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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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diverse abilities for the production of flavour compounds in 2 model systems. Published 
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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 
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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. 
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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. 
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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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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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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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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). 

 

 

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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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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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 (Villaseñor 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, Gruyère, Old Amsterdam, Raclette, and 

Tête 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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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; Villaseñor 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 
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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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1.5. 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 



38 
 

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 µm 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 (GC×GC) is a 

powerful gas chromatographic technique that was developed to improve separation of 

co-eluting compounds in complex sample matrices. In GC×GC technology, the effluent 

passes through a first GC column and is then entirely (comprehensive GC×GC) or 

partially (heart-cutting GC×GC) 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 GC×GC 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 GC×GC 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). GC×GC 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. 

 

 

Figure 1.7. Two dimensional gas chromatography system (GC×GC). 

 

Up to now, only a limited number of studies have been carried out using GC×GC 

for cheese analysis. For the detection of the volatiles of Cheddar cheese, Arora et al. 

(1995) used a GC×GC 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 GC×GC has better sensitivity than those technologies with a single 

column. It is to be expected that GC×GC 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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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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Figure 1.8. Gas chromatography olfactory system (GC-O) (from Kilcawley, 2017). 
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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; Bonaïti 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., 

1974a, 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; Bonaïti 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 Tête de Moine, found that a broad spectrum of terpenes 



54 
 

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). 

 

 

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 Limburger; Chaumes; Tilsit Vacuum-distillation; DHS; TD; HS-
SPME Parliment et al., 1982; Valero et al., 2001; Fuchsmann et al., 2015 

3-Methylbutanoic 
acid Limburger; Livarot; Tilsit Vacuum-distillation; P&T; HS-SPME Parliment et al., 1982; Bonaïti et al., 2005; Fuchsmann et al., 2015 

Hexanoic acid Limburger; Chaumes; Tilsit Vacuum-distillation; DHS; TD; HS-
SPME Parliment et al., 1982; Valero et al., 2001; Fuchsmann et al., 2015 

Octanoic acid Limburger; Chaumes; Tilsit Vacuum-distillation; DHS; SDE; TD; 
HS-SPME Parliment et al., 1982; Valero et al., 2001; Fuchsmann et al., 2015 

3-Methylbutanal Comté; Beaufort; Appenzeller; 
Chaumes; Tilsit P&T; DHS; TD; HS-SPME Bosset and Gauch, 1993; Valero et al., 2001; Fuchsmann et al., 2015 

Hexanal Comté; Chaumes; Appenzeller; 
Raclette; Tête de Moine  Vacuum-distillation; SDE; TD Guichard et al., 1987; Valero et al., 2001; Lawlor et al., 2002 

Benzaldehyde Comté ; Raclette; Tête de Moine ; 
Livarot; Tilsit 

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

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

2-Butanone 

Vacherin; Maroilles; Livarot; Pont 
l'Eveque; Comté; Beaufort; 
Appenzeller; Raclette; Tête de Moine ; 
Tilsit 

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

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

2-Pentanone 
Vacherin; Maroilles; Limburger; 
Chaumes; Appenzeller; Raclette; Tête 
de Moine ; Livarot 

Vacuum-distillation; DHS; TD; P&T Groux et al., 1974; Dumont et al., 1974a; Parliment et al., 1982; Valero et al., 
2001; Lawlor et al., 2002; Bonaïti et al., 2005 

2-Heptanone 

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

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

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; 
Bonaïti et al., 2005; 

2-Octanone Limburger; Comté; Appenzeller; 
Raclette; Tête de Moine  Vacuum-distillation; TD Parliment et al., 1982; Guichard et al., 1987; Lawlor et al., 2002 
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2-Nonanone 

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

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

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; 
Bonaïti et al., 2005 

2-Undecanone Maroilles; Epoisses; Vacherin; 
Limburger; Comté; Livarot Vacuum-distillation; P&T Groux et al., 1974; Dumont et al., 1974a, b; Parliment et al., 1982; Guichard et 

al., 1987; Bonaïti et al., 2005 

Acetophenone Maroilles; Livarot; Pont l'Eveque; 
Langres; Limburger; Comté Vacuum-distillation Dumont et al., 1974a; Parliment et al., 1982; Guichard et al., 1987 

Ethanol 
Vacherin; Livarot; Pont l'Eveque; 
Langres; Epoisses; Comté; Beaufort; 
Appenzeller; Raclette; Tête de Moine  

