse The sensory panel was not influ-
enced by the colowr of the cheese a5 the surfsce was remaved
before sensory analysia “Moukd Cheese Flavow™ and “Pungent
Flavour™ are descriptors associated with smear-ripened chesses
and they an be amelated with a range of volatiles with srong
aroma noles (Table 2) detected on the suface and ane of both
cheete A and B namely butanoic, octanoic acid (originated from
lipolysis of Lipids) 2-heptanal (from redudion of ketones), 2-
methypropanaic, 3methyHbutanoic 2-methyl-butanoic, penta-
naie add, J-methl-buaml  2-methyl-butanol  phemdethyl-
alavhal, 3-methyl-butanal (Fom metsbalism of brandhed chain
aming adds or pessibly phenylalanine Tor phenyde thyl-alavhol |
methanethiol, dimethylkdisulphide and dimethyldisulphide (from
metabolism ol sulphur aminoadds | As expected these deser plors
were signilicantly sssodated (P o« 035) with cheese A andjor B,
suggesting that the activities of yeast and Gram-positive backenia
an the cheese conferred a typical smear cheese flavour, not
perosived in the @niml The descriplors significantly asociaed
(P o 005 with cheese K such a8 “Sweaty [Sour Aroma”, “Pungent
Aroma™ and “OM-Aroma™, are considersd & “undean™ aml ol
adorants and were amocialed with some compounds deeded in
abundance on the surboe and core of cheess B, such as S-methyl-
butanoic acid, octanoic add, methanethiol and particuarly 8-
nanen-2-ane (onginated fom f-acidation of Bty acids) which
was identilied only in cheese B

Sensary analysis showsd the smear cultures on the dhesse
surface affected the dhesse rpening giving strong and inlense
arama and avour 1o cheese A and B, while the control cheese was
characterised by mild aroma and Mavoawr. In a shon rpening time of
35 dayi. the smear treslments induced the development of
dilferent arama profies.

Orverall, the: bacterial strains in conjumction with D hansenii may
have the polential to modily chesse colour and produce novel
cheeses with diverse aromas wing a Cheddar chesse aend.
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5. Comclusion

The cheese-making method described in this paper gives a new
approach for the production of novel smesr cheeses sLarting from a
Cheddar cheste curd. Both the peast and bacterial culbwnes wers
able o establish themsehes on the surfaee of the chesse and
become the dominant microbiota on the chese sprface, producing
& cheste varisly with aoeplable appearane: and novel lavour and
aroma profiles The method propoeed could be used a5 3 model o
produce novel chesse types with a range of lavours and armomas
through the growth afcombinations ol yexst and bacerisl ol tes
onthe surfice using cheese curd produce d on a traditional Cheddar
chesgs plant
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Genome Sequence of Staphylococcus
saprophyticus DPC5671, a Strain Isolated
from Cheddar Cheese

Andrea 5. Bertuzzl,*® Caltiona M. Guinane,” Fliena Crisple *~ Kleran N. Kllcawley
Paul L H. McSweeney,” Mary C. Rea™

Taagasc Food Resmarch Coantre, Moorepark, Formay, Cork, Ieland™; School of Food and Mutritional Scienc,
Unbvrsity College Cork, Cork, kaland® Dematment of Blological Soiances, Cork institute of Tachnoiogy, Cork,
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BESTRACT The draft genome sequence of Staphplococcus saprophyticus DPCSSTT,
kolated from cheddar cheasa, was determined. 5. sapropfyticus 5 3 common Gram-

posttive bacterium detected on the surface of smear-ipened cheesz and other fer-
mented foods.

taphylococd are Gram-positive Gtalase-positive bacteda with halotolerance that

anables their growth in salted fermented food. Strains belonging to the Stapfylo-
coccus genus are commionky dentified In soft chessa varleties made from cow, ewe, or
goat milk, and together with Brevibacterium, Corpnebacteriam, and Microbactanum,
Staphylococcys 15 considered the most Important genus making up the microbiot of
the cheese surface (1). 5 sapropfiytices Is a spacles frequently detected on the surface
of smear-ripensed cheese and other fermented foods (2-4). Here, we present the draft
genome sequence of 5. saprophyticus DPCSST1, which will allow a full safety assess-
ment and further analysis on Its role In cheasa Apening.

The draft genome of 5. saprophytions DPCSE71 was sequenced using palrad-end 454
pyrosequencing to a coverage of 23x. Sequencing took place at the Teagasc 454
sequencing facility on 3 genome seguencer FLX platform (Roche Dlagnostics, West
Sussex, United Kingdom), acconding to the manufacturers protocols. This was followed
by Initial assembdy Into 24 contigs wsing the Newbler program (Roche Life Science). The
software Prodigal |5) was wsed to predict open reading frames within the draft genome,
and the RAST annotation server (6) was usad to determine complementany gene calling
and automated annotation. The draft genome was manually analyzed wsing the
ARTEMIS genome browser (7], and comparative analysts with the genome of 5. sapro-
phyticus ATCC 15305 (8) was performed wsing the Artemis Companson Tool (ACT) (9).
The PHAST (PHAQe Search Tool) web senver (10) was used to determing the presencs
of putative phage within the genome. The Comprehenshie Antiblotic Resistance Data-
base (CARD) softwars (11) was used to determine the pressnce of genes patenll:l,r
Invohved In antiblotic resistance, and the presence of known staphylococcal virulence
factors was analyzed using the BlastP Web server [12).

The draft genome of 5. saprophyticus DRCS671 Indudes 2,676318 bp, with an
average G+C conbent of 33.1%. It consbsts of a single droular chromosome and does
not appear to harbor any plasmids. within the draft genome, there are 2647 coding
reglons predicted, In addition to fowr rRMA and 59 tRNA genes. The genome sequence
also Includes two putative novel phages of -43.6 kb and -429 kb within the chroma-
some. Owerall, the genome of 5. saprophytics DPCSE71 shows high similarity to
5 soprophyficus ATCC 15305 In genome stze, G+C content, and gene synteny (E].

