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Abstract: Recently, the interest of consumers regarding artisan cheeses worldwide has increased. The
ability of different autochthonous and characterized lactic acid bacteria (LAB) to produce aromas
and the identification of the volatile organic compounds (VOCs) responsible for flavor in cheeses
are important aspects to consider when selecting strains with optimal aromatic properties, resulting
in the diversification of cheese products. The objective of this work is to determine the relationship
between VOCs and microorganisms isolated (Lacticaseibacillus paracasei, Lactiplantibacillus plantarum,
Leuconostoc mesenteroides and Lactococcus lactis subsp. hordniae) from raw sheep milk cheeses (matured
and creamy natural) using accuracy and alternative methods. On combining Sanger sequencing for
LAB identification with Gas Chromatography coupled to Ion Mobility Spectrometry (GC–IMS) to
determinate VOCs, we describe cheeses and differentiate the potential role of each microorganism
in their volatilome. The contribution of each LAB can be described according to their different
VOC profile. Differences between LAB behavior in each cheese are shown, especially between
LAB involved in creamy cheeses. Only L. lactis subsp. hordniae and L. mesenteroides show the same
VOC profile in de Man Rogosa and Sharpe (MRS) cultures, but for different cheeses, and show two
differences in VOC production in skim milk cultures. The occurrence of Lactococcus lactis subsp.
hordniae from cheese is reported for first time.

Keywords: lactic acid bacteria; GC–IMS; artisan cheese; volatile organic compounds; VOC

1. Introduction

The progressive consumer awareness of healthy, low (or no-)-processed and sustain-
able products is a fact, with artisanal products (including raw milk cheeses) being preferred
in many cases [1]. In recent years, the interest of consumers regarding artisan cheeses
worldwide increased [2]. Based on regulations focused on food safety and nutrition and
the consumer trend towards products that improve welfare, functional dairy products have
become a leading sector in the food industry. Sheep’s milk is considered a functional food
due to its nutritional quality [3]. Autochthonous microorganisms metabolize the raw mate-
rials during fermentation. This process enriches the nutritional value in some fermented
foods, imparts health benefits to the consumers and generates gastronomic diversity [4]. In
fact, starter and nonstarter lactic acid bacteria (LAB) and coagulating enzymes, used for
the production and ripening of cheese, are able to transform protein, fat, lactose and citrate
into volatile compounds, enhancing the formation of essential aroma compounds [5]. Raw
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milk contains natural enzymes, and its microbiota generates and enhances characteristic
flavors appreciated by consumers through their metabolic activity. Autochthonous lactic
acid bacteria (LAB) are a group of microorganisms including many of those commonly con-
sidered as probiotics, as they exert a beneficial effect on the gastrointestinal tract of humans
and animals. Furthermore, many LAB genera, such as Lactobacillus, Lactococcus, Leuconostoc
and the recently classified Lactiplantibacillus and Lacticaseibacillus are responsible for the
organoleptic characteristics of many traditional foods, improving the nutritional value in
some fermented foods [6]. Fermentation processes and food processing and preservation
techniques are responsible for the organoleptic characteristics, such as flavor and texture,
of this type of food. In this sense, the relationship between volatile organic compounds
(VOCs) emitted from raw milk cheeses and the starter and non-starter LAB involved is a
matter of recent interest [7].

In the last decade, legislation and market strategies to control and standardize the
food supply chain have motivated the development of tools for the authentication of food
products [8]. A simple, fast and sensitive analytical technique that has been found in
recent years to establish aromatic fingerprints is gas chromatography in conjunction with
ion mobility spectrometry (GC–IMS) [9] by extracting VOCs that are generated in the
headspace (HS) of the vial. This technique makes it possible to detect VOCs at a part-per-
billion (ppb) level in real time in many liquid and solid samples and without any prior
treatment. The sensitivity and selectivity of the IMS make it a very suitable tool for use
in quality control and food safety, as well as in the characterization, authentication and
traceability of food [10]. In fact, GC–IMS can currently be considered an excellent method to
separate and identify the volatile contributors to food flavor. It has been already employed
to determine the VOC profiles of milk, cheeses and other dairy products [11–13].

Regarding the use of different LAB and their greater or lesser probiotic potential, the
conditions are specific for each strain [14]. For this reason, genetic identification is essential
for the characterization of this type of bacteria. Molecular analysis based on 16S rRNA, like
Sanger sequencing, is one of the methods currently used based on its precision and costs,
obtaining bacterial genetic profiles [15].

The objective of this work is to determine the relationship between VOCs and microor-
ganisms isolated from raw sheep milk cheeses, using accuracy and alternative methods. In
this way, we identified LAB isolated from artisanal raw sheep milk cheeses using Sanger
sequencing and VOCs were detected by GC–IMS.