Vacuum-distillation; P&T; TD Groux et al., 1974; Dumont et al., 1974a; Bosset and Gauch, 1993; Lawlor et al., 
2002; 

1-Propanol 
Maroilles; Pont l'Eveque; Langres; 
Epoisses; Vacherin; Livarot; Comté; 
Beaufort; Appenzeller 

Vacuum-distillation; P&T Groux et al., 1974; Dumont et al., 1974a, b; Bosset et al., 1993 

2-Propanol Pont l'Eveque; Langres; Comté; 
Appenzeller; Chaumes; Livarot Vacuum-distillation; TD; P&T Dumont et al., 1974a; Bosset and Gauch, 1993; Valero et al., 2001; Bonaïti et al., 

2005 

2-Methylpropanol 
Maroilles; Livarot; Pont l'Eveque; 
Langres; Epoisses; Comté; Beaufort; 
Appenzeller 

Vacuum-distillation; P&T Dumont et al., 1974a; Bosset et al., 1993 

1-Butanol Pont l'Eveque; Epoisses; Comté; 
Beaufort; Appenzeller Vacuum-distillation; P&T Dumont et al., 1974a; Bosset et al., 1993 

2-Butanol 
Maroilles; Livarot; Pont l'Eveque; 
Langres; Vacherin; Comté; Beaufort; 
Appenzeller; Raclette; Tête de Moine  

Vacuum-distillation; P&T; TD Dumont et al., 1974a, b; Bosset and Gauch, 1993; Lawlor et al., 2002 

2-Methylbutanol Comté; Beaufort; Appenzeller; Tête de 
Moine  P&T; TD Bosset and Gauch 1993; Lawlor et al., 2002 

3-Methylbutanol 
Maroilles; Livarot; Pont l'Eveque; 
Langres; Epoisses; Vacherin; Comté; 
Beaufort; Appenzeller; Chaumes 

Vacuum-distillation; P&T; DHS; TD Dumont et al., 1974a, b; Bosset and Gauch, 1993; Valero et al., 2001 

2-Pentanol 
Vacherin; Maroilles; Pont l'Eveque; 
Comté; Beaufort; Appenzeller; 
Chaumes; Raclette 

Vacuum-distillation; P&T; DHS; TD Groux et al., 1974; Dumont et al., 1974a; Bosset and Gauch, 1993; Valero et al., 
2001; Lawlor et al., 2002 

Hexanol Livarot; Pont l'Eveque; Comté; 
Chaumes Vacuum-distillation; P&T; TD Dumont et al., 1974a; Guichard et al., 1987; Bosset and Gauch, 1993; Valero et 

al., 2001 

2-Heptanol 
Maroilles; Pont l'Eveque; Langres; 
Vacherin; Comté; Appenzeller; 
Chaumes 

Vacuum-distillation; P&T; DHS; 
SDE 

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

2-Nonanol Livarot; Pont l'Eveque; Langres; 
Vacherin; Comté Vacuum-distillation Dumont et al., 1974a, b; Guichard et al., 1987 
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Phenol Maroilles; Livarot; Pont l'Eveque; 
Vacherin; Limburger; Chaumes Vacuum-distillation; DHS; SDE; TD Dumont et al., 1974a, b; Parliment et al., 1982; Valero et al., 2001 

2-Phenylethanol 
Maroilles; Livarot; Pont l'Eveque; 
Langres; Epoisses; Limburger; Comté; 
Chaumes 

Vacuum-distillation; TD Dumont et al., 1974a; Parliment et al., 1982; Guichard et al., 1987; Valero et al., 
2001 

Cresol Livarot; Pont l'Eveque; Langres; 
Limburger; Comté Vacuum-distillation Dumont et al., 1974a; Parliment et al., 1982; Guichard et al., 1987 

Ethyl acetate 
Maroilles; Livarot; Pont l'Eveque; 
Langres; Epoisses; Comté; Beaufort; 
Appenzeller; Tête de Moine  

Vacuum-distillation; P&T; TD Dumont et al., 1974a; Bosset and Gauch, 1993; Lawlor et al., 2002 

Ethyl butanoate 
Langres; Epoisses; Comté; Chaumes; 
Appenzeller; Raclette; Tête de Moine ; 
Tilsit 