5. saprophyticus DPCSET1 s coagulase negative, nonhemchytic, and does not appear
to produce any toxins assoclated with Staphyiococcus gurews. Ganomic analysls re-
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vealed no obwious transferable antiblotic reststance locl by the methods used in this
study. Previous studies showed an Involvement of 5. soprophytious In urinary tract
Infections, showing a specific adhesin, vefa, to be assodated with adherence to the
eukarwth: cell in the wrinary tract l.‘i;l.Thes.mpmphyﬁcus DPCSETT gemome was found
to have 2 predicted coding sequence (CD5) for adhesion, with similarities exarmined
with the BlastP Wb server to uafd In 5 saprophyticus ATCC 15305 with 39% of query
cower and §7% of protein identity.

The avallability of the genome sequence of DRCSETT will allow s role In flavor
development In cheass rpening to be studied.

Accession number(s). This whole-genome shotgun project has been depostted at
DOENEMA/GenBank under the accession mumber MUXIDOO00000. The version de-
scribed inthis paper ts varsion MUK 000000,
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Omics-Based Insights into Flavor Development and Microbial

Succession within Surface-Ripened Cheese
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BBSTRALCT In this study, a young Cheddar curd was wsed to produce two types of
surface-ripened cheese, wsing twio commerdal smear-culture mixes of yeasts and
bacteria. Whole-metagenome shotgun ssquencing was used to soeen the microbdal
population within the smear-culture mikes and on the cheese surface, with comparl-
sons of microorganlsms at both the specles and the straln level. The uwse of two
smear mikes resulted in the development of distinct microbiotas on the surfaces of
the mwo test chesses. In one case, mast of the species inoculatad on the cheess es-
tablished themselves successfully on the surface durnng ripening, while In the other,
some of the speces Inocculated were not detected during ripening and the meost
dominant bacterial spedes, Glufamicbacter arilmitensis, was not a constituent of the
culture mix. Generally, yeast spedes, such as Debaryormyces hansenil and Geotrichum
candidwm, were dominant during the first stage of fpening but wers overtaken by
bactarial species, such as Brevibacterium fnens and G amlamenss, in the later stages.
Using comelation analysis. it was possible to assodate Individual milcroonganisms
with volatile compounds detected by gas chromatography-mass spectromedry in the
cheese surface. Specifically. 0. hanseni correlated with the production of alcohals
and carbomylic aclds, G arfiaitenss with alcohols, carbaxylic 2ckds and ketones, and
B linens and G candidum with sulfur compounds. In addition, metagenomic se-
quendng was used to analyze the metzbolic potential of the microblal populations
on the sufaces of the test cheeses, revealing a high relative abundance of metag-
enomic clusters assoclated with the modification of color, varation of pH, and flavor
development

IMPORTAMCE Fermented foods, in particular, surface-ripened cheese, represent a
model to explain the metabolic interactions which regulate microbial succession In
complex environments. This study explains the role of individual species In 2 heteno-
geneaus microblzl environment, Le, the exterior of surface-ripened cheesa. Through
whole-metagenome shotgun seguencing, it was possible to Investigate the meta-
bodic potential of the resident microormanisms and show how varlations Inthe mi-
crobial populations influence Important aspects of cheesa nipening, especlally flavar
development. Owerall, In addition to providing fundamental insights, this ressarch
has considerable Industrial relevance relating to the production of fermented food

with specific qualities.

KEYWORDS dalry sclence, flavor, microbiology

ecent studles Involving both metzbolomic and metagenomic analyses have bagun
to address the relationship betwaen the microblota and bochemical pathways
during the fermentation procass (1-40. |1 15 clear that in fermented food, the metabolic
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Interactions which requiate the compostion of the microbilal population influsnce the
taste, shelf Iife, and safaty of the subsequent product (5). The ability to manipulate the
microbilota of fermented food represents an Important awenue for the food Industry for
developing new food products with precise characterstics.

surface-ipened chesse (eg., Mdnster, Tistt Lharot, Limburger, and Comté) Is
characterized by the growth of a heterogeneous microbiota on the chesse surface, with
the consequent development of 3 strang flavor. The flavor and the appearancs of thass
types of cheese are related to the metabolic activities of bacterla and yeasts, which
comiprise the smear consortium. Genemll:,r, the cheese ks brined or surface salted, which
also influences the growth of surface microbiota, in some traditional procedures, young
cheese Is smeared by transferring the smear from older cheese to a younger curd
(old-young technique) (8, 7). However, today, commencial miktures of smear bactarls
and yeasts are more commaonly used to produce 3 more standardized product.

S0 far, metagenomic sequencing represents a valld method to Investigate the
microblal population on the exteror of surface-ripened cheese (4, B-100 In studies of
complex microblal communities In fermented foods, such as kefir, the information
galned through whole-metagenome shotgun seguencing allowed the varlations of the
milcroblal population and also the metabolic pathways involved In the fermentation
process to be monitared (1)

The aim of the cument study was to Investigate, at both the species and the strain
level, the succession of the microbial populations present on the rind of a surface-
rnpened cheese produced with young Cheddar cheese curd a5 a base, using two
different commercial smear-culture mixes. Studles were performed over the course of
30 days of ripening to correlate volatile analysis with data generatad through whiole-
metapenome shobgun sequencing In order to understand how microbial comiposition
relates to flavor development. Moreover, metagenomic analysts zllowed for the screen-
Ing of metagenomic clusters during cheese ripening,. showing the Involvement of the
surface microblota in 2 varety of blochemical processas.

