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ABSTRACT  
 
The aim of the present study was to characterize the bacterial and fungal communities naturally occurring in Queijo da 
Beira Baixa PDO cheese samples produced in Castelo Branco district (Beira Baixa Region, Portugal) through viable 
counts and metataxonomic analyses. Physico-chemical and morpho-textural analyses were also carried out, together with 
the analysis of volatile organic compounds (VOCs) via Headspace Solid-Phase Microextraction-Gas 
Chromatography/Mass Spectrometry (HS-SPME-GC/MS) analysis. In the analyzed samples, pH values ranged between 
4.72±0.15 and 5.85±0.02, whereas total titratable acidity was comprised between 12.30±0.42 and 23.35±1.77 mL of 0.1 
NaOH. Values of acetic acid ranged between 0.09±0.02 and 0.34±0.03 g 100 g-1, whereas lactic acid content was 
comprised between 0.64±0.00 and 1.95±0.16 g 100 g-1. Water activity ranged between 0.928±0.04 and 0.961±0.05. 
Specific volume ranged from 1.09±0.08 to 1.32±0.02 g mL-1. The results of color analyses on the cheese samples showed 
lightness comprised between 79.35±0.94 and 88.02±0.36, greenish tones varying from -2.71±0.12 to -4.87±0.06, and 
yellowish tonality comprised between 15.30±0.10 and 25.94±0.29, chroma varied from 15.58±0.10 to 26.39±0.29. 
Texture profile analysis showed hardness ranging between 38.3±9.6 N and 68.55±7.5 N, and springiness ranging between 
0.198±0.034 and 0.356 ± 0.117. Cohesiveness, chewiness, and resilience ranged between 0.199±0.004 and 0.282±0.005, 
2.3±0.1 and 4.9±3.0, and 0.088±0.006 and 0.152±0.109, respectively. As for lactic acid bacteria, presumptive lactococci, 
thermophilic cocci, and lactobacilli, counts up to 9 Log cfu g-1 were detected. Whereas coagulase-negative cocci showed 
counts up to 7 Log cfu g-1. Enterococci counts were up to 6 Log cfu g-1; whereas Enterobacteriaceae showed viable counts 
up to 4 Log cfu g-1. Finally, counts of eumycetes showed values up to 4 Log cfu g-1. The results of metataxonomic analysis 
of bacteria showed the dominance of Lactococcus lactis in all the samples. Moreover, other taxa were detected, including 
Lactiplantibacillus plantarum, Loigolactobacillus coryniformis, Lactococcus piscium, Streptococcus thermophilus, and 
Lacticaseibacillus zeae. Mycobiota was characterized by the presence of Candida sake, Ustilago, Cladosporium 
variabile, Starmerella, Debaryomyces hansenii, and Pichia kluyveri. In the analyzed Queijo da Beira Baixa PDO cheese 
samples, carboxylic acids (2-methyl propanoic, butanoic, 2-methyl butanoic, 3-methyl butanoic, hexanoic, heptanoic, 
octanoic, nonanoic, decanoic, and dodecanoic acids) represented the most detected VOCs, followed by esters (isobutyl 
acetate, 2-butyl butyrate, ethyl hexanoate, ethyl octanoate, ethyl decanoate, ethyl dodecanoate), carbonyl compounds (2-
butanone, 3-methyl butanal, 3-hydroxybutan-2-one, 2-heptanone, benzaldehyde, phenylacetaldehyde, 2-nonanone, 
dodecanal), and alcohols (ethanol, 2-propanol, 3-methyl-butanol). 
 
Keywords: Queijo de Castelo Branco; lactic acid bacteria, Lentilactobacillus lactis; Lactococcus piscium; volatile 
organic compounds.  
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1. Introduction 
 
In Southern European countries, the production of artisan regional cheeses represents a gastronomic heritage of great 
importance. The high value of cheese was already known during the Roman Empire, when rents, tolls, and charges were 
used to be paid with such food (Freitas & Malcata, 2000). Today, artisan cheeses produced in the countries of the 
Mediterranean Region are still linked to ancient traditions that must not be lost. The biogeographical region of the 
Mediterranean Sea includes seven European Member States, either partially (France, Portugal, Italy, Spain) or completely 
(Greece, Malta, Cyprus). The Mediterranean Region has specific features, including a climate characterized by hot, dry 
summer, and humid, cool winter, and a generally hilly landscape. Such well-defined environmental conditions allow 
peculiar and unique cheese types to be produced.  
Cheese is the result of milk coagulation followed by fermentation. Such food can be produced with either thermal-treated 
or raw milk. Moreover, a clotting agent is used to destabilize the casein micelles until a gel texture is formed. Among 
clotting agents, the most widely used in cheese manufacturing is calf rennet, that is generally obtained from the fourth 
stomach of suckling calves (Liu et al., 2021). Moreover, vegetable clotting agents can also be used, and, among these, 
those extracted from the plants Lactuca sativa, Euphorbia, Streblus asper, Solanum, Ficus, and thistles (Liu et al., 2021).  
These latter clotting agents refer to plants belonging to the tribe Cardueae Cass. = Cynareae Less. and encompass the 
genera Carduus, Cirsium, Onopordum, Cynara, Scolymus, Silybum, Onopordum, and Carlina (Aquilanti et al., 2011; 
Cardinali et al., 2017).  
After coagulation, the cheese curd is formed and cheese whey release. Moreover, milk fat droplets are caught in the cheese 
matrix, whereas water, lactose, some minerals, and serum proteins (e.g., albumin) are lost in the whey (Britten & Giroux, 
2022).  
Although cheese ingredients are quite simple, cheese microbiology is critical for the definition of the overall cheese 
sensory traits that are the result of coexisting microbial species that interact with the food matrix and the environment, 
thus defining cheese quality and authenticity (Gobbetti et al., 2018).  
Cheese fermentation is driven by the lactic acid bacteria naturally occurring in the raw milk or by microbial starter cultures 
that are added to the milk after its heat treatment. The metabolic activities of lactic acid bacteria, whether of natural origin 
or intentionally added, produce lactic acid as main organic acid, thus contributing to gel syneresis, whey expulsion, and 
curd formation (Wilkinson & LaPointe, 2020). Lactic acid bacteria utilize nutrients contained in the curd, as 
carbohydrates, organic acids, lipids, and proteins. Of note, proteolysis exerted by lactic acid bacteria in cheese leads to 
the production of free amino acids that strongly contribute to flavor development.  
In cheese, yeasts occurring during ripening also contribute to the definition of sensory traits of the end-product. Indeed, 
cheese represents a suitable environment for yeasts due to the high salt concentration, temperature conditions, water 
activity values, and pH (Merchán et al., 2022). In cheese, yeasts metabolize lactose and galactose, and use succinic, lactic, 
and citric acids; moreover, yeasts exert potent proteolytic and lipolytic activities thus contributing to the development of 
cheese aroma (Merchán et al., 2022). 
In order to valorize and protect the uniqueness of food products, the European Union established a series of geographical 
indication recognitions that include, the protected designation of origin (PDO), the protected geographical indication 
(PGI), and the geographical indication for spirit drinks and aromatized wines (GI). The PDO recognition is granted to 
food products that have the strongest link to the place in which they are manufactured.  
Southern European countries are renowned for the manufacture of most of the ovine raw milk cheeses worldwide (Freitas 
& Malcata, 2000). Among those countries, Portugal accounts for 11 cheeses with PDO recognition including, Queijo do 
Pico, Queijo de Cabra Transmontano/Queijo de Cabra Transmontano Velho, Queijo Rabaçal, Queijo Terrincho, Queijo 
de Azeitão, Queijo Serra da Estrela, Queijo de Nisa, Queijo S. Jorge, Queijo Serpa, Queijo de Évora, and Queijo da 
Beira Baixa (eAmbrosia, 2022). 
Queijo da Beira Baixa cheese has obtained the PDO recognition in the year 1996 under the names Queijos da Beira 
Baixa, Queijo de Castelo Branco, Queijo Amarelo da Beira Baixa and Queijo Picante da Beira Baixa, registered under 
Commission Regulation (EC) No 1107/96. Subsequently, in the year 2021, the European Commission has approved 
Portugal’s application for amendments to the specification for the PDO into Queijo da Beira Baixa, registered under 
Commission Implementing Regulation (EU) 2021/245. Hence, Queijo da Beira Baixa PDO is the name given to cheeses 
of the Amarelo, Castelo Branco and Picante types. Among the Queijo da Beira Baixa types of cheese, the one produced 
in the Castelo Branco district (Beira Baixa Region, Portugal) has a semi-hard or semi-soft paste, yellowish color, and a 
strong flavor. The Queijo da Beira Baixa PDO cheese manufactured in Castelo Branco is produced with 100% raw ewe’s 
milk from the Merino sheep breed (or other sheep breeds that are well adapted to the region), coagulated with infusion of 
cardoon (Cynara cardunculus L.) at 28 – 36 °C for 40 – 90 min. After coagulation, the curd is cut until the size of a grain 
of rice is reached. The maturation period is carried out at a temperature comprised between 8 to 14°C and 74-90% relative 
humidity for at least 40 days. The end product can be manufactured in two ranges of size: i) height 5-8 cm, weight 0.8-
1.3 kg, and diameter 12-16 cm; ii) height 4-6 cm, weight 0.35-0.55 kg, and diameter 8-10 cm. 
To the authors’ knowledge, the information on the physico-chemical characteristics of Queijo da Beira Baixa PDO cheese 
is limited to the studies by Mata (1989) and Marques (1991), and only one published paper deals with the characterization 
of the volatilome of Queijo da Beira Baixa from Castelo Branco (Ferreira, Pinho, & Sampaio, 2009). To date, no 
published studies on the microbial diversity of Queijo da Beira Baixa PDO cheese are available in the scientific literature. 
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Accordingly, the aim of the present study was to characterize the bacterial and fungal communities in Queijo da Beira 
Baixa PDO cheese samples produced in Castelo Branco through viable counting and metataxonomic analyses. Physico-
chemical and morpho-textural analyses were also carried out, together with the analysis of volatile organic compounds 
(VOCs).  
 
2. Materials and methods 
 
2.1. Cheese sampling 
 
Six samples of Queijo da Beira Baixa PDO cheese were collected from three artisan producers located in Castelo Branco 
district. Two samples of each production batch were purchased from the three different producers (producer 1: samples 
BB1 and BB2; producer 2: samples BB3 and BB4; producer 3: samples BB5 and BB6). All Queijo da Beira Baixa PDO 
cheeses samples had the same height (6 cm), diameter (10 cm), and weight (about 0.55 kg). All samples were transported 
under refrigerated conditions, stored to the laboratory at + 4 °C and analyzed before the expiration date.   
 