Vacuum-distillation; TD; HS-SPME Dumont et al., 1974a; Guichard et al., 1987; Valero et al., 2001; Lawlor et al., 
2002; Fuchsmann et al., 2015 

Ethyl hexanoate 
Livarot; Pont l'Eveque; Langres; 
Epoisses; Comté; Beaufort; Chaumes; 
Tête de Moine ; Tilsit 

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

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

Ethyl octanoate Livarot; Pont l'Eveque; Langres, 
Epoisses; Limburger; Chaumes; Tilsit 

 Vacuum-distillation; SDE; HS-
SPME 

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

Methyl thioacetate Pont l'Eveque; Epoisses; Limburger; 
Beaufort; Chaumes Vacuum-distillation; P&T; DHS Dumont et al., 1974a; Parliment et al., 1982; Bosset and Gauch, 1993; Valero et 

al., 2001 

Dimethyl disulphide 

Maroilles; Pont l'Eveque; Langres; 
Epoisses; Vacherin; Livarot; 
Limburger; Chaumes; Raclette; Tête 
de Moine  

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

Dumont et al., 1974a, b; Parliment et al., 1982; Valero et al., 2001; Lawlor et al., 
2002; Bonaïti et al., 2005 

Dimethyl trisulphide Maroilles; Pont l'Eveque; Langres; 
Livarot; Limburger; Chaumes; Tilsit 

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

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

Indole 
Maroilles; Livarot; Pont l'Eveque; 
Langres; Vacherin; Limburger; 
Chaumes 

Vacuum-distillation; SDE; TD Dumont et al., 1974a, b; Parliment et al., 1982; Valero et al., 2001 

Toluene Pont l'Eveque; Langres; Epoisses; 
Vacherin; Livarot; Chaumes 

Vacuum-distillation; DHS; SDE; TD; 
P&T Dumont et al., 1974a, b; Valero et al., 2001; Bonaïti et al., 2005 

Benzene Maroilles; Livarot; Pont l'Eveque; 
Langres; Epoisses; Chaumes Vacuum-distillation; TD Dumont et al., 1974b; Valero et al., 2001 

Naphthalene Maroilles; Livarot; Langres; Epoisses; 
Comté Vacuum-distillation 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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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 µL 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 

code Source Incubation 
time in TSA 

Incubation 
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 Ika (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 µl 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 × g, 10 min, 4°C) and washed twice, with 50 mmol L-1 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 × 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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mixture containing 10 µl of diaphorase, 40 µl of TEA buffer, 20 µl of glutamic acid 

solution (0.1 mg ml-1), and 20 µl 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 492nm. 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 l-1 sodium 

phosphate, 150 mmol l-1 sodium chloride, 0.5% v/v triton X-100, at pH 7) and a 

substrate (50 mmol l-1 p-nitrophenol butyrate in acetonitrile). In each well, 50 µl of 

buffer, 50 µl of CFE and 10 µl of substrate were mixed and absorbance was measured 

with a plate reader, after 1 hour of incubation at 37°C at 400nm. 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 

µmol of p-nitrophenol released per mg of protein. 
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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 Bl1, C. variabile DPC5313, and 

A. arilaitensis DPC6297 (+) (Fig. 2.1).  
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Figure 2.1. Means of three replicates of GDH (expressed in U mg protein-1), esterase 

(on p-nitrophenol butyrate) (expressed in µmol of p-nitrophenol mg protein-1) and 

aromatic AT (expressed in µmol of phenylpyruvate mg protein-1) 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-1, in MS1 and MS2, before and 

after incubation1. pH values, in MS1 and MS2, after the incubation2. 

 
1Results are showed as means ± SD of triplicate experiments. Strains that showed significant difference (P<0.05) in 

CFU ml-1 after the incubation time are reported in in bold. ND= not detected. 
2 A-F Results of pH values sharing the same letter in the column corresponding to MS1 or MS2 do not significantly 

differ (P<0.05) 

 

 

 

 

 

 

 

Species Identification 
code 

MS1     MS2   
0 (h) 24 (h) pH (24h)   0 (day) 15 (day) pH (15day) 

Control   ND ND 6.65±0.01AB   ND ND 5.76±0.01A 
Brevibacterium  
aurantiacum DPC5683 9.92±0.07 10.17±0.14 6.59±0.05BCD 