RESULTS

Microblal compositions of the smear-culture mixes. Two smear-culture mices, D4
and 55, were wsed for the cheese trials and contained, as cutlined In the supplier
specification sheet, Brewibactenum linens, Debaryomyces hansantt, Cyberlindnera jading,
and Brevibacterurmn casei (for D4 or Stophylococous xyosus, B. linens, D. hansenii,
Geotnichum candidum, and Gltamicbacter amiafensts (prevtously classified as Antfiro-
bacter anlatanss) (for D3L Using metagenomic analysis, performed with Kalju (1), the
relative abundances of the Individual spacies within the mixes wene determined (Fiig. 1).
Overall, kalju was able to assign 81.7% = 1.5% of reads from the starter mis samples
to the spacies level. The proportion of assigned reads for each starter mixture sample
s presented In Fig. 531 In the supplemental materlal. 5. cgsel (6083%) and C jodini
115%) were the mast abundant bactenal and yeast species In D4, while 8 linans and
0. hansanil were minad components in the smear-culture mie, with relatve abundances
of 5.25% and I.9Ml‘esperﬂ‘u‘e|]rlflg. 1; Table 51} In the 55 milx, . ariothensis [54.25%),
0. hansenil (14.56%], and & candidwm (11.83%) were the most abundant bactera and
weasts; S oaylosus (0.59%) and B fnens (3.52%6) were present at bower relative zban-
dances. Other species, not specified by the suppliers, were identified at low relative
abundances In the smear-culture mities 04 and 55 and are reported In Table 51.

Microblal compositions of the cheese surfaces. Two test cheesas, D4 and 55, wera
prepared by smeanng young Cheddar cheese curd with the two aforementioned
commerclal smear-cutture mikes and ripened for 30 days at 15°C Kalju was used to
determine the bacterial and yeast compositions of the cheese surfaces at days 0, 18, 24,
and 30 for both the control chease (unsmeared and ripened under vaowwem) and the
two test dheeses (11). Owerall, Kalju was able to assign 57.5% = B.3% of reads from the
cheese samples to the species level The proportions of assigned reads for each
cheese sample are presented In Fig. 52. Compositional data of the cheese surface wers
analyzed by a one-way analysis of varlance (ANCWA), designed with 5AS 93, o
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Flawor and Micobicot of Surface-Riponed Cheasg
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determine the significant differsnces In the proportions of the individual species
prasent aver time (121 The metagenomic sequences of the bacteria used as starter
cultures in the Cheddar chesse curd (Lactococous kectis and Streptococous thermophilus)
and as smearing cultures (8 linens, 5 xylosus, and G arifaitensis) were compared at the
strain level wsing PanFPhlan, to determine the presencefabsence of the Incculated
bacterial strains on the cheeses throwghout ripening (13)

Az axpected, lactic acld bacterla dominated the surfaces of all samples at day 0, and
thelr relative abundances on the swrface of the control cheese did not significanthy
change throwghout the 30 days of Apening (Flg. 20. L kcfs and 5. thermopfilus wers
ienittfied In all samiples analyzed (04, 55, and controd) (Fig. 3). L kactts was the dominant
species In the control, constituting 75.85% of the Initial population at day © and
decreasing to 65.99% at day 30 5 thermophilus Increased from 15.65% at day O o
2B.21% at day 30, while the relative abundance of Lactobaclius (L) helveficus was low
throughout the Apening period (2.12% at day 0 and 2.72% at day 300 (Table 52).
Howsaver, over the course of 30 days of rpening, the smearing processas clearhy
influenced the microblal populations of the cheese surfaces of both test chessas, D4
and 55, causing a significant reduction in the relative abundances of b, hefveticus (P <
0,03} and L Jachs (P < 0.0001)L From day O to day 18, the population on the surface of
4 changed from predominately lactic acid bacterla to Debaryormyces hansenil and
Glutamicibocter artiaitensts (Flg. 2). Subsaquently, over the couwrse of ripening, the
relathve abundance of 0. honseni significantly decreased (P < 0.0001) from 34.12% at
day 18 o 4.14% at day 30 (Table 52). In parallel, the relative abundance of G. anlartansis
significantly increased (P = 0.0001) from 30.9% at day 18 to become the dominant
populaticn on the cheese surface (73.75%;) at day 30 (Table 52). Using PanPhilAn, it was
determined that the strain of G. arlkmtensis detected on the cheese surface of D4 was
different from the . anlatensis strain used In the smear-culture mis Inooulated onto
the surface of 55, confirming that the growth of this stralin on 04 did not result from
cross contamination of the two chessss during Inoculation or ripening (Fig. 53 and 54).
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However, the G. anflartensis strain detected on D4 did appear to be more dosely related
to the strain on the control cheeses (Fig. 54). The secondary microblal population
{Individuzlly between 1% and 3% of the population) of the D4 surface was composed
of spacies not included In the Initial smear-culture mix and Included Arthrobacter sp.,
Corynebactertum variabile, Debaryomyces fabryl, G. candidum, Staphylococcus eguorum,

and Staphylococcus saprophyticus (Table S2). In addition, some species present in the
Inttial smear-culture mix (C. joadinit and B. casel) were not detected during ripening,

while the inoculated & Mnens strain was detected at only at a very low relative
abundance on the cheesa surface of D4 throughout ripening (Table 52).

By compartson, the microblota was more diverse In cheese S5 (Fig. 2; Table 52). On
the cheese surface of S5, the relative abundances of the lactobacilii decreased, while
that of 8. linens Increased significantly (P < 0.004) from day 18 to day 24, reaching
37.05% before decreasing, but not significantly, to 22.84% at day 30 (Table 52). The
strain detected was confirmed by PanPhlAn to be that Inoculated within the S5 mix
(Fig. S3 and S4). The yeasts D. hansent and G. candidum (components of the S5 mix)
were the most abundant populations on the cheese surface at day 18, comprising
21.2% and 37.54% of the microblota, respectively, but their relative abundances
significantly decreased (P < 0.04) by day 24 to 9.57% and 17.6%, respectively, without
showing further significant reductions at day 30 (Table S2). S xylosus, did not corre-
spond to the strain present In the S5 mix (Fig. 53 and S4) and was detected at 9.08%
at day 18 but did not change significantly throughout the nipening period (Table 52).
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Flavor and Microblof of Surfaco-Ripened Cheesa
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In addition, a secondary microblal population, comprising O: febry (detectad in the 55
mix) (Table 1) and Pspchrobacter sp. (not detected In the 55 mix) Table 51}, developad
at low relative abundanca (1 to 2% on the surface of cheese 55 (Tabla 52) over tha
course of the ripening period. However, some Inoculated specles were either not
detected (3 equorwm] at any stage throughout dpening or detected at a very low
relathve abundance (& anlaitenss, —D445%) on the cheese suface during ripening
(Table 521