2.2. Physico-chemical measurements  
 
The pH was measured with a pHmeter by inserting a HI2031 solid electrode (Hanna Instruments, Padova, Italy) at the 
core of each sample. 
To measure total titratable acidity (TTA), 10 g of each sample were weighted and mixed with 90 mL of deionized water 
by means of a Stomacher 400 Circulator apparatus (VWR International PBI, Milan, Italy) at 260 rpm for 5 min. The TTA 
was expressed as the total volume (mL) of 0.1 N NaOH solution added to obtain a fixed pH of 8.3. 
The concentration of acetic acid and lactic acid was measured using the commercial Acetic Acid Assay Kit (Acetate 
Kinase Manual Format) (Megazyme, Bray, Ireland) and D-/L-Lactic Acid (D-/L-Lactate) (Rapid) Assay Kit (Megazyme, 
Bray, Ireland), respectively, in accordance with the manufacturer’s instructions.  
Water activity (aw) measurement was carried out using an AquaLab® 3TE analyzer (Decagon Devices, Inc., Pullman, 
WA, USA). In more detail, approximately 3 g of homogeneous sample was deposited in a plastic cuvette and 
measurements were taken at a temperature of 25 ± 0°C.  
For each sample, three independent measurements were performed, and the results were reported as mean ± standard 
deviation.  
Specific volume was calculated using sample weight and volume, which was evaluate as a change after immersing the 
sample of known weight into calibrated cylinder with 0.1 mL accuracy. The measurement was taken five times for each 
sample probing, and probing was made three times from each cheese sample. Specific volume was calculated as a result 
of sample weight/sample volume and expressed in g mL-1.  
 
2.3. Morpho-textural analyses 
 
Colour was measured using a Konica Minolta CR-310 chroma meter (Ramsey, NJ, USA) connected with a Data Processor 
(DP-301), launched via RS232 serial port to the personal computer. Colour parameters were taken in triplicate, whereas 
each measurement was taken as a mean of three measurements. Parameters were presented as L*, a*, b*, Chroma, and 
hue.  
Cheese texture was determined by TPA test (Texture Profile Analysis) in quadruplicate with an AXIS texture analyser 
FC200STAV500 (AXIS, Gdansk, Poland) provided with the software “AXIS FM”. An aluminium 20-mm-diameter 
cylindrical probe was used in a double compression test (TPA) to penetrate to 50 % depth, at 1 mm s-1 speed test. Hardness 
(N) was the force at the maximum deformation while cohesiveness, springiness, chewiness, and resilience were calculated 
from the peaks. Analysis was carried out in quadruplicate at 25 °C for 20 mm height and 20 mm diameter cylinder taken 
from the cheese slice of each sample.  
 
2.4. Microbiological analyses 
 
Ten grams of each sample were homogenized with 90 mL of sterile peptone water (Oxoid, Basingstoke, UK) in a 
stomacher apparatus (400 Circulator, International PBI, Milan, Italy) for 2 min at 260 rpm (Osimani et al., 2009). Serial 
ten-fold dilutions were prepared and 100 µL of each dilution was inoculated in duplicate on the following growth media: 
M17 agar (VWR International, Milan, Italy) for presumptive mesophilic lactococci incubated at 22 °C for 48-72  h; M17 
agar (VWR) for presumptive thermophilic streptococci incubated at 42°C for 48-72  h; MRS Agar (VWR) for presumptive 
mesophilic lactobacilli incubated at 30 °C for 48-72 °C; MSA Agar (VWR) for coagulase-negative cocci incubated at 37 
°C for 48 h; Enterococcus Selective Agar (Merck KGAa, Darmstadt, Germany) for enterococci incubated at 37 °C for 48 
h; VRBGA (VWR) Agar for Enterobacteriaceae incubated at 37 °C for 24 h; RB Agar (VWR) for eumycetes incubated 
at 25 °C for 48 h.  
The results of viable counts were expressed as the Log of cfu (colony-forming units) per gram of each sample and reported 
as mean value ± standard deviation.  
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2.5. DNA extraction and sequencing 
 
E.Z.N.A. soil DNA kit (Omega Bio-tek, Norcross, GA, USA) was used for the extraction of total microbial DNA from 
the cell pellets obtained by the centrifugation of 1 mL of each biological replicate (homogenate at dilution 10-1) prepared 
as previously described by Cardinali et al. (2021). The extracted DNAs were checked for quantity and purity by Nanodrop 
ND 1000 (Thermo Fisher Scientific, Wilmington, DE, USA) quantified and standardized by using the Qubit ds Kits.  
For each sample, the DNA extracts obtained from each biological replicate were pooled to reduce the inter-sample 
variability (Osimani et al., 2021). 
 
2.6. Metataxonomic analyses 
 
A metataxonomic approach was applied to analyze the total DNA extracted from the Queijo da Beira Baxa PDO cheese 
samples of the three different producers in order to highlight any differences in microbiota composition. In more detail, 
the 16S rRNA gene (V3-V4 regions) was amplified using primers and procedures previously described by Klindworth et 
al. (2013). The 26S rRNA gene was amplified by using the primers NL4R (5′-GGTCCGTGTTTCAAGACGG-3′) and 
LS2-MF (5′-GAGTCGAGTTGTTTGGGAAT-3′) following the procedure previously described (Mota-Gutierrez et al., 
2019).  
The Illumina metagenomic procedure was applied for PCR products purification, taggeting, and pooling. Illumina MiSeq 
platform with V2 chemistry was used to generate 250-bp paired-end reads and the raw .fastq files obtained were elaborated 
by QIIME 2 software (Bolyen et al., 2019). The primer sequences were removed by Cutapter and DADA2 algorithm was 
used to denoise the obtained reads by using the q2-dada2 plugin in QIIME 2 (Callahan et al., 2016). Taxonomy 
classification was performed against the SILVA database by means the QIIME2 feature-classifier. The ASVs with less 
than five read counts in at least two samples were excluded to increase the confidence of sequence reads.  
The taxonomic assignment of the mycobiota dataset was performed against the SILVA database implemented in (Mota-
Gutierrez et al., 2019). BLASTn suite tool was used to confirm the taxonomic assignment. 
The raw read data were deposited in the Sequence Read Archive of NCBI under the bioproject accession number 
PRJNA822519 
 
2.7. Volatilome profile  
 
Headspace Solid-Phase Microextraction-Gas Chromatography/Mass Spectrometry (HS-SPME-GC/MS) analysis was 
used to collect the volatile components from the headspace of a 10 mL glass vial filled with 0.5 g of sample. A 
DVB/PDMS 65 µm fiber (Supelco/Sigma-Aldrich, Milan, Italy) was exposed into the head space for 45 min at 50 °C, as 
described by Belleggia et al. (2020). A Trace 1300 gas chromatograph coupled with a ISQ 7000 single quadrupole mass 
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) and equipped with a Zebron ZB-5ms capillary column 30 
m × 0.25 mm i.d., 0.25 µm film thickness (Phenomenex, Torrance, CA, USA) were used to analyze the volatile profile of 
samples.  As reported by Foligni et al. (2022), the operative parameters were the following: injector temperature 250 °C; 
oven temperature 40 °C to 220 °C increased at the rate of 6 °C min-1 and maintained for 5 min; gas flow (He) in constant 
mode at 1.0 mL min-1 and full scan MS data were acquired in the mass range of 31–250 atomic mass units (amu). Volatile 
compounds identification was made according to Mozzon et al. (2020), by matching the mass spectral data with 
NIST/EPA/NIH Mass Spectral Library 2020 and the chromatographic behavior with published Kovats retention indices 
(RIs). An automated spreadsheet was used to simplify the calculation of RIs of the unknown components (Maoloni et al. 
2021). 
 
2.8. Statistical analysis 
 
The Tukey-Kramer’s Honest Significant Difference (HSD) test (α=0.05) was used to evaluate differences within cheese 
samples by one-way analysis of variance (ANOVA) using the software JMP® Version 11.0.0 (SAS Institute Inc., Cary, 
NC).  
Alpha diversity indices were calculated through the diversity script of QIIME2. Differences between alpha diversity 
parameters and ASVs frequency were analyzed by non-parametric Kruskall wallis test in R environment. Pairwise 
Spearman’s non-parametric correlations were used to study the relationships between fungi and bacteria and between 
microbes and metabolites. The correlation plots were visualized in R using the corrplot package in R environment. A P 
value of 0.05 or lower was considered as statistically significant. 
 
Results 

 
3.1. Physico-chemical characterization 
 
The results of physico-chemical analyses carried out on the analyzed cheese samples are reported in Table 1. 
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In detail, pH values ranged between 4.72±0.15 and 5.85±0.02, with samples of producer 3 showing statistically higher 
average pH value than those detected in samples of producers 1 and 2.  
As for TTA, the detected values were comprised between 12.30±0.42 and 23.35±1.77 mL of 0.1 NaOH, with samples of 
producer 3 showing the lowest average value. 
Regarding acetic acid, the values ranged between 0.09±0.02 and 0.34±0.03 g 100 g-1, with no statistically significant 
differences among producers.  
Finally, lactic acid values were comprised between 0.64±0.00 and 1.95±0.16 g 100 g-1, with samples of producer 3 
showing the average lowest value. 
Water activity ranged between 0.928±0.04 and 0.961±0.05, with samples of producer 3 revealing the lowest average 
value.  
As for specific volume, the detected values ranged from 1.09±0.08 to 1.32±0.02 g mL-1 with samples of producer 3 
showing the lowest average value. 
 
3.2. Morpho-textural characterization 
 
The results of color analyses on the cheese samples are reported in Table 2, whereas results of texture profile are reported 
in Table 3. 
The lightness (L*) of the samples varied from 79.35±0.94 to 88.02±0.36 being the highest for producer 1. The analyzed 
samples revealed greenish tones (a*) varying from -2.71±0.12 to -4.87±0.06 and the most intense green tones were 
detected in samples of producer 2. The yellowish tonality (b*) ranged from 15.30±0.10 to 25.94±0.29, being more 
pronounced for samples of producer 2. Chroma varied from 15.58±0.10 to 26.39±0.29 with the highest values for samples 
of producer 2, whereas hue, in range from 96.87±0.4 to 101.9±0.2, was the lowest for samples of producer 3. Two-way 
ANOVA confirmed strong interaction between producer and batch at P< 0.01 and P<0.001. 
Texture profile analysis reveal variations in hardness and springiness of the cheese samples between producers. Hardness 
ranged between 38.3±9.6 N and 68.55±7.5 N with the highest average value for samples of producer 2 which was 
correlated with springiness. This latter parameter ranged from 0.198±0.034 to 0.356 ± 0.117 with the lowest average 
value for samples of producer. Cohesiveness, chewiness, and resilience ranged between 0.199±0.004 and 0.282±0.005, 
2.3±0.1 and 4.9±3.0, 0.088±0.006 and 0.152±0.109, respectively, with no significantly statistical differences among 
producers and batches.  
 