 
6.05±0.02 7.45±0.41 5.69±0.07ABC 

Brevibacterium  
linens Bl1 9.64±0.22 9.71±0.14 6.59±0.05BC 

 
6.18±0.08 7.19±0.09 5.66±0.03ABC 

Brevibacterium  
linens DPC5699 9.59±0.26 9.23±0.14 6.71±0.02A 

 
6.29±0.19 8.86±0.69 5.72±0.07AB 

Corynebacterium  
casei DPC5298 9.49±0.11 9.54±0.12 6.51±0.06CDE 

 
6.22±0.11 7.00±0.10 5.65±0.01ABC 

Corynebacterium  
flavescens NCIMB 8707 10.38±0.22 10.30±0.29 6.55±0.04BCD 

 
6.90±0.17 8.51±0.12 5.72±0.02ABC 

Corynebacterium  
variabile DPC5313 9.85±0.07 10.17±0.14 6.46±0.04DE 

 
6.9±0.14 7.83±0.15 5.68±0.02ABC 

Staphylococcus  
equorum DPC4416 9.82±0.11 9.13±0.10 6.49±0.02CDE  6.31±0.28 6.81±0.47 5.70±0.02ABC 

Staphylococcus  
saphrophyticus DPC5671 9.94±0.04 9.92±0.32 6.47±0.01DE 

 
6.06±0.05 8.32±0.71 5.52±0.01D 

Arthrobacter  
arilaitensis DPC6297 8.94±0.14 8.23±0.19 6.52±0.04F 

 
6.09±0.10 6.65±0.60 5.60±0.02CD 

Microbacterium  
gubbeenense DPC5286 9.68±0.08 9.79±0.06 6.57±0.07CDE 

 
6.57±0.38 7.13±0.06 5.64±0.01BC 

Micrococcus  
luteus DPC6921 10.06±0.27 9.51±0.06 6.44±0.05EF   6.29±0.04 7.93±0.32 5.34±0.07E 
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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 (C0 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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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). 

 

 

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 

(LRI).  
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 
acid, S-methyl ester 

 42075423/ 
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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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 Bl1 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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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. 
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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., 2017b). 

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 
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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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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 (FAAs) 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 cm2 was aseptically removed from the cheese 

surface and resuspended in 2% trisodium citrate, serially diluted and plated on TSA 5% 
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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).  

Is o la te d  s tra in s  s m e a r  c h e e s e   B

D P C

5 298

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

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

  A

  B

 

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. casei 

DPC5298. 

 

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-1 of the cheese surface of cheese A and cheese B 

during the ripening time; total yeasts count in cheese A ( ) and in cheese B ( ), total 

smear bacteria count in cheese A ( ) and in cheese B ( ). 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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Figure 3.4. Change in pH over time; control cheese ( ), surface of cheese A ( ), core of 

cheese A ( ), surface of cheese B ( ) 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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Figure 3.5. Proteolysis, expressed as % pH4.6-SN/TN during ripening: control cheese (

), surface of cheese A ( ), core of cheese A ( ), surface of cheese B ( ) and core of 

cheese B ( ). Values presented are the means from three replicate trials. 
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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. 
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Figure 3.7. Individual free amino acids content of the control ( ), core cheese A ( ), 

surface cheese A ( ), core cheese B ( ) and surface cheese B ( ) 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 ( ), core cheese A ( ) and 

surface cheese A ( ), core cheese B ( ) and surface cheese B ( ) 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 3.9. Colour development on the surface of the cheeses during the ripening. The 

colour values (L*, a*, b*) of the control cheese ( ), of cheese A ( ) and of cheese B ( ). 

Values presented are the means and standard deviations from three replicate trials. 
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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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Figure 3.11. Ranking descriptive analysis performed in duplicate on cheese A ( ), 

cheese B ( ) and control ( ) 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. casei 

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-1 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 15th 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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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 FFAs 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; Leclercq-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). 
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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 



182 
 

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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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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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.cgi) (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 IF1SW-B3 16S ribosomal RNA gene, the alignment of dnaJ 

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 
products BLASTN hits 

Query 
cover  Identity 

16S 
Staphylococcus saprophyticus subsp. saprophyticus strain IF1SW-B3 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 DnaJ (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). 

 

 

 

 

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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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).  