2. Materials and Methods
2.1. Origin, Isolation and Preparation of Samples and Bacterial Cultures

Six samples of cheese made from raw sheep milk were analyzed. Three samples
corresponded to a creamy natural cheese called “Torta del Casar” from Extremadura, Spain.
The other three samples were extracted from a matured cheese from Navarra, Spain. In both
cheeses, the samples were taken from different parts of the cheese (center, inner and rind
areas). A total of 10 g of each sample was weighed, suspended in 90 mL of 0.1% peptone
water and homogenized in a Stomacher® Lab Blender (Seward, UK) for 120 s at 230 rpm.
Then, 0.1 mL of the 1:107 dilution was spread on Man Rogosa and Sharpe agar (MRS, Oxoid,
UK) in duplicate. Half of the plates were incubated in anaerobic jars (Thermo Scientific™,
Oxoid, UK) at 37 ◦C for 48 h; the other half were incubated in aerobic conditions at 30 ◦C
for 72 h. Presumptive colonies of LAB were cultured in 3 mL of MRS broth (Oxoid, UK)
and incubated in an anaerobic jar (Thermo Scientific™, Oxoid, UK) at 37 ◦C for 24 h and in
aerobiosis at 30 ◦C for 48 h. Growth colonies were examined for Gram, morphology and
catalase determinations prior to bacterial identification by Sanger sequencing.

For the evaluation of LAB spectral fingerprints by GC–IMS, the identified microorgan-
isms were activated in MRS broth (Oxoid, UK) for 24 h at 37 ◦C, and cultured (pour-plating)
on the same agarized medium. Finally, a colony from each culture was collected and sus-
pended in 5 mL of MRS broth (Oxoid, UK) and incubated under the same conditions. Cell
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concentration was measured by optical density at 540 nm (OD540) in a spectrophotometer
(ThermoFisher, Waltham, MA, USA).

2.2. Bacterial Identification by Sanger Sequencing

Sanger sequencing was used as a genotypic characterization method, standardized
by the Central Research Support Service of the University of Córdoba, Spain. DNA was
extracted from 1.5 mL of culture using the Higher Purity Bacterial Genomic DNA Isolation
kit (Canvax, Valladolid, Spain). Good-quality DNA with a ratio of 260/280 between
1.8–2.0 was obtained. A total of 25 ng of DNA was taken to PCR amplify the 16S ribosomal
DNA with the universal primers 16SFw: 5′-AGAGTTTGATCCTGGCTCAG-3′ and 16SRv:
5′-GAAAGGAGGTGATCCAGCCG-3′. The reaction was carried out in a 20 µL solution
containing 1x reaction buffer, 2.5 mM MgCl2, 100 µM of each dNTP, 0.25 µM of each
primer, 1% DMSO and 1 u of BioTaq Taq Polymerase (BioTools). The amplification program
includes a first denaturation step at 95 ◦C for 5 min, followed by 30 cycles of 1 min at
95 ◦C, 1 min at 55 ◦C and 1 min at 72 ◦C, and a final extension step of 7 min at 72 ◦C. The
PCR reactions were purified by precipitation with AcNa/EtOH and suspended in 15 µL of
Milli-Q ultrapure water. For each sequencing reaction (16SFw and 16SRv), 6 µL of purified
DNA was taken. The sequences obtained from each isolate were aligned to achieve the
complete 16S ribosomal sequence (DNAstar megalign program) and analyzed by BLAST
in the GeneBank database (https://blast.ncbi.nlm.nih.gov, access on 5 September 2021).