3.3. Viable counts  
 
The results of viable counts carried out on the analyzed cheese samples are reported in Table 4. 
Regarding presumptive lactococci, the detected values ranged between 6.32±0.02 and 9.07±0.05 Log cfu g-1, with no 
statistically significant differences among samples. 
As for presumptive thermophilic cocci, values comprised between 6.18±0.00 and 8.98±0.01 Log cfu g-1 were detected 
among samples, with counts in samples of producer 1 showing the highest average values and those in samples of producer 
3 the lowest. 
For presumptive lactobacilli, the counts ranged from 7.64±0.01 to 9.35±0.01 Log cfu g-1, with counts in samples of 
producer 1 showing the highest average value and those in samples of producer 3 the lowest. 
Regarding coagulase-negative cocci, counts were between 3.68±0.05 and 7.01±0.01 Log cfu g-1, with average counts in 
samples of producer 2 showing the lowest values. 
Concerning enterococci, the detected values ranged from 4.78±0.02 to 6.26±0.02 Log cfu g-1, with no statistically 
significant differences among the samples of the three producers. 
Enterobacteriaceae showed viable counts comprised between < 1 and 4.07±0.44 Log cfu g-1, with samples of producer 2 
showing the lowest average value and samples of producer 3 the highest. 
Finally, counts of eumycetes showed values between < 1 and 4.74±0.06 Log cfu g-1, with samples of producer 2 showing 
the lowest average value. 
 
3.4. Microbiota and mycobiota composition  
 
The results of metataxonomic analysis of bacteria are reported in Figure 1. In more detail, the metataxonomic analysis 
and alpha diversity index did not show significant differences among producers. In all the analyzed samples Lactococcus 
lactis was present at high relative frequency (ranging from 43% to 87%), with the highest relative frequency in samples 
of producer 3. Moreover, other minor amplicon sequence variants (ASVs) were detected in all the samples, i.e., 
Lactiplantibacillus plantarum (ranging from 4% to 14%) and Loigolactobacillus coryniformis (ranging from 5% to 9%). 
Samples of producer 1 were characterized by the presence of Lactococcus piscium (10%), whereas Streptococcus 
thermophilus was present at low relative frequency (5%) only in samples of producer 2. Staphylococcus spp. was detected 
in samples of producer 1 and 3; moreover, Lacticaseibacillus zeae showed the highest relative frequency in samples of 
producer 1 and the lowest in samples of producer 3. 
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The results of metataxonomic analysis of eumycetes are reported in Figure 2. Although the metataxonomic analyses did 
not show significant differences between the cheeses mycobiota associated with the different three producers, some 
differences were detected. In details, cheeses of producer 1 showed the highest presence of Candida sake (44%), 
Geotrichum (8%), and Ustilago (21%) species. Cheeses of producer 2 were characterized by the high prevalence of 
Cladosporium variabile (24%), and Starmerella (56%). Producer 3 showed the highest relative frequency of 
Cladosporium variabile (24%), Debaryomyces hansenii (17%) and Pichia kluyveri (21%), and Starmerella (16%). 
By performing a co-occurrence co-exclusion analysis between the microbiota and mycobiota (Figure 3) a positive 
correlation between Leuconostoc mesenteroides, Candida davisiana, and Metschnikowia fructicola was observed; 
whereas a strong negative correlation with Apiotrichum loubieri was observed. Streptococcus thermophilus showed only 
positive correlations, in particular with Clavispora lusitaniae, M. fructicola, Quambalaria cyanescens, and Starmerella. 
Acinetobacter spp. showed negative correlations with C. variabile, D. hansenii, P. kluyveri, Protomyces inouyei, 
Starmerella, and Symbiotaphrina. The presence of L. piscium was negatively correlated with the presence of D. hansenii, 
P. kluyveri, and Vishniacozyma victoriae, but positively correlated to Geotrichum. The presence of L. plantarum was 
correlated with Penicillium spp. 
 
3.5. Volatilome profile 
 
Volatile compounds detected in the headspace of the analyzed cheese samples are reported in Table 5. 
In more detail, carboxylic acids (2-methyl propanoic, butanoic, 2-methyl butanoic, 3-methyl butanoic, hexanoic, 
heptanoic, octanoic, nonanoic, decanoic, and dodecanoic acids) dominated the headspace of cheese samples (61% of total 
volatiles), followed by esters (isobutyl acetate, 2-butyl butyrate, ethyl hexanoate, ethyl octanoate, ethyl decanoate, ethyl 
dodecanoate) (20% of total volatiles), carbonyl compounds (2-butanone, 3-methyl butanal, 3-hydroxybutan-2-one, 2-
heptanone, benzaldehyde, phenylacetaldehyde, 2-nonanone, dodecanal) (12% of total volatiles), and alcohols (ethanol, 2-
propanol, 3-methyl-butanol) (5% of total volatiles).  
Higher levels of 2-butanone, 3-methylbutanal, and ethyl hexanoate were observed in samples of producer 3. 
The results of the correlation analysis between the ASVs and VOCs of Queijo da Beira Baxa PDO cheese samples (Figure 
4) showed that the presence of Acinetobacter sp. was negatively associated with and isobuthyl acetate, propanoicacid-2-
methyl, and butanoic acid-3-methyl (P value < 0.05). Whereas 2-butanone was negatively correlated with C. davisiana, 
Geotrichum, Metschnikowia, Latilactobacillus sakei, and Serratia. The high presence of octanoic acid showed a strong 
positive correlation with C. sake and a strong negative correlation with Ogataea boidinii. D. hansenii showed a positive 
correlation with propanoicacid-2-methyl, butanoic acid-3-methyl, and ethyl hexanoate and a negative correlation with 
ethanol, heptanoic acid, and dodecanoic acid. Streptococcus showed negative correlations with isobuthyl acetate, acetoin, 
propanoic acid 2-methyl, butanoic acid 3-methyl, and benzaldehyde. L. lactis displayed a negative correlation with ethanol 
and heptanoic acid and a positive relationship with methyl ester of propanoic and butanoic acids. 
 