 

 

 

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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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. 



https://www.ebi.ac.uk/enzymeportal/search/ec/3.4.11.4?enzymeName=Tripeptide%20aminopeptidase
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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 
number 

Genome 
location 

Query AA 
Length Domain hits BLASTP Hits 

Query 
cover 

Query 
identity 

Proteinase               

Clp subunit 3.4.21.92 
15471-
154955 194 

ATP-dependent Clp protease proteolytic 
subunit (1-194) 

ATP-dependent Clp protease 
proteolytic subunit 100% 100% 

Clp subunit 3.4.21.92 
441093-
443555 820 Clp protease ATP binding subunit (3-815) 

ATP-dependent Clp protease ATP-
binding subunit ClpC 100% 100% 

Clp subunit 3.4.21.92 
1910855-
1912117 420 

ATP-dependent protease ATP-binding 
subunit ClpX (3-411) 

ATP-dependent Clp protease ATP-
binding subunit ClpX 100% 100% 

Clp subunit 3.4.21.92 
2648299-
2650398 699 

ATP-dependent Clp protease ATP-binding 
subunit ClpA (69-697) 

ATP-dependent Clp protease ATP-
binding subunit 100% 100% 

Aminopeptidase               

PepB 3.4.11.1 
33604-
35085 493 PepB - Leucyl aminopeptidase (13-492) Leucyl aminopeptidase family protein 100% 100% 

PepB 3.4.11.1 
2452644-
2453882 412 Leucyl aminopeptidase (6-410) Aminopeptidase 100% 100% 

PepF 3.4.24.- 
881855-
883666 603 Oligoendopeptidase F (8-593) Oligoendopeptidase F 100% 100% 

PepF 3.4.24.- 
2211807-
2213615 602 Oligoendopeptidase F (9-602) Oligoendopeptidase F  100% 100% 

PepM 3.4.11.18 
2446177-
2446929 250 Methionine aminopeptidase (1-250) Type I methionyl aminopeptidase 100% 100% 

PepP 3.4.11.9 
1026611-
1027669 352 PepP - Xaa-Pro aminopeptidase (1-352) Aminopeptidase P family protein 100% 100% 

PepP 3.4.11.9 
1950805-
1951857 350 PepP - Xaa-Pro aminopeptidase (2-350) Aminopeptidase P family protein 100% 100% 

PepT 3.4.11.4 
186173-
187405 410 Peptidase T (2-402) Peptidase T 100% 100% 

Pyroglutamyl-peptidase 3.4.19.3 
480016-
480657 213 

Pcp - Pyrrolidone-carboxylate peptidase (1-
206) Pyrrolidone-carboxylate peptidase 100% 100% 

Glutamyl aminopeptidases 3.4.11.7 
512089-
513165 358 Glutamyl aminopeptidase (8-356) M42 family peptidase 100% 100% 

Glutamyl aminopeptidases 3.4.11.7 
864836-
865873 345 M42 glutamyl aminopeptidase (46-334) Aminopeptidase 100% 100% 

Glutamyl aminopeptidases 3.4.11.7 
1999046-
2000122 358 M42 glutamyl aminopeptidase (49-339) M42 family peptidase  100% 100% 

Aminotransferase (AT)               
Histidinol-phosphate 
aminotransferase 2.6.1.9 

209075-
210130 351 

Histidinol-phosphate aminotransferase (1-
349) Histidinol-phosphate aminotransferase 100% 100% 

Branched-chain amino acid 
aminotransferase 2.6.1.42 

369574-
370650 358 

Branched-chain amino acid aminotransferase 
(1-356) 

Branched-chain amino acid 
aminotransferase 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-1) 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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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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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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5.3.2. 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 II (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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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, using 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 PRJEB15423. 

 

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 µg 

mg-1 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 





227 
 

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).  

 

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 -nd 

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 
ndNot 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 0 to 28.21% at day 30, while the relative 

abundance of Lb. helveticus was low throughout the ripening period (2.12% at day 0, 

and 2.72% at day 30) (Table 5.2). 



231 
 

 



232 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



233 
 

 

 

 

 

 

 

 

 

 

 



234 
 

 

 

 

 

 

 

 





236 
 

 
 

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 0 to day 18, the 

population on the surface of D4 changed from predominately LAB to Debaryomyces 

hansenii and Glutamicibacter arilaitensis (Fig. 5.2). 