2.3. GC–IMS Analysis Conditions

The analyses of the VOC profiles were made on a headspace gas chromatography-ion
mobility spectrometer (HS-GC–IMS) instrument (FlavourSpec®, G.A.S. Gesellschaft für
analytische Sensorsysteme mbH. Dortmund, Germany). The accuracy of the GC–IMS
method was checked using ketone mix standards. In addition, empty sterile glass vials
with magnetic screw caps and septums were analyzed as blanks to determine the presence
of compounds retained on the GC column and in the IMS drift tube and run, if necessary,
a pre-cleaning method. Working conditions were used according to Gallegos et al. [4]
with modifications. Vials were heated at 70 ◦C for 5 min with a stirring speed of 500
rpm. The injector temperature was 80 ◦C. A 500 µL aliquot of the headspace was injected
into the heated injector and then transferred to a non-polar GC column (SE-54-CB from
CS-Chromatographie Service GmbH, Düren, Germany), with a stationary phase formed by
94% methyl–5% phenyl–1% vinyl silicone, with a film thickness of 0.25 µm, 30 m length and
0.25 mm internal diameter. The GC column was operated at a constant temperature (40 ◦C).
The flow rate of N2 used as sample gas was 5 mL min−1. N2 was also used as a drift gas at
a constant flow of 250 mL min−1. The drift gas enters the device in the opposite direction
to the ions, to prevent non-ionized molecules or analytes from entering the ionization
chamber. The N2 of purity grade 5.0 was supplied by Al Air Liquid Spain S.A. (Madrid,
Spain). The ions are formed in the tritium source ionization chamber and focused on a
louvered grating (BN gate, grating pulse width = 100 µs), and begin to move along the
length of the 10 cm long drift tube maintained at 65 ◦C, under a constant electric field of
400 V cm−1. The separated ions arrive at the detector consisting of a Faraday plate. Data
were acquired and recorded during 30 min of analysis. The spectrometer was driven in the
positive drift voltage mode. The study of the VOCs of the reference analytes, LAB cultures
and cheeses and the analysis of blanks between each sample were carried out. In this way,
contamination and non-real signals are avoided.

2.4. Identification of VOCs

Chemical standards were used to unequivocally confirm the presence of volatile com-
pounds in LAB cultures and cheese samples. The identification of volatile metabolites was
carried out by analysis of individual standards at 1 or 2 mg L−1 by GC–IMS. The commer-
cial software VOCal version 0.2.9 (G.A.S. Gesellschaft für analytische Sensorsysteme mbH.
Dortmund, Germany) was used to acquire the data. The coordinate positions (drift time
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and retention time) of a particular signal were compared to the database to identify the
associated compound or metabolite. Identification was performed through comparison of
retention and drift time in samples with those of the individual standards and confirmed
using a commercial GC–IMS library (Library Plot Module Version 0.1., G.A.S. Gesellschaft
für analytische Sensorsysteme mbH, Dortmund, Germany).

The different analytical-grade VOCs (Sigma-Aldrich, St. Louis, MO, USA) were chosen
according to studies based on the detection of VOCs in LAB samples and in cheese samples
made from raw sheep milk. The compounds studied in this work are summarized in
Table 1. Stock solutions at 1000 mg L−1 for each compound were prepared by dissolving
the appropriate volume of each compound in Milli-Q ultrapure water. Working solutions
at 1 mg L−1 were prepared by dilution of stock solutions with Milli-Q water. All solutions
were stored away from light at 4 ◦C. The MRS broth (culture medium) was also analyzed
to identify the signals corresponding to this solution.

Table 1. Reference compounds of selected cheeses for analysis of LAB samples and raw sheep
milk cheese.

Chemical Group VOC RI tR tD
tD

(Database) Reference *

Ketones

2-Heptanone 892.2 647.6; 647.0 1.3; 1.6 1.3; 1.6 [16–19]
2-Hexanone 784.2 270.0; 292.0 1.2; 1.5 1.2; 1.5 [16,18]
2-Pentanone 688.6 140.5; 148.7 1.1; 1.4 1.1; 1.4 [16,18,20]
2-Butanone 589.4 96.2; 89.3 1.1; 1.3 1.1; 1.2 [7,17,20–22]

3-Hydroxybutan-2-one 715.12 1384.2 1.8 NA [7,23]

Esters

Ethyl butanoate 794.9 302.3; 300.6 1.2; 1.6 1.2; 1.6 [16–18,20,22,23]
Ethyl hexanoate 999.9 1598.8; 1603.4 1.3; 1.8 1.3; 1.8 [7,16–18,22,23]

Ethyl propanoate 707.7 161.0; 162.6 1.2; 1.5 1.1; 1.4 [16]
Propyl butanoate 895.9 660.1; 663.7 1.3; 1.7 NA [18,22]

Ethyl acetate 668.8; 673.2 138.1; 140.6 1.2; 1.4 1.1; 1.3 [16–18,20]

Aldehydes

2-Methylbutanal 694.6 119.5; 120.9 1.2; 1.4 NA [17–19,24]
Benzaldehyde 960.9 1083.9; 1087.7 1.1; 1.5 1.1; 1.5 [7,16,17,19,20,22,23]

Butanal 602.6; 602.6 85.5; 85.1 1.1; 1.3 1.1; 1.3 [17,20]
Hexanal 800.2; 800.2 288.9; 291.5 1.3; 1.6 1.2; 1.6 [17–19]

2-Methylpropanal 551.8; 551.8 75.9; 75.9 1.1; 1.3 1.1; 1.3 [18,20]
3-Methylthiopropanal 907.7; 907.7 719.0; 721.9 1.1; 1.4 1.1; 1.4 [19]