Volatlle compounds present on the chesse surface. Headspace solid-phass
microexdraction (H5-SPME) gas chromatography-mass spectrometry (GC-MS) was used
to analyze the development of volatile compounds at days @, 18, 24, and 30 of ipening
for both the control and test cheeses. In total, 53 volatile compounds that potentially
contributed to the flavor development were detected on the cheese surfaces. Thase
compounds are predicted to arlse from a varety of substrates and consisted of &
alcohols, 6 aldehydes, 10 carboxylic acids, 10 estars, 13 ketones, 2 5-thioesters, and 4
sulfur compounds (Le, a total of 53 compounds) (Fig. 3L As expected, given the
microblal diversity on the suface, there was a greater variety and Imtansity of volatile
compounds detected than on the control cheese, on which only 25 of the aforemen-
tioned 53 compounds were detacted (Fig. 3). In all cheeses, the levels of all volatle
comipounds detected Inoreased throughout the ripening pencd, apart from those of
2.3-butanedicl, hexanal, heptanal, octanal, nonanal, 2 3-butanedione, and dimethylsul-
fone (Fig. 3.

Correlations between microblal taxa and wolatile compounds. The comelation
analysls betwesen the relative abundances of microblal species and the abundances of
volatile compounds detected on the chesss surface was performed using the Spear-
man cormelation test, as described previcusly by Walsh et al. (1) From the results of the
mietagenomic analysis (performed with Kaljup and the volatile analysis, it was possible
to assodate both yeasts and bacteria, at the species lewal, with specfic volatile
compownds. Flgure 4 demonstrates the degrees of comelation between the volatile
comipounds and the organisms detected.

There was a strong comelation between B finens and G condidum and sulfur
comipounds and 2-methyl-1-butanol. 5. sydesus was corelated with sulfur compounds,
2-methyl-1-butancl, and some ethiyl esters; Coryneboderium varabiile was correlated
with ketones. D hansenit was comelated with acids and alcohols, G anioitensts was
cormelated with ketones, akcohols, and acids, and 5 soprophyticus was comelated with
katones, esters, achds, and alcohols (Fig. 4 Table 1)

Gene content of cheese surface microblota. Using SUPER-FOOUS (https:/fedwards
sdsuedw/SUPERFOCUS) (14), whole-metagenome shotgun seguencing was ussd fo
characterize the functional potential of the whole microblal community on the chease
surfaces at different stages of rpening. Owerall, SUPER-FOCUS was able to assign
62.5% + 1009 of reads from the cheese samples to a function. The proportions of
assigned reads fior each cheese sample are presented In Fig. 52. The functional dusters
analyzed wers inftizlly organized Into three diferent lewels, In ralation to the spacifictty
of the metabolic pathways. Pathway data were analyzed to determine the significant
differences of the individual metabolic chusters by ANOVA, using SAS 2.3 (12), with the
selection of 16 specific functional custers with relative abundances significantly higher
P <2 005) on the cheese surfaces of 55 and D4 than on that of the contral (Fig. 5).

Color and pH varlation. pH and color analyses were perfformed on the three cheasa
types, and the resultant data were examined using a split-plot test, designed with SAS
2.3 (121, & significant Interactive effect (P = 0.0001) betwesn smear treatments and
ripaning Wme was obsarved for pH. At days 18, 34, and 30, the pH was significantly
hagher (P = 00001] on the surfaces of 55 and D4 than on that of the control. In addition,
the pH was signfficantly higher (P <2 00001} on the surface of 55 than on that of D4
from day 18 onwards (Fig. 55).

& significant Interactive effect (P < 0.0001) between time and smear treatments was
observed fior 1°, @*, and b* valees. The [* value measuras the visual lightness (25 values
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Flavor and Microblof of Surfaco-Ripened Cheess
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AG 4 Henrdclly dustored map the correlation betweon the relative abundances of the
microbld and the lowels of vwolatile compeunds detectod on the dheese surface. Clustering was
performed by using the hdust function In R The collor of aach tile of the hoat map Indicates the lovel of
comelation for 3 ghven species-compound combination, as Indicatod by the color key.

Increase from O to 100), the a* value measures the redness to greenness (positive to
negative values, respectively), and the b* value measures the yellowness to biueness
{positive to negative values, respectively). At days 18, 24, and 30, the a" value was
significantly higher (P < 0.0001) for the surfaces of S5 and D4 than for the surface of
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TABLE 1 List of strong positive correlations= betwean the kevels of volstle compounds
and the relative abundances of qh!ﬂl!'! an the chesse surface