 

 

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 ( ), 24 ( ) 

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 

Lactococcus lactis 75.8
5 

57.5
8 

57.7
6 

65.9
9 

74.3
5 18.7 21.7

2 6.18 74.7
4 

13.5
9 

11.0
2 

13.9
4 

Streptococcus thermophilus 19.6
5 

36.9
3 

36.5
3 

28.2
1 19.4 6.03 11.6

6 4.98 20.0
4 5.79 5.91 5.82 

Glutamicibacter arilaitensis -nd - 0.24 - - 30.9 43.2
7 

73.7
5 - 0.26 0.44 0.42 

Debaryomyces hansenii - - 0.07 0.45 - 34.1
2 

13.2
9 4.14 - 21.2 9.57 14.0

9 

Geotrichum candidum - - 0.08 0.28 - - 0.31 1.11 - 37.5
4 17.6 26.4

4 

Brevibacterium linens - - - - - - 0.17 0.26 - 8.84 37.0
5 

22.8
4 

Staphylococcus xylosus - - - - - 0.11 - - - 9.08 13.3
6 

10.8
3 

Lactobacillus helveticus 2.12 3.1 2.78 2.72 2.38 1.39 1.41 0.34 2.19 0.86 0.48 0.46 

Acinetobacter baumannii 0.82 0.12 0.17 0.37 0.63 - - - 0.95 - - 0.15 

Streptococcus pneumoniae 0.56 0.79 0.74 0.66 0.95 - 0.29 0.06 0.74 0.12 0.06 - 

Streptococcus salivarius 0.5 0.93 0.93 0.71 0.52 - 0.3 - 0.5 0.11 0.06 0.05 

Arthrobacter sp. NIO-1057 - - - - - 0.57 0.72 1.29 - - - - 

Staphylococcus equorum - - - - - 1.32 0.43 0.45 - - - - 
Staphylococcus 
saprophyticus - - - - - 2.69 0.93 1.06 - - - - 

Penicillium camemberti - - - - - 0.37 0.4 0.63 - - - - 

Corynebacterium variabile - - - - - - 2.04 2.08 - - - - 

Debaryomyces fabryi - - - - - 1.47 0.56 0.13 - 1.64 0.71 1.09 

Psychrobacter sp. P11F6 - - - - - - - - - - 0.4 0.5 

Psychrobacter glacincola - - - - - - - - - - 0.83 1.13 
Psychrobacter sp. JCM 
18903 - - - - - - - - - - 0.52 0.65 

Stenotrophomonas 
maltophilia - - 0.2 0.37 - - - - - 0.17 - 0.18 

Brevibacterium 
sandarakinum - - - - - - - - - 0.2 0.94 0.58 

Anaplasma 
phagocytophilum 0.22 - - - 0.74 - - - 0.45 - - - 

Other 0.27 0.54 0.49 0.24 1.04 2.33 2.5 3.56 0.39 0.59 1.03 0.86 
*Cheese D4 and S5 at day 0, before the smearing process 

ndNot 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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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-

compound combination, as indicated by the colour key. 
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Table 5.3. List of strong positive correlationsa 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 
a 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 ( ), 24 ( ) 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 0 (red), 18 (orange), day 24 (green) and 30 (blue), for the cheese surface of control, 

D4 and S5. 
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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). 

 

 

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

show the means and standard deviation of three replicate trials. 

 

 

 

 



250 
 

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). 

 

 

Figure 5.11. Colour development on the cheese surface of control ( ), D4 ( ) and S5 (

). 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 µg mg-1) and D4 (11914±1769 µg mg-1) were significantly higher 

(P<0.05) than those on the control surface (6605±819 µg mg-1). 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 µg mg-1) and D4 

(26562±2606 µg mg-1) were significantly higher (P<0.05) compared to the control 

(1336±70 µg mg-1). 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 (µg mg-1) 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). 

 

Figure 5.13. Proteolysis, expressed as % pH4.6-SN/TN during ripening of the cheese 

surface of control cheese ( ), D4 ( ) and S5 ( ). 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 S5 d30 D4 d30 

Moisture (%, w/w)  35.54±0.08a 35.13±0.72a 33.46±0.84b 

Fat (%, w/w)  31.14±0.08a 28.22±0.27b 26.63±1.68c 

Protein (%, w/w)  25.69±0.15a 26.00±0.37a 25.62±0.37a 

MNFS (%, w/w)  51.60±0.12a 48.94±0.90b 45.63±1.69c 

FDM (%, w/w)  48.31±0.12a 43.51±0.40b 40.03±2.67c 

S/M (%, w/w)  4.14±0.13a 3.38±0.22b 3.92±0.08ab 

Salt (%, w/w)  1.47±0.05a 1.19±0.10b 1.31±0.01ab 
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 means±standard deviations of three 

replicate trials. The significant differences (P<0.05) are indicated with a, b, c. 
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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 H2O) (Ferreira et al., 2015) 

together with the formation of alkaline metabolites (from metabolism of FAAs) 

(Zikánová 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 
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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. 