Octanal 128.2 1001.9; 1001.9 1.4; 1.8 1.4; 1.8 [4,18,23]
Acetaldehyde 784.7; 785.5 293.4; 296.1 1.2; 1.4 NA [18,20,23]

Alcohols

2-Butanol 602.7; 602.7 131.7; 133.0 1.2; 1.4 NA [16–18,22]
2-Methyl-1-propanol 629.0; 629.0 102.9; 104.4 1.2; 1.4 NA [18,20,22,23]

2-Heptanol 970.5; 970.5 1329.0; 1335.3 1.4; 1.8 NA [16–18,22,23]
n-Hexanol 867.4; 867.4 561.8; 566.3 1.3; 1.6 1.9; 1.6 [7,16–18,20,23]
n-Butanol 660.4; 660.4 129.2; 125.5 1.2; 1.4 1.2; 1.4 [16,17,21,22]
1-Pentanol 765.9; 765.9 250.9; 252.5 1.2; 1.5 1.2; 1.5 [17,23]

3-Methyl-1-butanol 724.0; 723.7 133.8; 135.2 1.2; 1.4 NA [16–19,21,22]

Acids Acetic acid 621.3684 93.05; - 1.0; - 1.0; 1.5 [16,19–21,23]

RI, retention Index; tR (s), retention time in seconds; tD (ms), drift time in milliseconds; tD (database), drift time of
database in milliseconds; NA, data not available in database. * See References section.

2.5. Analysis of Samples

LAB cultures were analyzed with a previous growth of 24 h at 37 ◦C. Each bacterial
culture (1 mL) was poured into a 20 mL glass vial closed with a magnetic screw cap and
septum. The vials were individually subjected to GC–IMS analysis using the parameters
already mentioned.

2.6. Data Analysis

GC–IMS data analysis was performed with VOCal software version 0.2.9 and VOCal’s
extended functions: Reporter Plot Version 0.1. and Gallery Plot Module Version 0.1. (G.A.S.
Gesellschaft für analytische Sensorsysteme mbH. Dortmund, Germany). A comparative
analysis between VOC results was performed using Fisher’s exact test.
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3. Results and Discussion
3.1. Sequencing of LAB Isolated from Raw Sheep Milk Cheeses

The four LAB strains isolated from matured cheese and creamy natural cheese made
with raw sheep milk were identified by Sanger sequencing as Lacticaseibacillus paracasei,
Lactiplantibacillus plantarum (formerly included in Lactobacillus spp.), Lactococcus lactis subsp.
hordniae and Leuconostoc mesenteroides. L. paracasei and L. lactis subsp. hordniae strains were
isolated from matured cheese and L. plantarum and L. mesenteroides strains were isolated
from natural creamy cheese. Genomic identification showed 99% homology with the
NCBI database. To the best of the authors’ knowledge, the occurrence of Lactococcus lactis
subsp. hordniae has not been reported before in cheeses. It is generally recognized that
artisanal cheeses represent one of the ecosystems most used to isolate microorganisms
with proper technological potential. These functional characteristics of LAB are strain-
dependent [14]. For this reason, genetic identification plays a fundamental role in the
selection process of LAB with potential technological properties. Artisanal cheeses derived
from raw milk are characterized by different LAB with potential functional properties and
certain organoleptic attributes. In recent years, researchers have focused on the isolation of
autochthonous LAB from artisanal cheeses made with raw milk without the addition of
starter cultures [14]. As in this study, other researchers have isolated strains corresponding
to the genera Lactobacillus spp., Lactococcus spp. and Leuconostoc spp. from cheeses made
with raw sheep milk [25–27].

Different strains of L. paracasei have been described before as good candidates for
enhancing flavor in cheeses [28–32] and increasing secondary proteolysis and the pro-
duction of VOCs, such as 2-methylbutanal, diacetyl, 3-methyl-1-butanol, acetic acid and
3-methylbutanoic acid, among others [28]. Probiotic strains of this species (L. paracasei
KC39) showed an enhanced microstructure (a crumbly structure that increases adhesive-
ness and springiness) and favorable sensory characteristics of soft cheeses (especially color
and general acceptance) [32].