Correlation spacies and compound Potential precursor # walua
Farseni
3-Methyl butanoic acd lsoleucine A1
3-Methyt1-butancd Leucine 0.85
Octanoic acid Lipohysis 076
Hexanosc acid Lipolysis A1
I-Heptancl I-Heptarane [Fatty acid ouidation) 0.8
Hutamicibacter ankatenss
1-Methyl butancic acid Isoleucine 08
I-Methyt1-butancd Leurire 0LB6
3-Methyl butanoic acd Leucire o7y
Phenylethyl akcohol Pherrlalanine 083
3-Methyl--pentanone Fatty acd caidation 0,89
#-Undecanane Fatty acid coidation 02
5-Methyt-3-heptanone add coidation 078
I-Pentancne Faitty acid coidation o7
I-Nonaane Faitty acid cuidation 076
I-Heptancl I-Heptarane [Fatty acid ouidation) 0BG
Geotdchum candidum
1-Methyt1-butancd soleucine 076
Methanethiol Methionine 076
Dinethyldisulfide Methanathiol 07
Brovibecheniurm fnens
1-Methyt1-butancd soleucine A1
Methanethiol Methionine 082
Dinethyldisulfide Methanathiol (iF: 19
Dimethyltrisulfide Methanethicl 077
Staphyocncus sposus
3-Methyt-1-butancl lsoleucine o7y
Methanethiol Methicrine 0.84
Dimethyldisulfide Methanethiol 085
L risulfide Methanethiol (iF: 1
Miethyithio: hexancate Methanethiol + hexancic acid 078
Ethyl hexanoate Ethancl + hexanoic acd Jik: 19
Ethyl actanoate Ethancl + octaraic acid 077
3-Methyhbutanoic acd lsoleucine 076
I-Methyt1-butancd Leuire o7
Heptanoic ackd Lipolysis 076
5-Methyl-3-heptanone Faitty acd cuidation 058
Z-Undecanane acd caidation 0.88
B-Nonen-2-ore add coidation 087
3-Methyl-I-pentanone Fatty acd caidation 077
I-Nonanol I-Nanaore (fatty acd coidation) 0.78
Ismperityl acetats ety 1-butanal + acetic acid 0.7
|sospenityl butanocabs IHihethogl-1-bautaral + butanoic acid 0.8
Isoperityl hexanaate Hethryl-1-butanal + hexanpic acd ik ]
varabiie
-Octarone Fatty acid caidation 099
F-Octarone Faitty acid cuidation 078
5-Methyl-3-heptanone Faitty acid cuidation 077

A omakations for which tha F vales was <0000 [comectad for multipis comparsons usng e Boafemoni

method and the R clue was =075,

the control. At day 30, the o° value was also sgnificantly higher (P = 0.02) on the
surface of D4 than on that of 55 (Flg. 56).

FAR and FFA analyses. Free amino acd (FA#) and free fatty acid (FFA) analyses
were performed on the three cheesa types, and the experimental results were exam-
Ined by orie-way ANCVA, USIng SA5 93 {120 The concentrations of total FAAs on the
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Flavor and Microblof of Surfaco-Ripenad Cheess

[Omy 00
Oay 18

Dy 30

AGS Averages and standard arrors fom the throe replicate trials of the relattve abundances of sigrificantly dfiorart |P «< 0.05) metagenomic clusters dotected

with SUPER-FOCUS at days 0 (red), 12 (orange), 24 igreen], and 30 (blkue) for the surfaces of the control, D4, and 55 cheeses.

surfaces of S5 (15,158 + 1,683 pg - mg ') and D4 (11,914 = 1,769 pg - mg '} were
significantly higher (P < 0.05) than those on the control surface (6605 = 819
pg - mg - ). In addition, the concentrations of some Individual FAAs, such as tyrosine,
proline, and histidine, were significantly higher (P < 0.05) on the surface of 55 than on
the surfaces of D4 and the control (Fig. 571

The concentrations of total FFAs on the surfaces of S5 (22,069 + 3875 pg-mg )
and D4 (26,562 + 2,606 ug - mg ') were significantly higher (P < 0.05) than on the
surface of the control (1,336 + 70 pg - mg ). The concentrations of some Individual
FFAs, such & Cup Cuo Crooe Craa Crao 3Nd Cypq, wWere significantly higher (P < 0.05)
on the surface of D4 than on that of S5 or the control {Fig. 7).
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DISCUSSION

In this study, the we of whole-metagenome shotgun saquencing facllitated the
study, at the species and the strain level of microbial succession among smear
microorgantsms (both bacteria and yeasts) on cheese surfaces and facllitated the
analysis of the metabolic potential of the whole microblal community at differant
stages of npening. volatile fAavor compounds were analyzed over time, using HE-SPME
GC-ME, and comelated with the microblal species that developed during ripening.

Cheddar cheese curd <24 h postmanufacture was Inoculated with two different
smear-culture mikes and Incubated at 15°C for 30 days. Unsmeared Cheddar chease
curd, vacuum packed to prevent the growth of spodlage molds on the cheess surface,
was used as a confrol. This model was chosen to Investigate microblal succession and
flavor developrmeant, as it had been shown ina pravious stdy that yeasts and bacterta
astablish themselves satistactorily on the surface of young Cheddar cheese curd,
producing cheess with modified flavor and appearance (15)

Cn the cheese surfaces of 55 and D4, a very heterogeneous microblzl consortium
developed during ripening. triggering an amay of blochemical processes. Yeasts are
considered to be responsible for the deacidification of the chesse srface (observed on
55 and D4 (Fig. 55 by the degradation of lactate (to OO, and H,O (16, 171, as well as
for the formation of alkaline metabolites (from metabollsm of FAAs) (18) and thea
secretion of growth factors (witamins and amino acids) that support the growth of
bacteria (17, 19). As expacted, In parzllel with the growth of the yeasts, the relatiee
abundances of the metagenomic dusters related to lactate utilization and the blosyn-
thesls and uptake of biotin were greater for the cheese surfaces of 04 and 55 than for
that of the control (Fig. 5). Dwring fpening, the surfaces of D4 and 55 were washed with
a 5% salt solution, causing hyperosmotic stress on the microbizl population of the
cheese surface (200, This comelated with higher relative abundances of the metag-
enomic chusters related to osmotic-siress resistance and the metabolism of choline and
betaine (osmoprotectants) (21) for the washed cheeses than for the unwashed control
{Fig. 5.