 

5.7. Acknowledgements 

 

Thanks to Aaron Walsh for the metagenomic analysis. Thanks to Dr Fiona Crispie 

for whole-shotgun metagenome sequencing of cheese. 

 

 

 







265 
 

 

Curtin, Á. C., Gobbetti, M., and McSweeney, P. L. H. (2002). Peptidolytic, esterolytic 

and amino acid catabolic activities of selected bacterial strains from the surface of smear 

cheese. International Journal of Food Microbiology, 76, 231-240. 

 

De Jong, C., and Badings, H. T. (1990). Determination of free fatty acids in milk and 

cheese procedures for extraction, clean up, and capillary gas chromatographic analysis. 

Journal of High Resolution Chromatography, 13, 94-98. 

 

Deetae, P., Bonnarme, P., Spinnler, H. E., and Helinck, S. (2007). Production of volatile 

aroma compounds by bacterial strains isolated from different surface-ripened French 

cheeses. Applied Microbiology and Biotechnology, 76, 1161-1171. 

 

Delcenserie, V., Taminiau, B., Delhalle, L., Nezer, C., Doyen, P., Crevecoeur, S., 

Roussey, D., Korsak, N., and Daube, G. (2014). Microbiota characterization of a 

Belgian protected designation of origin cheese, Herve cheese, using metagenomic 

analysis. Journal of Dairy Science, 97, 6046-6056. 

 

Desmasures, N., Bora, N., and Ward, A. (2015). Smear ripened cheeses. In: Bora, N., 

Dodd, C., Desmasures, N., editors. Diversity, Dynamics and Functional Role of 

Actinomycetes on European Smear Ripened Cheeses. Springer. p 1-18. 

 



266 
 

Dugat-Bony, E., Straub, C., Teissandier, A., Onésime, D., Loux, V., Monnet, C., 

Irlinger, F., Landaud, S., Leclercq-Perlat, M.-N., and Bento, P. (2015). Overview of a 

surface-ripened cheese community functioning by meta-omics analyses. PloS one, 10, 1-

25. 

 

Fenelon, M. A., and Guinee, T. P. (2000). Primary proteolysis and textural changes 

during ripening in Cheddar cheeses manufactured to different fat contents. International 

Dairy Journal, 10, 151-158. 

 

Ferreira, A., and Viljoen, B. (2003). Yeasts as adjunct starters in matured Cheddar 

cheese. International Journal of Food Microbiology, 86, 131-140. 

 

Feurer, C., Vallaeys, T., Corrieu, G., and Irlinger, F. (2004). Does smearing inoculum 

reflect the bacterial composition of the smear at the end of the ripening of a french soft, 

red-smear cheese? Journal of Dairy Science, 87, 3189-3197. 

 

Goerges, S., Mounier, J., Rea, M. C., Gelsomino, R., Heise, V., Beduhn, R., Cogan, T. 

M., Vancanneyt, M., and Scherer, S. (2008). Commercial ripening starter 

microorganisms inoculated into cheese milk do not successfully establish themselves in 

the resident microbial ripening consortia of a South German red smear cheese. Applied 

and Environmental Microbiology, 74, 2210-2217. 

 





268 
 

 

Irlinger, F., Morvan, A., El Solh, N., and Bergere, J. (1997). Taxonomic characterization 

of coagulase-negative staphylococci in ripening flora from traditional French cheeses. 

Systematic and Applied Microbiology, 20, 319-328. 

 

Jollivet, N., Bézenger, M.-C., Vayssier, Y., and Belin, J.-M. (1992). Production of 

volatile compounds in liquid cultures by six strains of coryneform bacteria. Applied 

Microbiology and Biotechnology, 36, 790-794. 

 

Jollivet, N., Chataud, J., Vayssier, Y., Bensoussan, M., and Belin, J.-M. (1994). 

Production of volatile compounds in model milk and cheese media by eight strains of 

Geotrichum candidum. Journal of Dairy Research, 61, 241-248. 