4. Discussion 
 
To the authors’ knowledge, this study represents the first attempt to disclose the microbial diversity of Queijo da Beira 
Baixa PDO cheese. Moreover, only one published study actually deals with the volatile organic compounds of this thistle-
curdled PDO cheese (Ferreira et al., 2009), and a few data on physico-chemical characterization of Queijo da Beira Baixa 
PDO cheese are available (Freitas & Malcata, 2000). Hence, the present study allows a step forward in the knowledge of 
Portuguese cheeses to be performed.  
In the present study, pH values detected in the analyzed samples were generally in accordance with those reported by 
Freitas & Malcata (2000) for Castelo Branco cheese. Moreover, pH values recorded in the cheese samples analyzed in 
the present study were in accordance with those detected by Cardinali et al. (2017) in the Italian thistle-curdled cheese 
Caciofiore della Sibilla and by Ordiales et al. (2013) in Torta del Casar, a Spanish PDO cheese coagulated with C. 
cardunculus, attesting at about 5 at the end of ripening. pH values recorded in the analyzed Queijo da Beira Baixa PDO 
cheese samples were slightly lower than those detected in the Portuguese raw-milk thistle-curdled cheese Queijo de 
Azeitão PDO by Cardinali et al. (2021), that attested up to 6. In cheese, pH is the result of the metabolic activity of lactic 
acid bacteria that, during ripening, produce lactic acid (homofermentative species) and other organic acids 
(heterofermentative species). In cheese, pH values and organic acids play a key role in defining texture and safety of the 
end product (Pamuksuz, Bulduk, & Ozturk, 2020; Wemmenhove, Wells-Bennik, & Zwietering, 2021). As reported by 
Pamuksuz et al. (2020), pH value of cheese strongly affects its hardness, elasticity, adhesiveness, and cohesiveness by 
altering the electrostatic interactions; indeed, the more the cheese pH is similar to the isoelectric point of caseins (4.8) the 
more the electrostatic repulsion between caseins decreases, thus producing a harder and crumbly cheese.  
As for the lactic acid content, the detected values reflected the intense metabolic activity of the viable lactic acid bacteria 
populations. The lactic acid content recorded in the samples under study were notably higher than those reported by 
Cardinali et al. (2021) for Queijo de Azeitão PDO, that attested up to 0.488 g 100 g-1. Of note, the lowest counts of 
lactobacilli and thermophilic cocci detected in samples of producer 3 could reflect in the lower amount of lactic acid 
detected in the same samples. As for acetic acid, the amount of this organic acid was in accordance with the values 
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reported by Cardinali et al. (2021) for Queijo de Azeitão PDO, thus attesting the occurrence of lactic acid bacteria with 
heterofermentative metabolism. 
In the analyzed samples, the detected aw values were high (0.941-0.956), such feature may affect the stability of the 
product (Tapia, Alzamora, & Chirife, 2020) and prone the mould development.  
Specific volume is a suitable parameter that reveals the porosity of the food matrix. In the present study, the porosity of 
the samples was almost neglected, as confirmed by the external appearance evaluation of the analyzed Queijo da Beira 
Baixa PDO cheese samples. The observation was confirmed by specific volume scores mainly close to 1.00.  
The porosity of the casein matrix is strongly correlated with a particular activity of the microbial community of the cheese, 
mainly with the CO2 production of yeasts under anaerobic conditions. In the analyzed samples, low porosity suggested 
that the microbial profile shifted towards organic acids excretion. Porosity also influences the colour and the texture of 
the sample, thus contributing to tonal change and hardness variation. The Queijo da Beira Baixa PDO cheese samples 
were characterized by high lightness with green and yellow tonalities intensively pronounced. According to Balthasar et 
al. (2017), ewe’s milk is characterized by almost twice amount of fat comparing to cow’s milk, which results in tonality 
changes towards yellow during casein curd maturing. Also, the high concentration of vitamin A in ewe’s milk compared 
to cow’s milk, which occurs because β-carotene is converted to retinol, results in greenish tonalities due to a lack of red 
carotenoids (Balthasar et al., 2017). In the present study, all colour parameters depended on the cheese producer, which 
suggests a strong influence of the origin of the milk, and, more specifically, of the amount and type of feed consumed by 
the sheep. The same characteristic was observed for texture parameters which are related to porosity. The detected 
hardness and springiness were dependent on producer and were well also correlated with specific volume and TTA of the 
samples. The lowest porosity of the producer 2 samples resulted in the highest hardness and lowest springiness of the 
sample.       
The viable counts carried out on the Queijo da Beira Baixa PDO cheese samples allowed active microbial populations, 
including lactic acid bacteria, coagulase negative cocci, enterococci, Enterobacteriaceae, and eumycetes, to be disclosed. 
Lactic acid bacteria represent the key microorganisms in cheesemaking. In the cheese curd, their activity leads to the 
formation of lactic acid, as main metabolite, together with other organic acids (e.g., acetic acid), CO2, and ethanol. Lactic 
acid bacteria also play a pivotal role in the definition of safety and sensory features of the cheese. Indeed, as reported by 
Steele, Broadbent, & Kok (2013), enzymatic protein and peptide breakdown, exerted by lactic acid bacteria during cheese 
ripening, lead to the formation of aroma compounds derived from the catabolism of aromatic, sulfur-containing, and 
branched-chain amino acids. Furthermore, as reported by Favaro, Barretto Penna, & Todorov (2015), lactic acid bacteria 
produce natural antimicrobial compounds commonly referred to as bacteriocins. Indeed, bacteriocin-producing strains of 
Leuconostoc, Enterococcus, Streptococcus, Lactobacillus, and Lactococcus have already been isolated from dairy 
products, as Cheddar, goat milk cheese, white-brined cheese, medium-hard or hard cheeses, and fresh cheese (Favaro et 
al., 2015).  
In the present study, the viable counts of lactococci were in accordance with those reported by Macedo et al. (2004) in 
Serra da Estrela PDO cheese, that ranged between 7 and 9 Log cfu g-1. In the same study, counts of lactobacilli attested 
up to 9 Log cfu g-1, being similar to those detected in the Queijo da Beira Baixa PDO cheese samples analyzed in the 
present study. Counts of lactococci and lactobacilli detected in the Queijo da Beira Baixa PDO cheese samples were also 
similar with those detected in Queijo de Azeitão PDO cheese, whose counts were up to 7.6 and 8.7 Log cfu g-1 for 
lactococci and lactobacilli, respectively (Cardinali et al., 2021). Lactic acid bacteria counts were also in accordance with 
those detected by Ordiales et al. (2013) in Torta del Casar, that attested up to 9 Log cfu g-1. As for thermophilic cocci, 
the counts detected in the present study were in accordance with those reported by Cardinali et al. (2017, 2021) in 
Caciofiore della Sibilla cheese and in Queijo de Azeitão PDO cheese, both attesting up to 7 Log cfu g-1 at the end of 
ripening. 
Regarding coagulase-negative cocci, the proteolytic and lipolytic activity of this microbial group notably impacts on the 
final flavour and aroma of cheese (Ruaro, Andrighetto, Torriani, & Lombardi, 2013Aquilanti et al., 2007). Of note, 
coagulase-negative cocci are salt and acid tolerant microorganisms that have frequently been detected in ewe’s or goat’s 
cheeses, in smear cheeses, and in raw milk cheeses produced in Northern Italy (Irlinger, 2008; Ruaro et al., 2013). In the 
present study, counts of coagulase-negative cocci were similar with those reported by Cardinali et al. (2021) for Queijo 
de Azeitão PDO cheese and with those reported by Freitas & Malcata (2000) for Evora PDO coagulated with vegetable 
rennet, thus suggesting the wide presence of this microbial group in Portuguese thistle-curdled cheeses. 
As for enterococci, the presence of this microbial group is characteristic of raw milk cheeses (Ordiales et al., 2013). As 
reported by Foulquié Moreno, Sarantinopoulos, Tsakalidou, & De Vuyst (2006), proteolysis, lipolysis, and citrate 
breakdown by enterococci have a key role in the formation of the typical taste and flavour of traditional cheeses produced 
in the Mediterranean countries. Indeed, enterococci have already been detected by Gonçalves et al. (2018) in Serpa PDO 
cheese and by Cardinali et al. (2021) in Queijo de Azeitão PDO, with attesting up to 5 Log cfu g-1.  
The presence of Enterobacteriaceae in cheese reflects a lack of acidification of the curd as well as improper hygiene 
practices during manufacturing (Tabla et al., 2016). Of note, Enterobacteriaceae can be present in milk and cheese through 
faecal contamination; however, members belonging to this bacterial family are not acid resistant, and their growth in 
cheese is usually inhibited by organic acids produced by lactic acid bacteria (Tabla et al., 2016). Interestingly, the samples 
of Queijo da Beira Baixa PDO cheese that presented the highest counts of Enterobacteriaceae were those of producer 3, 
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which showed the highest pH values and the lowest organic acids amounts, thus suggesting a lack of acidification of the 
curd during ripening.  
Finally, eumycetes (yeasts and moulds) represent important microorganisms that are involved in cheese ripening. The 
physico-chemical conditions as, high salt concentration, low temperature, water activity, and pH, occurring in cheese 
during ripening, represent an optimal environment for eumycetes growth (Merchán et al., 2022). Moreover, some 
eumycetes species show specific competitive advantages in cheese, being them able to metabolize lactose and galactose 
as well as succinic, lactic, and citric acids (Merchán et al., 2022). Eumycete metabolism of lactate leads to the increase of 
cheese pH, whereas the proteolytic and lipolytic activities of such microorganisms positively contribute to the formation 
of cheese aroma (Merchán et al., 2022). In the present study, counts of eumycetes were generally comparable with those 
reported by Cardinali et al. (2021) for Queijo de Azeitão PDO, that ranged between 2.7 and 5.9 Log cfu g-1. Similarly, 
Ordiales et al. (2013) reported values of yeasts and moulds up to 4.2 Log cfu g-1 in Torta del Casar PDO cheese. 
Metataxonomic analysis highlighted the prevalence of a homogeneous same microbiota strongly characterized by the 
presence of lactic acid bacteria among which L. lactis represented the key species. Moreover, a few lactic acid bacteria 
species occurred at various relative frequencies among samples. To the authors’ knowledge, no studies dealing with 
metataxonomic characterization of microorganisms in Queijo da Beira Baixa PDO cheese are available in the scientific 
literature, hence, data will be compared with those reported by similar studies dealing with thistle-curdled cheeses 
produced in Mediterranean countries. 
L. lactis represents the predominant lactic acid bacterium in dairy products (Cavanagh, Fitzgerald, & McAuliffe, 2015). 
Indeed, such species represents a large part of the dairy environment house microbiota, and it largely colonizes the teat 
surface (Gobbetti et al., 2018). Interestingly, the evolution of this bacterial species from the plant to the milk environment 
is due to genome modification, including acquisition of genes for protein and lactose utilization (Cavanagh et al., 2015). 
The massive presence of L. lactis in all the analyzed samples is not surprising per se, since its presence in Portuguese 
(thistle-curdled) cheeses (e.g., Queijo de Azeitão PDO cheese and Serra da Estrela PDO cheese) has already been reported 
by many authors (Cardinali et al., 2021; Macedo, Tavares, & Malcata, 2003, 2004; Tavaria, Silva-Ferreira, & Malcata, 
2006). L. lactis is among the main species that are responsible for lactic acid production in the cheese curd; moreover, it 
is also able to use milk citrate as a secondary energy source. This lactic acid bacterium is also responsible for many other 
activities in cheese, since it harbours genes involved in casein breakdown, bacteriophage resistance, bacteriocins and 
exopolysaccharides productions (Kazou, 2022). At this regard, L. lactis possesses cell-envelope proteinase which is a 
key-enzyme in the cheese system. Indeed, such enzyme plays a pivotal role in secondary proteolysis since it is active on 
the chymosin-generated peptides, thus promoting amino acid production mediated by lactococcal peptidases and, hence, 
formation of volatile aroma compounds in cheese (Exterkate, Slangen, & Siezen, 2001). Moreover, L. lactis can also 
improve the safety of cheese, being such species able to produce bacteriocins (e.g., nisin), that are active against foodborne 
pathogens (e.g., Listeria monocytogenes) (Kondrotiene et al., 2018). Finally, Korcz & Varga (2021) reported that 
exopolysaccharides produced by L. lactis strains can be able to affect textural and melting properties of cheese. Of note, 
L. lactis strains isolated from Serra da Estrela PDO cheese also exhibited a strong esterase activity, thus suggesting a 
further release of flavour compounds during the late stage of cheese ripening (Macedo et al., 2003). 
Regarding L. plantarum detected in the samples under study, Cardinali et al. (2021) already reported the presence of this 
species in Queijo de Azeitão PDO cheese; moreover, Macedo, Tavares, & Malcata (2003b) reported the occurrence of the 