According to Fernández et al. [33] and Cavanagh et al. [34], L. lactis subsp. hordniae
has never been found in dairy products. L. lactis subsp. hordniae is considerably under-
represented in both biological and genomic studies compared to their dairy-associated
lactococci counterparts [35]. Usually, only L. lactis subsp. lactis and L. lactis subsp. cremoris
are considered to be of industrial interest [36]. This makes our identification remarkable. In
this work, this microorganism shows its capacity to produce VOCs from other components.
In fact, non-dairy Lactococcus strains can be observed to produce relatively high abundances
of a broad range of important volatile flavor compounds associated with positive attributes
in dairy products [37]. This ability to produce a more varied and diverse volatile profile
could be beneficial in dairy applications, leading to flavor diversification, generating unique
flavor profiles, or indeed to mask off-flavors created by dairy strains [37].

L. plantarum was tested to evaluate Manchego cheeses made with different starter
cultures, as an adjunct culture to starter culture based on two strains of L. lactis. Among
the compounds produced are some of those detected in our work, such as benzaldehyde,
1-hexanol, 2-heptanol, 2-pentanone and 2-heptanone. Gómez-Ruiz et al. [38] do not detect,
in general, a special contribution of using the adjunct culture of L. plantarum together with
lactococci. However, more recently, Duan et al. [39] consider L. plantarum as an interesting
adjunct culture due to its proteolytic activity. Likewise, Jia et al. [40] consider L. plantarum
among the constituents of a starter with a high incidence in the production of volatiles in
goat cheeses.

Leuconostocs were major producers of alcohols and esters. The variations observed
between them must be studied for each strain [41]. In fact, L. mesenteroides is the microor-
ganism more often isolated from cheeses such as Queijo de Azeitao (Portugal), occurring in
37% of samples of different producers. This prevalence is not surprising since the presence
of this species has previously been described in other raw ewe milk and raw cow milk
cheeses [42]. Generally, leuconostocs are known to produce aromatic compounds, thus
contributing to cheese flavor definition [43].
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3.2. Identification of VOCs by GC–IMS

VOCs identified in our work are reported in Tables 2 and 3. Twenty-six compounds
were detected in cheese samples (all of them in creamy cheese and twenty-one in matured
cheese), fourteen were detected in LAB MRS cultures and twenty-three in skim milk
cultures (88.5% of total). Only two compounds (3-methylthiopropanal and 1-butanol) were
detected in all the samples analyzed.

Table 2. VOCs detected in LAB cultures and creamy raw sheep milk cheese.

Chemical
Group

VOC
MRS Media Milk at 37 ◦C Milk at 12 ◦C Creamy Cheese

CT Lpp Lms CT Lpp Lms CT Lpp Lms Rind Inner Center

Ketones

2-Heptanone - - - + + + + + + + + +
2-Hexanone + + + - + - - - - + + +
2-Pentanone - - + + + + + + + + + +
2-Butanone - + + + + + + + + + + +

3-Hydroxybutan-2-one - - + + + + + + + + + +

Esters

Ethyl butanoate + + + - + - - - - + + +
Ethyl hexanoate - - - - + - - - - + + +

Ethyl propanoate - - - - + + - - - + + +
Propyl butanoate - - - - + - - - - + + +

Ethyl acetate - - - - - - - - - + + +

Aldehydes

2-Methylbutanal - - - - + + - + + + + +
Benzaldehyde + + + - - - - - - + + +

Butanal - - - + + - - + - - + +
Hexanal - - - - - - - - + + + +

2-Methylpropanal - - - - + + - + + + + +
3-Methylthiopropanal + + + + + + + + + + + +

Octanal - - - - - - - - - - - +
Acetaldehyde - - - - + + - + + + + +

Alcohols

2-Butanol - - + - - + - - + + + +
2-Methyl-1-propanol - - - + + + + + + + + +

2-Heptanol - - + - - + - - + + + +
n-Hexanol + + + - + - + + + + + +
1-Butanol + + + + + + + + + + + +

Pentan-1-ol - - - - + + - + - + + +
3-Methyl-1-butanol - - + + + + + + + + + +

Acids Acetic acid - - - + + + + + + + + +

Lpp: Lactiplantibacillus plantarum; Lms: Leuconostoc mesenteroides; + VOC detected; - VOC not detected.

In LAB MRS cultures, seven of the eleven compounds detected were reported in at
least one LAB MRS culture and in the MRS control medium. However, the other seven
compounds were detected exclusively in the samples from at least one LAB MRS culture
(Figure 1). These data indicate that at least these compounds (2-heptanone, 2-pentanone,
2-butanone, 3-hydroxybutan-2-one, 2-butanol, 2-heptanol and 3-methyl-1-butanol) could
be generated by LAB activity.