 

Krubasik, P., and Sandmann, G. (2000). A carotenogenic gene cluster from 

Brevibacterium linens with novel lycopene cyclase genes involved in the synthesis of 

aromatic carotenoids. Molecular and General Genetics MGG, 263, 423-432. 

 

Larpin, S., Imran, M., Bonaïti, C., Bora, N., Gelsomino, R., Goerges, S., Irlinger, F., 

Goodfellow, M., Ward, A. C., and Vancanneyt, M. (2011). Surface microbial consortia 

from Livarot, a French smear-ripened cheese. Canadian Journal of Microbiology, 57, 

651-660. 

 



269 
 

Leclercq-Perlat, M. N., Corrieu, G., and Spinnler, H. E. (2004). Comparison of volatile 

compounds produced in model cheese medium deacidified by Debaryomyces hansenii 

or Kluyveromyces marxianus. Journal of Dairy Science, 87, 1545-1550. 

 

Lecocq, J., and Gueguen, M. (1994). Effects of pH and sodium chloride on the 

interactions between Geotrichum candidum and Brevibacterium linens. Journal of Dairy 

Science, 77, 2890-2899. 

 

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., 

Abecasis, G., and Durbin, R. (2009). The sequence alignment/map format and 

SAMtools. Bioinformatics, 25, 2078-2079. 

 

Mannion, D. T., Furey, A., and Kilcawley, K. N. (2016). Comparison and validation of 

2 analytical methods for the determination of free fatty acids in dairy products by gas 

chromatography with flame ionization detection. Journal of Dairy Science, 99, 5047-

5063. 

 

Martin, N., Berger, C., Le Du, C., and Spinnler, H. (2001). Aroma compound 

production in cheese curd by coculturing with selected yeast and bacteria. Journal of 

Dairy Science, 84, 2125-2135. 

 







272 
 

 

Mounier, J., Coton, M., Irlinger, F., Landaud, S., and Bonnarme, P. (2017). Smear-

ripened cheeses. In: McSweeney P. L. H., Fox P. F., Cotter P. D., Everett D. W., editors. 

Cheese: Chemistry, Physics, and Microbiology fourth ed. San Diego: Academic Press. p 

955-996. 

 

Quigley, L., O'Sullivan, O., Beresford, T. P., Ross, R. P., Fitzgerald, G. F., and Cotter, 

P. D. (2012). High-throughput sequencing for detection of subpopulations of bacteria 

not previously associated with artisanal cheeses. Applied and Environmental 

Microbiology, 78, 5717-5723. 

 

Rattray, F. P., and Fox, P. F. (1999). Aspects of enzymology and biochemical properties 

of Brevibacterium linens relevant to cheese ripening: a review. Journal of Dairy 

Science, 82, 891-909. 

 

Rea, M. C., Görges, S., Gelsomino, R., Brennan, N. M., Mounier, J., Vancanneyt, M., 

Scherer, S., Swings, J., and Cogan, T. M. (2007). Stability of the biodiversity of the 

surface consortia of Gubbeen, a red-smear Cheese. Journal of Dairy Science, 90, 2200-

2210. 

 



273 
 

Scholz, M., Ward, D. V., Pasolli, E., Tolio, T., Zolfo, M., Asnicar, F., Truong, D. T., 

Tett, A., Morrow, A. L., and Segata, N. (2016). Strain-level microbial epidemiology and 

population genomics from shotgun metagenomics. Nature Methods, 13, 435-438. 

 

Silva, G. G. Z., Green, K. T., Dutilh, B. E., and Edwards, R. A. (2016). SUPER-

FOCUS: a tool for agile functional analysis of shotgun metagenomic data. 

Bioinformatics, 32, 354-361. 

 

Stahnke, L. H. (1999). Volatiles produced by Staphylococcus xylosus and 

Staphylococcus carnosus during growth in sausage minces Part I. Collection and 

identification. LWT-Food Science and Technology, 32, 357-364. 

 

Team, R. C. (2014). R: a language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. 

 

Tjener, K., Stahnke, L. H., Andersen, L., and Martinussen, J. (2004). The pH-unrelated 

influence of salt, temperature and manganese on aroma formation by Staphylococcus 

xylosus and Staphylococcus carnosus in a fermented meat model system. International 

Journal of Food Microbiology, 97, 31-42. 

 





275 
 

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 



276 
 

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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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 MicroarraysTM) 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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