same lactic acid bacterium in Serra da Estrela PDO cheese. Interestingly, Macedo et al. (2003b) also purified and 
characterized an intracellular aminopeptidase produced by L. plantarum, thus suggesting a role in flavour formation 
during the late stage of cheese ripening. Of note, Macedo et al. (2004) observed that the co-occurrence of L. lactis and L. 
plantarum in Serra da Estrela PDO cheese seemed to exert high control of Enterobacteriaceae growth as well as increase 
in proteolysis. 
To the authors’ knowledge, no previous studies that report the presence of L. coryniformis in Portuguese cheeses are 
available in the available scientific literature. L. coryniformis has already been isolated from other cheeses as goat’s milk 
cheese, Castelmagno cheese, Feta cheese, and Turkish Kaşar cheese (Aydemir, Harth, Weckx, Dervişoğlu, & De Vuyst, 
2015; Martin et al., 2005; Oberg, McMahon, Culumber, McAuliffe, & Oberg, 2022). Interestingly, L. coryniformis strains 
isolated by Martin et al. (2005) from Spanish raw goat’s milk cheese showed high survival and adhesion rates after transit 
through an in vitro gastrointestinal model, thus suggesting a potential probiotic activity. Moreover, the same lactic acid 
bacteria showed the production of the bacteriocin reuterin and of cobalamin, thus suggesting potential beneficial effects 
for the consumers.  
Regarding the occurrence of L. piscium, to the authors’ knowledge, the isolation or the detection of this lactic acid bacteria 
species in cheese is extremely rare, although this lactic acid bacteria species has already been detected in milk and at the 
beginning of ripening of Montasio cheese (Carraro et al., 2011). L. piscium is a psychrotrophic lactococcus, first isolated 
from rainbow trout (Williams, Fryer, & Collins, 1990), that is typically responsible for meat spoilage (Rahkila, Nieminen, 
Johansson, Säde, & Björkroth, 2012). As reported by Rahkila et al. (2012), L. piscium strains isolated from meat showed 
a weak acid production from galactose as well as variable acid production from gluconate and lactose. Rahkila et al. 
(2012) also observed arginine hydrolysis and variable acetoin production carried out by some L. piscium isolates. Based 
on the abovementioned activities, it is likely that L. piscium could have contributed to a weak acid production and flavour 
compound production (e.g., acetoin) in the analyzed Queijo da Beira Baixa PDO cheese samples. Interestingly, Saraoui 
et al (2016) described the inhibitory activity carried out by a L. piscium strain towards L. monocytogenes, due to a cell-
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to-cell contact-dependent mechanism. Of note, although many studies confirmed the alterative role of L. piscium in meat, 
other studies showed that it does not have detrimental effect on the sensory properties of seafood (Saraoui, Leroi, 
Björkroth, & Pilet, 2016). Hence, further research is needed to better clarify the real role of L. piscium in dairy products. 
S. thermophilus is considered one of the most important species of lactic acid bacteria in the dairy industry. Operational 
taxonomic units of Streptococcus have already been detected by Cardinali et al. (2017) in Italian raw ewes' milk cheese 
clotted with Carlina acanthifolia All. subsp. Acanthifolia; however, to the authors’ knowledge no studies reporting the 
presence of S. thermophilus in Portuguese cheeses are available in the scientific literature for further comparison of data. 
It is noteworthy that the adaptation of S. thermophilus to cheese is mainly due to the acquisition of genes originating from 
other dairy species, such as L. lactis and Lactobacillus delbrueckii (Iyer, Tomar, Maheswari, & Singh, 2010). Due to its 
fast acidification of milk, S. thermophilus is commonly used for the production of Swiss cheese, Brick cheese, Parmesan, 
Provolone, Mozzarella, Ragusano PDO, and Asiago PDO.  Together with lactic acid, S. thermophilus also produces 
formate, acetoin, diacetyl, acetaldehyde, and acetate, thus affecting the final sensory characteristics of cheese (Iyer, 
Tomar, Maheswari, & Singh, 2010). S. thermophilus possesses efficient proteolytic enzymes, as extracellular proteases, 
that hydrolyse casein, and intracellular peptidases that hydrolyse casein-derived peptides (Hols et al., 2005). Of note, S. 
thermophilus is also able to produce exopolysaccharides mainly consisting of polymers of galactose, glucose and 
rhamnose monomers, thus affecting the texture of cheese (Iyer, Tomar, Maheswari, & Singh, 2010). Finally, S. 
thermophilus can produce bacteriocins as, thermophilin 347, thermophilin A, and thermophilin T that are effective against 
a broad number of pathogenic or spoilage bacteria (e.g., Clostridium tyrobutyricum in hard cheese) (Iyer, Tomar, 
Maheswari, & Singh, 2010; Mathot, Beliard, & Thuault, 2003). 
The occurrence of L. zeae in thistle-curdled cheese has already been reported by Aquilanti et al. (2013) in Caciotta cheese 
clotted with aqueous extract of C. cardunculus and, more recently, by Cardinali et al.  (2021) in Queijo de Azeitão PDO 
cheese. L. zeae is a facultatively heterofermentative species that, due to its high proteolytic activity that leads to the 
production of free amino acids, can be responsible for the formation of aroma compound in cheese (Terzić-Vidojević et 
al., 2020).  
Regarding mycobiota, Starmerella has already been detected by Cardinali et al. (2021) in Queijo de Azeitão PDO cheese, 
although at very low relative abundance. To the authors’ knowledge, a scarcity of information regarding the occurrence 
of Starmerella in cheese is available in the scientific literature for further comparison of data. Interestingly, species of 
Starmerella have been shown to effectively produce sophorolipids (a group of extracellular biosurfactants) from dairy 
wastewater (Jiménez-Peñalver, Rodríguez, Daverey, Font, & Gea, 2019). At this regard, Hipólito et al. (2020) reported 
that sophorolipids produced by Starmerella species showed to be effective in controlling unwanted foodborne fungi, as 
Aspergillus flavus, Aspergillus melleus, Aspergillus ochraceus, Aspergillus parasiticus, Aspergillus niger, Fusarium 
oxysporum, Botrytis cinerea, and Rhizopus spp., thus enhancing the safety of the end product. 
As for C. sake, the presence of this yeast species in cheese has already been reported by Cardinali et al. (2021) in Queijo 
de Azeitão PDO as well as by other authors in Greek PDO cheeses, Brie cheese, Robiola di Roccaverano cheese, and 
French cheeses (Michailidou et al., 2021; Dugat-Bony et al., 2016; Bonetta, Bonetta, Carraro, Rantsiou, & Cocolin, 2008; 
Viljoen, Khoury, & Hattingh, 2003). In dairy product, C. sake exerts lipolytic activity, thus contributing to flavor 
development in the end product (Narvhus, & Gadaga, 2003). 
In the present study, C. variabile was detected at high relative frequencies in samples of producer 2 and producer 3. The 
presence of this fungal genus has already been reported by Cardinali et al. (2021) in Queijo de Azeitão PDO cheese and 
by Panelli, Buffoni, Bonacina, & Feligini (2012) in Taleggio cheese. The genus Cladosporium encompasses airbone fungi 
that include species (e.g., Cladosporium cladosporioides) that pose safety issues for human health (Arteau, Labrie, & 
Roy, 2010). It is likely that, in the analyzed samples, the presence of C. variabile could be of environmental origin, being 
this mold commonly associated with airborne mycobiota in the dairy environment (Masotti et al., 2019). 
Ustilago represents another fungal genus that has already been found in the aerosols at dairy farms (Mbareche, Veillette, 
Bilodeau, & Duchaine, 2019). Moreover, Xing et al. (2020) reported high relative abundance of Ustilago in the rumen 
fluid of ewes. Hence, the massive occurrence of this airborne mold in the analyzed samples of producer 1 can be related 
to environmental contamination of milk or cheese at dairy plant. 
D. hansenii represents one of the most detected yeast species in cheese (Del Bove et al., 2009). The dominance of D. 
hansenii among the cheese mycobiota has already been reported in Portuguese cheeses (Cardinali et al. 2021; Gonçalves 
Dos Santos, Benito, de Guía Córdoba, Alvarenga, & Ruiz-Moyano Seco de Herrera, 2017), ewe’s milk cheeses, as well 
as in Cheddar, Gouda, blue cheese, smear cheese, and buffalo Mozzarella (Del Bove et al., 2009). In the Queijo da Beira 
Baixa PDO cheese samples analyzed in the present study, D. hansenii was unexpectedly detected at high relative 
abundance only in samples of producer 3, whereas very low relative abundances of such yeast were detected in samples 
of producer 1 and producer 2. In cheese, D. hansenii is essential for deacidification during ripening, moreover it is 
involved in the metabolism of amino acids (Tilocca et al., 2020; Bockelmann, Willems, Neve, & Heller, 2005). Indeed, 
as reported by Zhang et al. (2021), the consumption of isoleucine, leucine, and phenylalanine by D. hansenii leads to the 
production of 2- and 3-methyl-butanal, 3-methyl-1-butanol, and 2-phenylethanol, respectively, thus strongly affecting the 
volatile compounds of cheese. Of note, the lipolytic activities exerted by this pro-technologic yeast during ripening 
enhances cheese flavor (Khattab, Guirguis, Tawfik, & Farag, 2019).  
Finally, P. kluyveri was detected at high relative abundance only in samples of producer 3; whereas it constituted a minor 
fraction of the mycobiota in samples of producer 1 and producer 2. To the authors’ knowledge, the occurrence of P. 
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kluyveri in cheese is rare, being this yeast species mostly associated with fermented vegetables as cocoa beans and olives 
(Mendoza Salazar, Martínez Álvarez, Ardila Castañeda, Lizarazo Medina, 2022; Parafati, Palmeri, Pitino, & Restuccia, 
2022). Of note, P. kluyveri together with other Pichia species can exert spoilage activity of yoghurt, fermented milk, and 
cheese, thus resulting particularly unwanted (Abu-Khalaf, & Masoud, 2022; Milanović et al., 2021; Osimani, Garofalo, 
Harasym, & Aquilanti, 2022). Notwithstanding, in the analyzed samples, no sign of spoilage was observed. 
In the present study, HS-SPME-GC/MS analysis allowed an increase of the knowledge on the major and minor volatile 
compounds occurring in Queijo da Beira Baixa PDO cheese to be obtained.  
In the analyzed samples, the most represented volatile fatty acids were hexanoic, butanoic, and the branched-chain 3-
methyl- and 2-methylbutanoic acids. Due to their low perception thresholds, short-chain fatty acids are considered 
important contributors to the flavour profile in a wide variety of cheeses (Delgado et al., 2011). Lipolysis occurring in 
cheese originates most of linear acids. Moreover, microbial fermentation could also significantly contribute to the butyric 
acid level. The microbial activity also generates the branched-chain fatty acids 2-methylpropanoic (isobutyric), 3-
methylbutanoic (isovaleric), and 2-methylbutanoic acids, through the metabolism of the amino acids valine, leucine, and 
isoleucine respectively (Mcsweeney et al., 2000). At this regard, positive correlations between methyl ester of propanoic 
and butanoic acids and L. lactis were observed. Of note, these compounds were already correlated with L. lactis 
metabolism during ripening of Toma-like cheese (Ruggirello et al., 2018). 
Carboxylic acids such as, methyl ketones, aldehydes, and esters are also precursors of other sensory compounds (Collins 
et al., 2003). In more detail, 2-butanone, with a butterscotch odour, was the most abundant methyl ketone in the headspace 
of the analyzed Queijo da Beira Baixa PDO cheese samples; such compound has previously been identified as main 
odorant in Cheddar cheese (Arora et al., 1995). Fruity, floral, and musty notes have already been associated with other 
methyl ketones, such as 2-heptanone and 2-nonanone, hence, their presence in cheese can positively affect the final aroma. 
Aldehydes, such as 3-methylbutanal, are quickly reduced to alcohols or oxidised to the corresponding acids. In the present 
study, the most abundant aldehydes (phenylacetaldehyde and benzaldehyde) could have originated from the microbial 
metabolism of tryptophan and phenylalanine, as suggested by Zheng et al. (2021). 
Esterification reactions between fatty acids and primary and secondary alcohols derived from lactose fermentation or 
from amino acid catabolism generate esters, thus enhancing specific fruity and floral notes of cheese. In the present study, 
the ester fraction was mainly constituted by ethyl esters of fatty acids. Among these, the ethyl ester of octanoic and 
decanoic acids were the most abundant compounds. 
As reported by Ferreira et al. (2009), high amounts of alcohols were already observed in Queijo da Beira Baixa PDO 
cheese. It is noteworthy that ethanol, produced from lactose metabolism by heterofermentative lactic acid bacteria, has a 
limited direct role in the aroma of cheeses, but it contributes to the formation of esters. Of note, negative correlation 
between ethanol and L. piscium were observed in the analyzed Queijo da Beira Baixa PDO cheese samples.  
The occurrence of branched-chain alcohol 3-methyl-1-butanol detected in the analyzed samples could originate from 
reduction of 3-methyl-butanal, which in turn derives from the catabolism of leucine (Carbonell et al., 2002). Ferreira et 
al. (2009) suggested that that presence of this compound in Queijo da Beira Baixa PDO cheese could be favoured by the 
high proteolytic activity of the vegetable rennet.  
Finally, secondary alcohols (2-propanol) detected in the analyzed samples could be formed by enzymatic reduction 
(alcohol dehydrogenase) of the corresponding methyl ketones (acetone).  
 