The seven compounds detected exclusively in MRS cultures of LAB were recorded in
at least one cheese sample (Figures 1–3). These compounds were investigated to determine
whether they occur in different types of artisanal cheeses (creamy and matured). The
presence of these compounds was also evaluated in different parts of the cheese (rind,
middle (inner) and last heart (center) of the sample). Figure 2 shows the topographical
maps obtained for the analysis of a natural creamy cheese and a matured cheese in their
three parts. Six of the seven compounds previously identified in the LAB MRS cultures
were found in these cheese samples. As can be seen in Figure 2, 3-methyl-1-butanol was
not detected in matured cheese samples.
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Table 3. VOCs detected in LAB cultures and raw sheep milk matured cheese.

Chemical
Group

VOC
MRS Media Milk at 37 ◦C Milk at 12 ◦C Matured Cheese

CT Lps Lcl CT Lps Lcl CT Lps Lcl Rind Inner Center

Ketones

2-Heptanone - + - + + + + + + + + +
2-Hexanone + + + - - - - - - + + +
2-Pentanone - + + + + + + + + + + -
2-Butanone - + + + + + + + + + + +

3-Hydroxybutan-2-one - - + + + + + + + + + +

Esters

Ethyl butanoate + + + - - - - - - + + +
Ethyl hexanoate - - - - - - - - - + + +

Ethyl propanoate - - - - + + - - - - - -
Propyl butanoate - - - - - - - - - - - -

Ethyl acetate - - - - - - - - - - - -

Aldehydes

2-Methylbutanal - - - - + + - + + + + +
Benzaldehyde + + + - - - - - - + + +

Butanal - - - + + - - + + + + +
Hexanal - - - - - + - - - + + +

2-Methylpropanal - - - - + + - + + + + +
3-Methylthiopropanal + + + + + + + + + + + +

Octanal - - - - - - - - - + + +
Acetaldehyde - - - - + + - + + + + +

Alcohols

2-Butanol - + + - + + - + + + + +
2-Methyl-1-propanol - - - + + + + + + + + +

2-Heptanol - - + - - + - - + + + +
n-Hexanol + - + - + - + + + + + +
1-Butanol + + + + + + + + + + + +

Pentan-1-ol - - - - + - - - + - - -
3-Methyl-1-butanol - + + + + + + + + - - -

Acids Acetic acid - - - + + + + + + - - -

Lps: Lacticaseibacillus paracasei; Lcl: Lactococcus lactis subsp. hordniae; + VOC detected; - VOC not detected.

With respect to the bacterial cultures in skim milk, ten of the twenty-three VOCs
detected were identified in both the skim milk control and at least one skim milk culture.
The other thirteen compounds were detected exclusively in the samples from at least one
LAB skim milk culture (Tables 2 and 3). When the effect of bacterial metabolism of milk
at different temperatures (12 and 37 ◦C) was studied, it was observed that at least these
compounds (2-hexanone, esters except ethyl acetate, 2-methylbutanal (at 12 ◦C), hexanal, 2-
methylpropanal, acetaldehyde, 2-butanol, 2-heptanol, n-hexanol (at 37 ◦C) and pentan-1-ol)
were identified by GC–IMS, except for 2-butanol and 2-heptanol (also identified in MRS
cultures and appeared to be related to the LAB strain). All compounds detected exclusively
in LAB skim milk cultures were found in at least one cheese sample (Figures 2 and 3).
The importance of the milk source for LAB activity is demonstrated by the detection of
eleven VOCs in skim milk cultures undetected in LAB MRS cultures: ethyl hexanoate, ethyl
propanoate and propyl butanoate (only in L. plantarum at 37 ◦C), 2-methylbutanal, butanal,
hexanal (only in L. lactis subsp. hordniae), 2-methylpropanal, acetaldehyde, 2-methyl-1-
propanol, pentan-1-ol and acetic acid (the only organic acid we have checked).

Considering VOCs detected in creamy cheeses, twenty-three VOCs (88.5% of total)
were detected in skim milk cultures (100% of VOCs detected in this kind of cheese). L. plan-
tarum is the most important producer of esters in these last cases. This activity is clearly
differentiated from that attributed to Leuconostoc. Furthermore, there were four VOC com-
pounds detected in cheeses only detected in skim milk cultures of L. plantarum: 2-hexanone,
ethyl butanoate, ethyl hexanoate and propyl butanoate. The activity of both microorgan-
isms in the production of esters and aldehydes from a dairy source (MRS culture) was not
detected, except for the cases where even control samples include these compounds (only
ethyl butanoate, benzaldehyde and 3-methylthiopropanal). Results of both microorganisms
could be statistically differentiated (p < 0.05). VOC production of both microorganisms
agrees completely with the detection of these compounds in creamy cheese.
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Figure 1. VOCs detected in LAB MRS cultures by GC–IMS. VOCs highlighted: (1) 2-heptanol;
(2) 3-hydroxybutan-2-one; (3) 2-heptanone; (4) 3-methyl-1-butanol; (5) 2-butanol; (6) 2-pentanone;
(7) 2-butanone.