The development of a red/orange color on the surface Is an Important charactedstic
of many smear-ripened cheeses. This color development 1s usually darved throwgh the
metzbolism of carotenolds (22, 23], and cormespondingly higher relative abundances of
metzgenomic clusters Involved In carotenold blosynthesls were observed on the
surfaces of the cheesas 55 and D4 than on that of the confrol (Fig. 51

Surface-npened chaeses are also charactertzed by a strong flaver, which 1s driven by
the biochemical metzbolism of the microblal consortiem that develops on the cheass
surface gver time. These are assoclated with proteolytic and lipolytic pathways. diving
the Increase In the levels of FAAs and FFAs. These pathways, together with lactose and
citrate metabolism, are considered to be responsible for the main precursors of flawar
compounds In cheese. In the cument study, the relative abundances of the metag-
enomic dusters assoclated with the proteolytic pathway and the metabollsm of tria-
cylglycerols were higher for D4 and 55 than for the control, which was consistent with
FAAL- and FFA-related data (Fig. 57). Durng rpening, the relstive abundances of
metzgenomic clusters directhy related to the formation of volatile compownds, such as
carbohydrates, organic ackds (Including FFAs), and FAAS (except aromatic amino aclds),
and of clusters indirectly related to the formation of volatile compounds, such as those
used In the tricarboxylic acid (TCA) cycle (Important for e-ketoglutarate production,
wene significantly higher (P < 0,05) for the surfaces of both the 04 and 55 cheeses
than for that of the control chesse (Fig. 5). Correspondingly, numerous volatile com-
pounds (zkoohols, aldehypdes, carboxylic acids, ketones, sulfur compounds, esters, and
S-thioesters) (Fig. 3) were produced on the surfaces of cheeses 55 andior 04, conferming
an Intensa flavor to them.

Curng fpening, on the chesse surfaces of 55 and D4, a microblal succession
Invohving varous Incoulated, and Indeed some nonincowlated, microorganisms was
apparent. Consistently with other studies. specific smear strains, added as adjunct
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Flawor and Micobicot of Surface-Riponed Cheasg

cultures to the milk or to the exterior of surface-ripened chesse during manufacturs,
have not been detected at the end of ripening (24-281 In this study, the specles
detected on the cheese surface by matagenomic analysis did not fully comespond with
the components of the smear-culture mikes. Different contaminant populations devel-
oped on the surfaces of bath test cheeses, especially on that of D4, probably due to the
differant Interactions and competition between the cultures of the two mikes [Fig. 2;
Table 52).

0 hansanit was part of the Inoculum used for both 55°s and D4's surface. D hanseni
ks a component of the surface microbiota of many surface-ripened cheeses and Is vary
tolerant to high-salt and low-pH conditiens (16, 23). Presumably due to these charac-
teristics, [ hansend was present at a high relative abundance in both test cheeses,
mainly In the early stage of ripening (at day 18}, and then decreased gradually In the
later stages (days 24 and 30y (Table 521 volatlle compounds significantly (¢ < 0.001)
assoclated with 0. hansenin were mainly alcohols and carboxylic acids (Fig. 4; Table 1).
The blosynthesls of branched-chaln alcohols and carboxylic acids from FA2 metabollsm
and the blosynthests of medium-to-dong carbosylic acids from FFA metabolism are
processes attributed malnly to yeast and mold metabollsm, Including that of D. hanseni
{30-35).

On cheese D4, the relative reduction of 0 Ransant with time corresponded to an
Increase In the number of Gram-positive bacterla. G anlaitensis, a component of 5575
milx, did not grow on the cheese surface of 55 and, though It was not Inoculated as part
of the culture mix, was the dominant bacterium on the surface of D4 (Fig. 2: Table 52).
Throwgh the wse of PanPhlan, which uses metagenomic data to achleve straindevel
milcroblal profiling resolution, we have demonstrated that the G amaansis strain
present on 04 was not the same strain as Inoculated onto 55 (Flg. 53 and 54). The
inability of the Inoculated G. ariarensis strzin to grow on the 55 cheese Is most lIkehy
due to the different Interactions within the microblota on the cheese surface. Cther
studies on the microblal composition of the surface of Umburger cheese obsenved that
G. grilaitensis behaved In a similar manner, showing high relative abundance when It
was coincoulated only with D. hanseni but showing low relative abundance when
combined with both 0. hansenil and G condidurm {171 That G anlatensis contributes to
cheese flavor has besn shown previously In model cheese media (36) (producing
alcohods and especially ketones) and In the current study, where It was signifficantly (P <
0.001) assaciated with 3-methyl-1-butancd and phenylethyl alcohol, branched carbos-
wlic acids ifrom FA& metabolism), 2-heptanol, and ketones (from FFA metabolism)
{Fig. 4 Table 11 In additon, 3 genomic study showed numercus genes encoding
proteln degradation and ﬁuy acld oxidation In G. arikaitensis (3TL

o the cheese surface of 55, & condidum was coinoculated with 0 hansendt and
established Italf to become the most abundant yeast population by day 18. The
successful cohabltation of G. condidm and 0. hansentl may be explained by the fact
that they do not compete for energy sources In the same way In cheesa. D. hanseni
u=es lactate or the imited amount of lactose present In the cheese postmanufactre
{08 to 1%, while G. condidurm preferemlalhrmes unl:,rlan:tate (21, 38). During ripening,
sulfur compounds were significantly (P < 0.001) associzted with G. candidum (Fig. 4
Table 11, which s In agreement with other studies which have shown that & candidum
5 able to catabolize methionine in a one-step degradation, with the blosynthests of
sulfur comipounds (34, 39, 400