5. Conclusions 
 
The in-depth microbiological and volatile characterization of a PDO cheese can contribute to depict a clear picture of its 
identity, thus increasing its link with the place of manufacturing. In the present study, the microbial diversity of Queijo 
da Beira Baixa PDO cheese was disclosed for the first time. Of note, L. lactis confirmed to be the key lactic acid bacteria 
species in fermented dairy products. Moreover, the analyzed cheese samples showed to be a source of still undisclosed 
microbial diversity, harboring rarely detected species, as L. piscium and L. coryniformis, that were found at unexpectedly 
relevant relative abundance. As for yeasts, species that are rarely detected in cheese (e.g., Starmerella, C. variabile, and 
P. kluyveri) were found at surprising high relative abundances. Further research is needed to better clarify the role of these 
microbial taxa in Queijo da Beira Baixa PDO cheese, as well as the eventual contribution of the thistle curdle on their 
origin. 

CRediT authorship contribution statement 
 
Federica Cardinali: Investigation, Formal analysis, Writing - Original Draft. Roberta Foligni: Investigation, Formal 
analysis, Writing - Original Draft. Ilario Ferrocino: Investigation, Formal analysis, Writing - Original Draft. Joanna 
Harasym: Investigation, Formal analysis, Writing - Original Draft. Agnieszka Orkusz: Investigation, Formal analysis. 
Irene Franciosa: Investigation, Formal analysis. Vesna Milanović: Formal analysis, Resources. Cristiana Garofalo: 
Formal analysis, Resources. Cinzia Mannozzi: Formal analysis. Massimo Mozzon: Formal analysis, Resources. Luca 
Cocolin: Writing - original draft. Andrea Osimani: Conceptualization, Writing - Review & Editing, Supervision, 
Resources. Lucia Aquilanti: Review & Editing, Resources. 
 



12 
 

Declaration of Competing Interest 
 
The authors declare that they have no known competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper. 
 
References 

 
Milanović, V., Sabbatini, R., Garofalo, C., Cardinali, F., Pasquini, M., Aquilanti, L., & Osimani, A. (2021). Evaluation 
of the inhibitory activity of essential oils against spoilage yeasts and their potential application in yogurt. International 
Journal of Food Microbiology, 341, 109048. https://doi.org/10.1016/j.ijfoodmicro.2021.109048.  
 
Osimani, A., Garofalo, C., Harasym, J., & Aquilanti, L. (2022). Use of essential oils against foodborne spoilage yeasts: 
advantages and drawbacks. Current Opinion in Food Science, 100821. https://doi.org/10.1016/j.cofs.2022.100821.  
 
Abu-Khalaf, N., & Masoud, W. (2022). Electronic nose for differentiation and quantification of yeast species in white 
fresh soft cheese. Applied Bionics and Biomechanics, 17, 8472661. https://doi.org/10.1155/2022/8472661.  
 
Mendoza Salazar, M.M., Martínez Álvarez, O.L., Ardila Castañeda, M.P., Lizarazo Medina, P.X. (2022). Bioprospecting 
of indigenous yeasts involved in cocoa fermentation using sensory and chemical strategies for selecting a starter inoculum.  
Food Microbiology, 101, 103896. https://doi.org/10.1016/j.fm.2021.103896.  
 
Parafati, L., Palmeri, R., Pitino, I., & Restuccia, C. (2022). Killer yeasts isolated from olive brines: Technological and 
probiotic aptitudes. Food Microbiology, 103,103950. https://doi.org/10.1016/j.fm.2021.103950.  
 
Zhang, L., Huang, C., Greve Johansen, P., Agerlin Petersen, M., Poojary, M.M., Lund, M.N., Jespersen, L., & Arneborg, 
N. (2021). The utilisation of amino acids by Debaryomyces hansenii and Yamadazyma triangularis associated with 
cheese. International Dairy Journal, 121, 105135. https://doi.org/10.1016/j.idairyj.2021.105135.  
 
Khattab, A.R., Guirguis, H.A., Tawfik, S.M., & Farag, M.A. (2019). Cheese ripening: A review on modern technologies 
towards flavor enhancement, process acceleration and improved quality assessment. Trends in Food Science & 
Technology, 88, 343-360. https://doi.org/10.1016/j.tifs.2019.03.009.  
 
Bockelmann, W., Willems, K.P., Neve, H., & Heller, K.H. (2005). Cultures for the ripening of smear cheeses. 
International Dairy Journal, 15, 719-732. https://doi.org/10.1016/j.idairyj.2004.08.022.  
 
Tilocca, B., Costanzo, N., Morittu, V.M., Spina, A.A., Soggiu, A., Britti, D., Roncada, P., & Piras, C. (2020). Milk 
microbiota: Characterization methods and role in cheese production. Journal of Proteomics, 210, 103534. 
https://doi.org/10.1016/j.jprot.2019.103534.  
 
Gonçalves Dos Santos, M.T.P., Benito, M.J., de Guía Córdoba, M., Alvarenga, N., & Ruiz-Moyano Seco de Herrera, S. 
(2017). Yeast community in traditional Portuguese Serpa cheese by culture-dependent and -independent DNA 
approaches. International Journal of Food Microbiology, 262, 63-70. https://doi.org/10.1016/j.ijfoodmicro.2017.09.013.  
 
Del Bove, M., Lattanzi, M., Rellini, P., Pelliccia, C., Fatichenti, F., & Cardinali, G. (2009). Comparison of molecular and 
metabolomic methods as characterization tools of Debaryomyces hansenii cheese isolates. Food Microbiology, 26, 453-
459. https://doi.org/10.1016/j.fm.2009.03.009.  
 
Xing, B.-S., Han, Y., Cao, S., Wen, J., Zhang, K., Yuan, H., Wang, X.C. (2020). Cosubstrate strategy for enhancing 
lignocellulose degradation during rumen fermentation in vitro: Characteristics and microorganism composition. 
Chemosphere, 250, 126104. https://doi.org/10.1016/j.chemosphere.2020.126104.  
 
Mbareche, H., Veillette, M., Bilodeau, G.J., & Duchaine, C. (2019). Fungal aerosols at dairy farms using molecular and 
culture techniques. Science of The Total Environment, 653, 253-263. https://doi.org/10.1016/j.scitotenv.2018.10.345.  
 
Masotti, F., Vallone, L., Ranzini, S., Silvetti, T., Morandi, S., & Brasca, M. (2019). Effectiveness of air disinfection by 
ozonation or hydrogen peroxide aerosolization in dairy environments. Food Control, 97, 32-38. 
https://doi.org/10.1016/j.foodcont.2018.10.022. 
 
Arteau, M., Labrie, S., & Roy, D. (2010). Terminal-restriction length polymorphism and automated ribosomal intergenic 
spacer analysis profiling of fungal communities in Camembert cheese. International Dairy Journal, 20, 545-554. 
https://doi.org/10.1016/j.idairyj.2010.02.006.  



13 
 

 
Panelli, S., Buffoni, J.N., Bonacina, C., Feligini, M., 2012. Identification of moulds from the Taleggio cheese environment 
by the use of DNA barcodes. Food Control 28, 385–391. https://doi.org/10.1016/j.foodcont.2012.05.022.  
 
Narvhus, J.A., & Gadaga, T.H. (2003). The role of interaction between yeasts and lactic acid bacteria in African fermented 
milks: a review. International Journal of Food Microbiology, 86, 51-60. https://doi.org/10.1016/S0168-1605(03)00247-
2.  
 
Bonetta, S., Bonetta, S., Carraro, E., Rantsiou, K., & Cocolin, L. (2008). Microbiological characterisation of Robiola di 
Roccaverano cheese using PCR–DGGE. Food Microbiology, 25, 786-792. https://doi.org/10.1016/j.fm.2008.04.013.  
 
Dugat-Bony, E., Garnier, L., Denonfoux, J., Ferreira, S., Sarthou, A.-S., Bonnarme, P., & Irlinger, F. (2016). Highlighting 
the microbial diversity of 12 French cheese varieties. International Journal of Food Microbiology, 238, 265-273. 
https://doi.org/10.1016/j.ijfoodmicro.2016.09.026.  
 
Viljoen, B.C., Khoury, A.R., & Hattingh, A. (2003). Seasonal diversity of yeasts associated with white-surface mould-
ripened cheeses. Food Research International, 36, 275-283. https://doi.org/10.1016/S0963-9969(02)00169-2.  
 
Michailidou, S., Pavlou, E., Pasentsis, K., Rhoades, J., Likotrafiti, E., & Argiriou, A. (2021). Microbial profiles of Greek 
PDO cheeses assessed with amplicon metabarcoding. Food Microbiology, 99, 103836. 
https://doi.org/10.1016/j.fm.2021.103836. 
   
Hipólito, A., Alves da Silva, R.A., de Oliveira Caretta, T., Itakura Silveira, V.A., Rodrigues Amador, I., Aparecido 
Panagio, L., Borsato, D., Pedrine Colabone Celligoi, M.A. (2020). Evaluation of the antifungal activity of sophorolipids 
from Starmerella bombicola against food spoilage fungi. Biocatalysis and Agricultural Biotechnology, 29, 101797. 
https://doi.org/10.1016/j.bcab.2020.101797.  
 
Jiménez-Peñalver, P., Rodríguez, A., Daverey, A., Font, X., & Gea, T. (2019).  Use of wastes for sophorolipids production 
as a transition to circular economy: state of the art and perspectives. Reviewes in Environmental Science and 
Biotechnology, 18, 413–435. https://doi.org/10.1007/s11157-019-09502-3.  
 
Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., … Caporaso, J. G. (2019). 
Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nature Biotechnology, 37(8), 
852–857. https://doi.org/10.1038/s41587-019-0209-9  
 
Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., & Holmes, S. P. (2016). DADA2: High-
resolution sample inference from Illumina amplicon data. Nature Methods, 13(7), 581–583. 
https://doi.org/10.1038/nmeth.3869  
 
Mota-Gutierrez, J., Ferrocino, I., Rantsiou, K., Cocolin, L., 2019. Metataxonomic comparison between internal 
transcribed spacer and 26S ribosomal large subunit (LSU) rDNA gene. Int. J. Food Microbiol. 290, 132–140. 
https://10.1016/j.ijfoodmicro.2018.10.010.  
 
Ruggirello, M., Giordano, M., Bertolino, M., Ferrocino, I., Cocolin, L., & Dolci, P. 2018. Study of Lactococcus lactis 
during advanced ripening stages of model cheeses characterized by GC-MS. Food Microbiology, 74, 132-142. 
https://doi.org/10.1016/j.fm.2018.03.012.  
 
Terzić-Vidojević, A., Veljović, K., Tolinački, M., Živković, M., Lukić, J., Lozo, J., Fira, Đ., Jovčić, B., Strahinić, I., 
Begović, J., Popović, N., Miljković, M., Kojić, M., Topisirović, L., Golić, N. 2020. Diversity of non-starter lactic acid 
bacteria in autochthonous dairy products from Western Balkan Countries - Technological and probiotic properties. Food 
Research International, 136, 109494. https://doi.org/10.1016/j.foodres.2020.109494.  
 
Francisco José Delgado, José González-Crespo, Ramón Cava, Rosario Ramírez. Formation of the aroma of a raw goat 
milk cheese during maturation analysed by SPME–GC–MS. Food Chemistry 129 (2011) 1156–1163. 
 
Collins, Y. F., McSweeney, P. L. H., & Wilkinson, M. G. (2003). Review: Lipolysis and free fatty acid catabolism in 
cheese: a review of current knowledge. International Dairy Journal, 13, 841–866 
 
Arora, G., Cormier, F., & Lee, B. (1995). Analysis of odor-active volatiles in Cheddar cheese headspace by 
multidimensional GC/MS sniffing. Journal of Agricultural and Food Chemistry, 43, 748–752. 



14 
 

 
Carbonell, M., Núñez, M., & Fernández-García, E. (2002). Evolution of the volatile components of ewes raw milk La 
Serena cheese during ripening. Correlation with flavour characteristics. Lait, 82, 683–698. 
 