Regarding matured cheese samples, nineteen VOCs (73% of total) were detected
in skim milk cultures. Results are not correlated for 2-hexanone, ethyl butanoate, ethyl
hexanoate, benzaldehyde, 3-methyl-1-butanol and acetic acid. These differences could be
related to time required to maturation as well as interactions during this process. All the
compounds detected by the activity of both microorganisms are present in the matured
cheese, with only two exceptions: ethyl propanoate and 3-methyl-1-butanol. A total of 80%
of the VOCs detected in this cheese are found from L. paracasei and 90% from L. lactis subsp.
Hordniae. Differences between both LAB profiles are 22%. Differences between behavior of
LAB at 12 ◦C or 37 ◦C are found, but we cannot demonstrate statistical differences.

3.3. Discussion Based on Groups of VOCs

In general, in our work, the production of ketones could be not necessarily dependent
on LAB activities because of their detection in skim milk control samples. In fact, ketones
are usual contributors to the typical aroma of dairy products [21], although it is generally
difficult to determine their origin in cheeses. Some of these compounds appear to derive
from animal feed (by cutting the grass or upon drying) or proteolysis (due, for instance, to
coagulants used) [5], while others such as methyl ketones seem to be formed during cheese
ripening from the metabolic activity of the dominant microbiota [22]. In fact, the detection
of four ketones in MRS cultures without occurring in control samples shows the potential
activity of all the LAB studied in this sense. Fruity and floral notes are associated with
ketones, so the presence of these volatile compounds can be considered a positive for cheese
flavor. 2-Butanone, with a butterscotch odor, was identified as the main odorant in cheddar
cheese and 2-heptanone, with an herbaceous odor, is an important flavor compound of
Emmental and natural and creamy Gorgonzola cheeses [24]. All VOCs corresponding
to this group detected in our cheeses, such as 2-butanone, 2-pentanone, 2-hexanone, 2-
heptanone and 3-hydroxybutan-2-one, were also found in the MRS LAB cultures and in the
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skim milk cultures (Tables 2 and 3). 2-Pentanone was previously described as a secondary
metabolite by LAB [20].
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Figure 3. VOCs detected in skim milk LAB cultures after incubation 48 h at 12 ◦C and 37 ◦C by GC–
IMS. (A) At 12 ◦C; (B) At 37 ◦C; VOCs highlighted: (1) 2-methylbutanal; (2) 2-methylpropanal; (3) Ac-
etaldehyde; (4) Pentan-1-ol; (5) Hexanal; (6) 2-hexanone; (7) Ethyl butanoate; (8) Ethyl propanoate;
(9) Propyl butanoate.

One of the main classes of volatile components in cheeses are esters [5]. Esters in
fermented dairy products are formed between short-to-medium-chain fatty acids and
available primary and secondary alcohols derived from lactose fermentation or from
amino acid catabolism [16]. These reactions are performed either by microorganisms or by
chemical reactions [44]. The non-detection of esters from the MRS LAB cultures studied
in our work is consistent with the absence of lactose in MRS broth. In our work, and as
we have described, L. plantarum is the most important producer of esters in creamy cheese
samples. None of the skim milk cultures at 12 ◦C produced esters. However, at 37 ◦C,
L. plantarum (with the exception of ethyl acetate) and the rest of LAB studied (in the case
of ethyl propanoate) show activity, which is also expressed in cheeses, especially creamy
cheese. The occurrence of ethyl acetate in these creamy cheeses could be attributed to
chemical reactions [44]. No derived secondary alcohols are present. On the other hand,
their occurrence in the cheeses studied is expected. In fact, ethyl propanoate and ethyl
butanoate predominated in natural creamy cheese and ethyl butanoate and ethyl hexanoate
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were predominant in both types of cheeses analyzed. Esters, which are produced by
esterification of an acid and an alcohol, were the most identified group in cheeses, mainly in
creamy natural cheese. Researchers considered them one of the main groups of compounds
isolated from the headspace of “Torta del Casar” cheeses [21]. According to these authors,
some LAB are involved in this production, as it is our case. These compounds confer, in a
synergistic way, floral and fruity notes that probably contribute to the balance of cheese
flavor by minimizing the sharpness imparted by the acids [22].