The production of sulfur compounds 1s an Important characteristic of many surface-
rpened cheese, and 8. Mnens |5 considered one of the main species responsible for the
development of the strong flavor of many suface-ripened chesses throwgh the bio-
synthesls of sulfur compounds derved from methanathiol. In this study. & linens was
prasent at relathvely low abundances in the original culture milkes (5.26% and 3.53% for
D4 and 55, respectively] (Table 511 However, although It was datected at a very low
relative abundance on the cheese surface of D4, |t was one the most dominant bacterla
detected on 55 (37.05% at day 24) (Table 520 while this may be due to Interstrain
differences, It 15 mast lkely due to the different Interactions within the microbiotas of
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55 and D4 Studies have shown that B fnens does not always establish rself on the
cheese surface during ripening, even if it 1s present in the inftal culture mix (25-37, 41,
47). However, In previous studies, 6. candidurm has bean shown to stimulate the growth
of & linans In coculture {43), suggesting the hypothasts that In 55, . candidum, prasent
at high relative abundance, might have produeced growth factors that supported the
growth of & Moens but that in D4, It was out-competed by G amlarensss, which
established Rsalf very quickly on the surface of 55 and made up 75% of the microblota
at the end of ripening. 5. lmens was significantly (P <2 0.001) assoctated with methane-
thie and its dervatives [dimethyldisulfide and dimethyimsulfide) (Fig. 4 Table 1),
which Ilkelgr orginated from the one-step degradation of methionine (30, 36, 44, 45).

Other specles, while prasent at lower relative abundances on the cheese surfaces of
55 and D4, were also responsible for the biosynthesls of some wolatile compounds. A
straln of 5 xylosus different from the one within the smear-culture mix of 55 [Fig. 541
was detacted during ripening only at 1083 to 13.36% of It relative abundance on thea
cheese surface of 55 (Table 52). This Is maost likely due to competiion for nutrients
within the microbiota, as suggested by Mounler et al. [38). Members of the gemus
Staphylococcws can establish themselves on suface-ripenad cheese in the early stages
of ripening but are regularly overtaken by other bacteria at the later stages (26, 46, 47).

In this study, spectfic spacies detected In low relative abundances in 55, such as
E aylosus (908 to 1336%], and In D4, such as 5 saprophyticus (1,06 to 2.63%) and C.
variable (2.04 to 2.08%) (Table 52}, were significanthy (7 < 0.001] assodated with 2 ranga
of flavor compounds Important In surface-fipened cheese (Fig. 4 Table 1), and Inter-
astingly, while 5. xyosus has previously been shown to produce sulfur compounds only
In fermented meat (48 49, In this study. It was comelated with specific sulfur com-
pounds In cheese. These data suggest that some smear bactena, though present at
relatively low abundances In cheese, are likely contributors to the release of FFAs and
to thedr degradation due to thelr esterase activity and, hencs, that they contribute to
the aroma and flavor in the final cheese product (50, 51).

In the study reported here, whole-metagenome shotgun sequendng was employed
as a novel method for the analysis of a fermented product with a complex microblota.
Metagenomic analysls was an efficient tool to understand the variations of the micno-
bilal population of the cheese surface over time and the related metabolic potential.
Moreover, the assodation between the volatile compounds and the species represents
a novel system for studying fAavor development In chease. In conclusion, the approach
w=ed In this stedy enabled us to determine the microbizl succession during ripening
and also to begin to wnravel the contributions of the varous components of the surface
microbiota when present within a complex microblal ervironment. The method pro-
posed in this study can be adopted in industry to contral the microbiotas of fermentad
food, resulting In the production of food products with specific flavor characteristics.

MATERIALS AND METHODS

Smsaring of cheasa blodks. A block of commardial Cheddar cheasa =24 h after manufachwre was
asaptically cut inta smallar bliocks (-8 by 6.5 by 30 om) and washed with smear ng solutions, 25 desoibed
hnLrprm‘lnt.lsﬂurlr (15). Two commerdial smear-cufture mibes comprising G candidum, 0 Ransenil,
B bnors, G anfiattensts, and 5. plosus (S5 mis) Sacc0, Cadorago, taly) and O hanseni, C godini, B coss,
and & Anens [Did mix} [DuPont Dankscn, Beaminstor, Dorset, United Klngdom] wara used to Inoculate tha
surfaces of the cheess ounds. Tha blodks of dheese wena washed with the smearing solutions and placed
I starila racks irsida stariks plastic bags (50dpack varpackungen, Ochsenhausan, Gamany, 2 previoushy
dascribod (151 The chees was ripaned for 30 days at 15°C, with 2 relstive bumidity of -0/ &t days 7,
10, and 15 of npaning, tha dhessa blodks wors brushed with a starle spongs that had boen sozked In
2 sterlia bring solution (5% Mad) 1o uniformly spread the smear microbiota on the dhease surface. As a
control, unsmeared cheese blocks wers vaouum packad in sterlia bags and incubated at 15°C, 25 with tha
test choases.

Sampling cheasa. Three repliats cheasa trials wera performed at difierent times during Cheddar
chaasa mzking sazson. All data prasanted 2re the results of tha analysis parformad on =mplas takan
fom the chaese surface (at 3 dapth of ~0.5 om). All analyses wore parformed In triplicat

pH maaswrament. Tha pH leval was measured on days 0, 18, 24, and 30 using a standard pé meator
MFI; Miattlor- Toledo, Schwarzanbach, Switzarland) (52). The data wera analyzed by one-way aralysis
of varance (ANOVA] using SAS 93120
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Datermination of color. At days 0, 18, 24, and 30 of npening, tha color was mazsured on the chessa
mrface at room tampsrabora, using 2 Minclta CR-300 coloimetor (Winclta Camera, Osaka, Jaman). Tha
Instrument was calibried on white tile, and the color of the chessa surface wes measured wing L7, 5°,
and 6° values. Tha L® value measuras the visual lightnass (as valuas incrazss from 0 to 100, the o* valua
maasuras tha rednaess to graannass (positiva to negative valuaes, respacthealy), and tha 5° valua measuras
tha yellownass to Busnass (positho bo negative walkees,

Total DNA sxtraction from the cheass surface. Tha total DNA was e cied Fom the smear oditura
mies and tha cheass samplas using the PowerSoll DA Isolation kit 25 described In the manufacturar's
protocol (Camiio, Cambridga, United Bingdom]. For tha DWa axtraction fom the dheasa surface, at days
0, 18, 24, and 30, a protreatment stop was included as follows. Samplos wona removed from different
marts of tha chassa blodk and podled to give a represemtative sampla of 5 g. Tha dheese was placed In
a shomacher baqg with 50 mi of 2% trisodium ciirabe and homogenized using a masticator mibser (UL 54,
Barcelona, Spaing for 5 min.