Isabel M.P.L.V.O. Ferreira, Olívia Pinho, Paulo Sampaio. Volatile fraction of DOP ‘‘Castelo Branco” cheese: Influence 
of breed. Food Chemistry 112 (2009) 1053–1059 
 
Paul Mcsweeney, Maria Sousa. Biochemical pathways for the production of flavour compounds in cheeses during 
ripening: A review. Lait 80 (2000) 293–324 
 
Xiaochun Zheng , Xuewei Shi and Bin Wang. A Review on the General Cheese Processing Technology, Flavor 
Biochemical Pathways and the Influence of Yeasts in Cheese. Frontiers in Microbiology, July 2021, Volume 12, Article 
703284 
 
Tapia, M.S.; Alzamora, S.M.; Chirife, J. Chapter 14. Effects of water activity (aw) on microbial stability as a hurdle in 
food preservation. In Water Activity in Foods: Fundamentals and Applications; Barbosa-Cánovas, G.V., Fontana, A.J., 
Jr., Schimdt, S.J., Labuza, T.P., Eds.; Blackwell Publishing and the Institute of Food Technologists: Chicago, IL, USA, 
2020; pp. 323–355. https://doi.org/10.1002/9781118765982.ch14 
 
Balthazar, C. F., Pimentel, T. C., Ferrão, L. L., Almada, C. N., Santillo, A., Albenzio, M., N. Mollakhalili, A.M. 
Mortazavian, J.S. Nascimento, M.C. Silva, M.Q. Freitas, A.S. Sant’ Ana, D. Granato Cruz, A. G. (2017). Sheep Milk: 
Physicochemical Characteristics and Relevance for Functional Food Development. Comprehensive Reviews in Food 
Science and Food Safety, 16(2), 247–262. https://doi:10.1111/1541-4337.12250 
 
Mathot, A.G., Beliard, E., & Thuault, D. 2003. Streptococcus thermophilus 580 Produces a Bacteriocin Potentially 
Suitable for Inhibition of Clostridium tyrobutyricum in Hard Cheese. Journal of Dairy Science, 86, 3068-3074. 
https://doi.org/10.3168/jds.S0022-0302(03)73906-X.  
 
Aquilanti L, Babini V, Santarelli S, Osimani A, Petruzzelli A, Clementi F. 2011. Bacterial dynamics in a raw cow's milk 
Caciotta cheese manufactured with aqueous extract of Cynara cardunculus dried flowers. Lett Appl Microbiol., 52, 651-
659. https://doi.org/10.1111/j.1472-765X.2011.03053.x.  
 
Hols P, Hancy F, Fontaine L, Grossiord B, Prozzi D, Leblond-Bourget N, Decaris B, Bolotin A, Delorme C, Dusko 
Ehrlich S, Guédon E, Monnet V, Renault P, Kleerebezem M. 2005. New insights in the molecular biology and physiology 
of Streptococcus thermophilus revealed by comparative genomics. FEMS Microbiol Rev. 29, 435-463. 
https://doi.org/10.1016/j.femsre.2005.04.008.  
 
Iyer, R., Tomar, S.K., Maheswari, T.U., & Singh, R. 2010. Streptococcus thermophilus strains: Multifunctional lactic 
acid bacteria. International Dairy Journal, 20, 133-141. https://doi.org/10.1016/j.idairyj.2009.10.005.  
 
Saraoui T, Leroi F, Björkroth J, Pilet MF. 2016. Lactococcus piscium: a psychrotrophic lactic acid bacterium with 
bioprotective or spoilage activity in food-a review. J Appl Microbiol. 121, 907-918. https://doi.org/10.1111/jam.13179.  
 
Carraro L, Maifreni M, Bartolomeoli I, Martino ME, Novelli E, Frigo F, Marino M, Cardazzo B. 2011. Comparison of 
culture-dependent and -independent methods for bacterial community monitoring during Montasio cheese manufacturing. 
Res Microbiol., 162, 231-239. https://doi.org/10.1016/j.resmic.2011.01.002.  
 
Saraoui, T., Fall, P.A., Leroi, F., Antignac, J.-P., Chéreau, S., Pilet, M.F. 2016. Inhibition mechanism of Listeria 
monocytogenes by a bioprotective bacteria Lactococcus piscium CNCM I-4031. Food Microbiology, 53, 70-78. 
https://doi.org/10.1016/j.fm.2015.01.002.  
 
Williams, A.M., Fryer, J.L., & Collins, M.D. 1990. Lactococcus piscium sp. nov. a new Lactococcus species from 
salmonid fish. FEMS Microbiology Letters, 68, 109-113. https://doi.org/10.1016/0378-1097(90)90134-C.  
 
Rahkila, R., Nieminen, T., Johansson, P., Säde, E., & Björkroth, J. 2012. Characterization and evaluation of the spoilage 
potential of Lactococcus piscium isolates from modified atmosphere packaged meat. International Journal of Food 
Microbiology, 156, 50-59. https://doi.org/10.1016/j.ijfoodmicro.2012.02.022.  
 
Aydemir, O., Harth, H., Weckx, S., Dervişoğlu, M., & De Vuyst, L. 2015. Microbial communities involved in Kaşar 
cheese ripening. Food Microbiology, 46, 587-595. https://doi.org/10.1016/j.fm.2014.10.002.  



15 
 

  
Oberg, T.S., McMahon, D.J., Culumber, M.D., McAuliffe, O., Oberg, C.J. 2022. Invited review: Review of taxonomic 
changes in dairy-related lactobacilli, Journal of Dairy Science, https://doi.org/10.3168/jds.2021-21138.  
 
Martín, R., Olivares, M., Marín, M.L., Xaus, J., Fernández, L., & Rodríguez, J.M. 2005. Characterization of a reuterin-
producing Lactobacillus coryniformis strain isolated from a goat's milk cheese. International Journal of Food 
Microbiology, 104, 267-277. https://doi.org/10.1016/j.ijfoodmicro.2005.03.007.  
 
Macedo, A.C., Tavares, T.G., & Malcata, F.X. 2004. Influence of native lactic acid bacteria on the microbiological, 
biochemical and sensory profiles of Serra da Estrela cheese. Food Microbiology, 21, 233-240. 
https://doi.org/10.1016/S0740-0020(03)00064-9.  
 
Macedo, A.C., Tavares, T.G., & Malcata, F.X. 2003b. Purification and characterization of an intracellular aminopeptidase 
from a wild strain of Lactobacillus plantarum isolated from traditional Serra da Estrela cheese. Enzyme and Microbial 
Technology, 32, 41-48. https://doi.org/10.1016/S0141-0229(02)00234-X.  
 
Tavaria, F., Silva-Ferreira, A.C., Malcata, F.X. 2006. Contribution of wild strains of lactic acid bacteria to the typical 
aroma of an artisanal cheese, Editor(s): Wender L.P. Bredie, Mikael Agerlin Petersen, Developments in Food Science, 
Elsevier, 43, 129-132. https://doi.org/10.1016/S0167-4501(06)80031-2.  
 
Macedo, A.C., Tavares, T.G., Malcata, F.X. 2003a. Esterase activities of intracellular extracts of wild strains of lactic 
acid bacteria isolated from Serra da Estrela cheese. Food Chemistry, 81, 379-381. https://doi.org/10.1016/S0308-
8146(02)00453-3.  
 
Korcz, E., & Varga, L. 2021. Exopolysaccharides from lactic acid bacteria: Techno-functional application in the food 
industry. Trends in Food Science & Technology, 110, 375-384. https://doi.org/10.1016/j.tifs.2021.02.014.  
 
Exterkate, F.A., Slangen, C., Siezen, R.J. 2001. Effect of genetically modified Lactococcus lactis cell-envelope 
proteinases with altered specificity on the course of casein degradation under cheese conditions. International Dairy 
Journal, 11, 363-371. https://doi.org/10.1016/S0958-6946(01)00065-6.  
 
Kazou, M. 2022. Lactic Acid Bacteria: Lactococcus lactis. Editor(s): Paul L.H. McSweeney, John P. McNamara, 
Encyclopedia of Dairy Sciences (Third Edition), Academic Press, 218-225. https://doi.org/10.1016/B978-0-12-818766-
1.00325-1.   
 
Kondrotiene, K., Kasnauskyte, N., Serniene, L., Gölz, G., Alter, T., Kaskoniene, V., Maruska, A.S., Malakauskas, M. 
2018. Characterization and application of newly isolated nisin producing Lactococcus lactis strains for control of Listeria 
monocytogenes growth in fresh cheese. LWT, 87, 507-514. https://doi.org/10.1016/j.lwt.2017.09.021.  
 
Gobbetti, M., Di Cagno, R., Calasso, M., Neviani, E., Fox, P.F., De Angelis, M. 2018. Drivers that establish and assembly 
the lactic acid bacteria biota in cheeses. Trends in Food Science & Technology, 78, 244-254. 
https://doi.org/10.1016/j.tifs.2018.06.010.  
 
Cavanagh, D., Fitzgerald, G.F., & McAuliffe, O. 2015. From field to fermentation: The origins of Lactococcus lactis and 
its domestication to the dairy environment. Food Microbiology, 47, 45-61. https://doi.org/10.1016/j.fm.2014.11.001.  
 
Marques, M.R.F.S. 1991. Caracterizacao e estudo do queijo de Castelo Branco em tres queijarias da sua sub-regiao 
demarcada. Relatorio Fim de Curso. Escola Superior Agraria, Instituto Politecnico de Castelo Branco, Castelo Branco, 
Portugal. 
 
Mata, F.J.R. 1989. Caracterizacao e estudo do Queijo de Castelo Branco em quatro queijarias da sua sub-regiao 
demarcada. Relatorio Fim de Curso. Escola Superior Agraria, Instituto Politecnico de Castelo Branco, Castelo Branco, 
Portugal. 
 
Merchán, A.V., Ruiz-Moyano, S., Vázquez Hernández, M., Benito, M.J., Aranda, E., Rodríguez, A., Martín, A. 2022. 
Characterization of autochthonal yeasts isolated from Spanish soft raw ewe milk protected designation of origin cheeses 
for technological application. Journal of Dairy Science. https://doi.org/10.3168/jds.2021-21368.  
 
Foulquié Moreno, M.R., Sarantinopoulos, P., Tsakalidou, E., & De Vuyst, L. 2006. The role and application of 
enterococci in food and health. International Journal of Food Microbiology, 106, 1-24. 
https://doi.org/10.1016/j.ijfoodmicro.2005.06.026.  



16 
 

 
Tabla, R., Gómez, A., Simancas, A., Rebollo, J.E., Molina, F., & Roa, I. 2016. Enterobacteriaceae species during 
manufacturing and ripening of semi–hard and soft raw ewe’s milk cheese: Gas production capacity. Small Ruminant 
Research, 145, 123-129. https://doi.org/10.1016/j.smallrumres.2016.11.008.  
 
Ruaro, A., Andrighetto, C., Torriani, S., & Lombardi, A. 2013. Biodiversity and characterization of indigenous coagulase-
negative staphylococci isolated from raw milk and cheese of North Italy. Food Microbiology, 34, 106-111. 
https://doi.org/10.1016/j.fm.2012.11.013.  
 