Aldehydes present transitory nature and do not accumulate in cheese since they tend
to reduce into the corresponding alcohols or, alternatively, oxidize into the respective
acids [45]. However, a diversity of aldehydes in cheese samples was found. In natural
creamy cheese, hexanal and 2-methylpropanal were detected. In both matured and creamy
cheeses, we detected 2-methylbutanal, butanal, octanal and acetaldehyde (Tables 2 and 3).
These compounds are main products of the autoxidation of unsaturated fatty acids, playing
a key role in the development of cheese flavor. For instance, octanal could be produced by
the autooxidation of oleic acid, and it is characterized by a green grass-like and herbaceous
aroma [11]. On the other hand, 2-methylbutanal, with its typically aldehydic odor, may
derive from the catabolism of amino acids such as isoleucine [21]. In our study, the
absence of fatty acids in MRS broth prevents the occurrence of aldehydes in MRS LAB
cultures separately, excluding benzaldehyde and 3-methylthiopropanal, whose fatty acids
are probably produced from peptone components. In skim milk cultures, aldehydes are
produced in most of the samples, except for benzaldehyde and octanal. The activity of LAB
studied in milk produce acetaldehyde, an important organoleptic compound.

In general, raw milk cheeses contain greater amounts of alcohols than pasteurized milk
cheeses and this is due to their higher microbial diversity [17]. The formation of primary
and secondary alcohols in cheeses could be due to lactose fermentation or generated by
dehydrogenation of aldehydes and ketones due to the strong reducing conditions of cheese
matrices [18]. Alcohols can produce acids, keto acids and carbonyls by catabolism [22]. In
our study, n-hexanol, pentan-1-ol and 3-methyl-1-butanol were detected in natural creamy
cheeses and 2-butanol, 2-methyl-1-propanol, 2-heptanol and 1-butanol were detected in
both cheeses (Tables 2 and 3). Specifically, various alcohols were detected in MRS LAB and
skim milk cultures, as well as in cheese samples. Secondary alcohols such as 2-heptanol and
2-butanol were detected from L. lactis subsp. Hordniae, L. mesenteroides and both cheeses,
and from L. paracasei, L. lactis subsp. Hordniae, L. mesenteroides and both cheeses, respectively.
2-Heptanol has been identified as a key odorant of Gorgonzola and Grana Padano cheeses
and it was the alcohol detected in the highest concentrations in semi-hard Spanish goat
cheeses. 2-Butanol was the highest secondary alcohol isolated in the artisanal Manchego
cheese [24]. In our study, 3-methyl-1-butanol was detected from L. paracasei, L. lactis subsp.
Hordniae, L. mesenteroides (MRS cultures), in all the skim milk cultures and in creamy cheese.
The presence of branched-chain primary alcohols, such as 3-methyl-1-butanol, indicates
the reduction in the aldehyde produced from leucine. This compound has been detected
in raw goat’s milk cheeses and confers a pleasant fresh cheese flavor [24]. According to
Gallegos et al. [11], 1-hexanol, a primary alcohol, is mainly produced by the reduction in its
corresponding aldehyde and methyl ketone. In all cheeses, these alcohols give a particular
flavor, which makes them distinctive and recognizable by consumers.

Generally, in cheeses, carboxylic acids are abundant volatile compounds. They give
acidic, fatty, pungent, balsamic and vinegary odors [46]. Linear carboxylic acids, such as
acetic, butanoic, hexanoic and octanoic, decanoic, butyric and acetic acids have often been
detected in cheeses. However, the method used in our study has limited the detection
of these types of compounds. Acetic acid was the only compound studied that could
be identified in the samples of creamy natural cheese, as well as the skim milk cultures
(Tables 2 and 3). This is not strange, because this compound derives mainly from the early
fermentation of lactate [47].
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4. Conclusions

Predicting the ability of different characterized LAB to produce aromas and the iden-
tification of the VOCs responsible for flavor in cheeses are important aspects to consider
when selecting strains with optimal aromatic properties, resulting in the diversification of
cheese products. In our work, the contribution of each LAB studied to the aroma profile
of the cheeses can be described according to their different VOC profiles. Differences be-
tween LAB behavior in each cheese are shown, especially between LAB involved in creamy
cheeses. Only L. lactis subsp. Hordniae and L. mesenteroides show the same VOC profile in
MRS cultures, but they participate in different cheeses, and also show two differences in
VOC production in skim milk cultures (especially pentan-1-ol).

The combination of Sanger sequencing in identifying LAB from raw milk cheeses
with GC–IMS to determinate the VOCs produced helped us to describe cheeses and to
differentiate the potential role of each microorganism in their volatilome. Further studies
will be useful to determinate the production of other VOCs, especially in searching for
different acids. Finally, as far as we know, the occurrence of Lactococcus lactis subsp. Hordniae
in cheese is reported for first time.
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