Fiftean millitters of the smoar-culbaro mix, or the cheoese solution, was placed Inbo sterila Falcon fubas
and centrifuged for 30 min at 4500 » g. After centrifugation, the supematant was discarded and the
el lot was placed Ina 2-ml Eppendorf tuba. Tha pellet was washed sevoral tmss with sterls phosphate-
Buffared saline [FBS) by contrifuging It 28 14,500 « g for 1 min, unill the supernatant was completaly
chear. Tha pallst was than added to FowsrBaad tubses (Cambio, Cambridge, United Kingdom) provided
with the kit 2 dascribed In the protoool 2nd homogenized by shaking on the Tisualyser § | Magen, West
Sussaw, Unfad Kingdom] at 20 Kz for 10 min. Tha DNA was then purified acoording to tha protocal of
tha standard PowerSoll DA 1solation It [Cambio, Cambridge, United Kingdom ).

Total DA was Inftially qualified and quantified by gel slectrophorssls and the NamoDrop 1000
(Bio-Sdancas, Dublin, ireland) befors more-arowrate guantification with the Qubit high-sensithity Daa
assay (Bo-Scencas, Dublin, keland).

wWhole-metagencma shotgun sequencing. Whole-metzgenome shotgun bbrarkes ware prepared In
acoordance with tha Maxtora KT DHA proparation quida from llumina (53], Libraries for the startar
miture samples wers sequanced on the llluming MISeq with a 2 300-bp oycke w3 kt. Libranas for tha
cheesa samples were sequenced on the lluming NextSeq 500 with a v2 MexitSeq 5000550 high-outpt

rmagent kit (300 oydes). All sequencing was dons In the Tsagesc sequencing facllity in aocordanca with
standard lkuming seguending
Elninformatic

analysis. Faw whole-matagenoma shotgun saquancing reads were processed on tha
fasts of qualty and guantity using a combiration of Picard tools (httpsfgithaub com beoad instiutar
picard] and SAMbools (54). Frocessing of maw sequence data produced a total of 3,714,820 + 241,119
filtered roads for samples sequenced on the MISoq and 19210475 * 12,478,696 fiftered reads for
samples saquenced on the NexiSeq. The metagenomic binning tool Kaiju [11) was used to determing tha
specias-lewal microbial compostions of samplas. The NCEI nomredundant protein dakzbass [55) was
wsad with Kaiju. ParPhli&n [13) wes used for strinJovel a of spedies of interest. FanPhlan works
anhgmm'h;mdngumamm tabasa, built from referencs genomas, to
niify the gana familles prasont In strains from metagenomic amples The refarence ganomas
Induded for each pangenome database are outlined In Table 53. SUPER-FOOUS (14) was used io
charzctartza tha micoblal matabolic potantial of samples. SUPERFOCUS measuras tha abundances of
subrystoms, or groups of proteins with shared functionality, by aligning sequencing neads against a
reducad SEED (55) databass.

Froo amino achd anahysis. FAR anabysks was perfomed 21 the end of the ripaning iday 300 on tha
soluble N adrads using a JEOL JLC-500V AR analyrer fitted with a JEOL Ma™ high-parformanca
catkon-mcdhangs column [JEOL, Garden Oty, Harls, United Mingdom| (571 The chromatographic analyses
wrn conducted at pH 23, Rasults ane axprassed as micrograms per milligram of choess.

Frog fatty scid analysis. FRA adractions were pariemed at the end of the npaning (day 30
acoording to the method cutlined by De Jong and Badings (55 The FFA adracts ware derfratized as
mathyl astars 25 described by Mannion at 2l. (590 Fatty acid methyl aster axtracts wera anziyzed using
a Varian (P3800 gas chromatograph [Aquilfant, Dublin, koland) with 2 CPB4000 autcsamplor and fama
lonization detector and a Varan, inc, 1079 Injector [Aquilant, Dubiin, Ireland). Results are cpressad as
micrograms par milligam of dheasa.

'mHin—lhsh..'l'l'wuchﬂummpn.lﬂ:waamhmndlt:hpﬂ,w,!l,mdmﬂumrhmuﬂh
chaasa v remaved, wrappad in o, and stored vacuum packed at — 20°C untll anafyss. Bafiore analyst,
tha samplas wora defrostad and grabed, 2nd 4 g of the dhease surface was usod. Analpk wes camied cut
2 outlined by Barbuz at 2l [15)

Statistical analbysis. Statistical analysts was dona with SA5 9.3 (1) and B-322 (600 Tha R packagas
ggpiot2 and pheatmiap wers used for data viualiration. The wegan pacdage was wed o caloulate tha
Exzy-Curtis disimilarity batwean samplas, whila the Hmisc padkags was used for comalation analysis

Accassion numbsris). Sequancng reads have been deposited inthe Eurcpean Mudsotids Archiva
wnder tha project accesion numbar PRIERT 5423,

SUPPLEMENTAL MATERIAL

supplemental material for this aride may be found at https./dolorg/10.1138/
mEystems.00211-17.

FIG 51, TIF file, 0.1 MB.

FIG 52, TIF file, 0.5 MB.

FIG 53, TIF file, 2.1 MB.
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FIG 54, TIF file, 0.2 MB.

FIG 55, TIF file, 004 ME.

FIG 56, TIF file, 0.1 MB.

FIG 57, TIF file, 0.1 MB.
TABLE 51, DDCX file, 0.02 MB.
TABLE 52, DO file, 0.02 MB.
TABLE 53, DOCY fils, 0.02 MB.
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