Irlinger, F., 2008. Safety assessment of dairy microorganisms: coagulase-negative staphylococci. Int. J. Food Microbiol. 
126, 302-310. https://doi.org/10.1016/j.ijfoodmicro.2007.08.016.   
 
Freitas, C., & Malcata, F. X. (2000). Microbiology and Biochemistry of Cheeses with Applation d’Origine Protegee and 
Manufactured in the Iberian Peninsula from Ovine and Caprine Milks. Journal of Dairy Science, 83(3), 584–602. 
https://doi.org/10.3168/jds.S0022-0302(00)74918-6.  
 
Aquilanti, L., Santarelli, S., Silvestri, G., Osimani, A., Petruzzelli, A., & Clementi, F. (2007). The microbial ecology of 
a typical Italian salami during its natural fermentation. International Journal of Food Microbiology, 120, 136–145. 
https://doi.org/10.1016/j.ijfoodmicro.2007.06.010.  
 
Favaro, L., Barretto Penna, A.L., & Todorov, S.D. 2015. Bacteriocinogenic LAB from cheeses – Application in 
biopreservation? Trends in Food Science & Technology, 41, 37-48. https://doi.org/10.1016/j.tifs.2014.09.001.  
  
Wemmenhove, E., Wells-Bennik, M.H.J., & Zwietering, M.H. (2021). A model to predict the fate of Listeria 
monocytogenes in different cheese types – A major role for undissociated lactic acid in addition to pH, water activity, 
and temperature. International Journal of Food Microbiology, 357, 109350. 
https://doi.org/10.1016/j.ijfoodmicro.2021.109350.  
 
Pamuksuz, T., Bulduk, K., & Ozturk, M. (2020). Effect of packing pH values on the crumbliness of fresh Turkish White 
cheese. Journal of Dairy Science, 103, 9860-9867. https://doi.org/10.3168/jds.2020-18610.  
 
Ordiales, E., Benito, M.J., Martín, A., Casquete, R., Serradilla, M.J., & de Guía Córdoba, M. (2013). Bacterial 
communities of the traditional raw ewe's milk cheese “Torta del Casar” made without the addition of a starter. Food 
Control, 33, 448-454. https://doi.org/10.1016/j.foodcont.2013.03.027.  
 
Cardinali, F., Osimani, A., Taccari, M., Milanović, V., Garofalo, C., Clementi, F., Polverigiani, S., Zitti, S., Raffaelli, N., 
Mozzon, M., Foligni, R., Franciosi, E., Tuohy, K., & Aquilanti, L. (2017). Impact of thistle rennet from Carlina 
acanthifolia All. subsp. acanthifolia on bacterial diversity and dynamics of a specialty Italian raw ewes' milk cheese. 
International Journal of Food Microbiology, 255, 7-16. https://doi.org/10.1016/j.ijfoodmicro.2017.05.018.  
 
Cardinali, F., Ferrocino, I., Milanović, V., Belleggia, L., Corvaglia, M.R., Garofalo, C., Foligni, R., Mannozzi, C., 
Mozzon, M., Cocolin, L., Osimani, A., & Aquilanti, l. (2021). Microbial communities and volatile profile of Queijo de 
Azeitão PDO cheese, a traditional Mediterranean thistle-curdled cheese from Portugal. Food Research International, 147, 
110537. https://doi.org/10.1016/j.foodres.2021.110537.  
 
Belleggia et al. 2020. Discovering microbiota and volatile compounds of surströmming, the traditional Swedish sour 
herring. Belleggia L., Aquilanti L., Ferrocino I., Milanović V., Garofalo C., Clementi F., Cocolin L., Mozzon M., Foligni 
R., Naceur Haouetc M, Scuota S., Framboas M., & Osimani A. Food Microbiology. 91, 103503 (2020). DOI: 
10.1016/j.fm.2020.103503  
 
Foligni et al. 2022. Impact of Cold Atmospheric Plasma (CAP) Treatments on the Oxidation of Pistachio Kernel Lipids. 
Foligni R., Mannozzi C., Ismaiel L., Capelli F., Laurita R., Tappi S., Dalla Rosa M., Mozzon M. Foods. 11, 419. (2022). 
DOI: 10.3390/foods11030419 
 
Mozzon et al., 2020. Brewing Quality of Hop Varieties Cultivated in Central Italy Based on Multivolatile Fingerprinting 
and Bitter Acid Content. Mozzon M., Foligni R*., Mannozzi C. Foods. 9(5), foods9050541 (2020). DOI: 
10.3390/foods9050541 
 
Maoloni et al. 2021. Exploitation of sea fennel (Crithmum maritimum L.) for manufacturing of novel high-value 
fermented preserves. Maoloni A., Milanović V., Osimani A., Cardinali F., Garofalo C., Foligni R., Mozzon M., Cirlini 



17 
 

M., Spaggiari M., Reale A., Boscaino F., Di Renzo T., Haouet M. N., Staccini B., Di Bella S., Aquilanti L. Food and 
Bioproducts processing. 127, pp.174-197. (2021). DOI: 10.1016/j.fbp.2021.03.001 
 
Commission Implementing Regulation (EU) 2021/245 of 11 February 2021 approving non-minor amendments to the 
specification for a name entered in the register of protected designations of origin and protected geographical indications 
(‘Queijos da Beira Baixa (Queijo de Castelo Branco, Queijo Amarelo da Beira Baixa, Queijo Picante da Beira Baixa)’ 
(PDO)). Official Journal of the European Union, L 57, 80-81. Available at: https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32021R0245&from=EN  
 
Commission Regulation (EC) No 1107/96 of 12 June 1996 on the registration of geographical indications and designations 
of origin under the procedure laid down in Article 17 of Council Regulation (EEC) No 2081/92. Official Journal of the 
European Communities, L 148, 1-10. Available at: https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:31996R1107&from=EN  
 
eAmbrosia (2022). The EU Geographical Indications Register. Available on-line at: https://ec.europa.eu/info/food-
farming-fisheries/food-safety-and-quality/certification/quality-labels/geographical-indications-register/ Accessed 
16.02.2022 
 
Merchán, A.V., Ruiz-Moyano, S., Vázquez Hernández, M., Benito, M.J., Aranda, E., Rodríguez, A., & Martín, A. 2022. 
Characterization of autochthonal yeasts isolated from Spanish soft raw ewe milk protected designation of origin cheeses 
for technological application. Journal of Dairy Science, https://doi.org/10.3168/jds.2021-21368.  
 
Steele, J., Broadbent, J., & Kok, J. 2013. Perspectives on the contribution of lactic acid bacteria to cheese flavor 
development. Current Opinion in Biotechnology, 24, 135-141. https://doi.org/10.1016/j.copbio.2012.12.001.  
 
Gobbetti, M., Di Cagno, R., Calasso, M., Neviani, E., Fox, P.F., & De Angelis, M. 2018. Drivers that establish and 
assembly the lactic acid bacteria biota in cheeses. Trends in Food Science & Technology, 78, 244-254. 
https://doi.org/10.1016/j.tifs.2018.06.010.  
 
Wilkinson, M.G. & LaPointe, G. 2020. Invited review: Starter lactic acid bacteria survival in cheese: New perspectives 
on cheese microbiology. Journal of Dairy Science, 103, 10963-10985. https://doi.org/10.3168/jds.2020-18960.  
 
Cardinali, F., Andrea Osimani, Manuela Taccari, Vesna Milanović, Cristiana Garofalo, Francesca Clementi, Serena 
Polverigiani, Silvia Zitti, Nadia Raffaelli, Massimo Mozzon, Roberta Foligni, Elena Franciosi, Kieran Tuohy, & Lucia 
Aquilanti. 2017. Impact of thistle rennet from Carlina acanthifolia All. subsp. acanthifolia on bacterial diversity and 
dynamics of a specialty Italian raw ewes' milk cheese. International Journal of Food Microbiology, 255, 7-16. 
https://doi.org/10.1016/j.ijfoodmicro.2017.05.018.  
 
Liu, X., Wu, Y., Guan, R., Jia, G., Ma, Y., & Zhang, Y. 2021. Advances in research on calf rennet substitutes and their 
effects on cheese quality. Food Research International, 149, 110704. https://doi.org/10.1016/j.foodres.2021.110704.  
 
Britten, M., & Giroux, H.J. 2022. Rennet coagulation of heated milk: A review. International Dairy Journal, 124, 105179. 
https://doi.org/10.1016/j.idairyj.2021.105179.  
 
Freitas, C., & Malcata, F.X. 2000. Microbiology and Biochemistry of Cheeses with Appélation d’Origine Protegée and 
Manufactured in the Iberian Peninsula from Ovine and Caprine Milks. Journal of Dairy Science, 83, 584-602. 
https://doi.org/10.3168/jds.S0022-0302(00)74918-6.  
 
Ferreira, I.M.P.L.V.O., Pinho, O., & Sampaio, P. 2009. Volatile fraction of DOP “Castelo Branco” cheese: Influence of 
breed. Food Chemistry, 112, 1053-1059. https://doi.org/10.1016/j.foodchem.2008.06.048.  
 
Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., … Caporaso, J. G. (2019). 
Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nature Biotechnology, 37(8), 
852–857. https://doi.org/10.1038/s41587-019-0209-9  
 
Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., & Holmes, S. P. (2016). DADA2: High-
resolution sample inference from Illumina amplicon data. Nature Methods, 13(7), 581–583. 
https://doi.org/10.1038/nmeth.3869  
 
Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., & Glöckner, F. O. (2013). Evaluation of general 
16S ribosomal RNA gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic 



18 
 

Acids Research, 41(1), 1–11. https://doi.org/10.1093/nar/gks808  
 
  



19 
 

FIGURE CAPTIONS 
 
Fig. 1. Circular ideogram showing the microbiota distribution (>1% of the relative frequency in at least 2 samples) among 
cheeses.  
 
ASVs and samples are connected with a ribbon, and its thickness is proportional to the abundance of an ASV in the 
connected sample. The outer circle displays the proportion of each ASV in a given sample and vice versa. 
 
Fig. 2. Circular ideogram showing the mycobiota distribution (>1% of the relative frequency in at least 2 samples) among 
cheeses.  
 
ASVs and samples are connected with a ribbon, and its thickness is proportional to the abundance of an ASV in the 
connected sample. The outer circle displays the proportion of each ASV in a given sample and vice versa. 
 
Fig. 3. Significant co-occurrence and co-exclusion relationships between bacterial and fungal ASVs. 
 
The colors of the scale bar denote the nature of the correlation, with 1 indicating a perfectly positive correlation (dark 
blue) and -1 indicating a perfectly negative correlation (dark red) between bacterial and fungal ASVs. Only significant 
correlations (P < 0.05) are shown.  
 
Fig. 4. Significant relationships between microbial taxa and VOCs.  
 
The colors of the scale bar denote the nature of the correlation, with 1 indicating a perfectly positive correlation (dark 
blue) and -1 indicating a perfectly negative correlation (dark red). Only significant correlations (P < 0.05) are shown. 
 


