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The rind acts as a protective barrier for internally-bacterial ripened cheeses. Unlike surface-inoculated smear
cheeses, centripetal maturation is not assumed to occur in these cheeses. This research was aimed to evaluate the
microbial diversity of the wooden shelves used for the ripening of Protected Denomination of Origin (PDO)
Pecorino di Filiano and Protected Geographical Indication (PGI) Canestrato di Moliterno cheeses. The micro-
organisms associated with the rind of these cheeses were also investigated. Both wooden shelf surfaces and
cheese rinds were sampled by brushing method to collect their biofilms. Wooden shelves showed levels of total
mesophilic microorganisms (TMM) between 5.6 and 7.2 log CFU/cm?, while cheese rinds between 6.1 and 7.8
log CFU/cm?. The major dairy pathogens (Salmonella spp., Listeria monocytogenes, Escherichia coli, and Staphy-
lococcus aureus) were never detected, while mesophilic and thermophilic bacteria dominated the surfaces of all
wooden shelves and cheese rinds. LAB community was represented by Enterococcus spp., Leuconostoc spp., and
Marinilactibacillus spp. Among yeasts, Debaryomyces spp., Candida spp., were identified, while Aspergillus spp.,
and Penicillium spp., dominated the community of filamentous fungi. MiSeq Illumina analysis identified 15 phyla,
13 classes, 28 orders, 54 families, and 56 genera among bacteria. Staphylococcus spp. was identified from all
wooden surfaces, with a maximum abundance of 71 %. Brevibacterium, Corynebacterium and halophilic bacteria
were detected in almost all samples. Regarding fungi, wooden shelves mainly hosted Aspergillus, Penicillium and
Debaryomyces hansenii, while cheese rinds especially Penicillium and D. hansenii. Alpha diversity confirmed a strict
correlation between the microbiota of wooden shelves and that of cheese rinds for the majority of factories. This
study confirmed that the wooden shelves used for cheese ripening are microbiologically active and represent safe
systems. Furthermore, the results of this work clarified the transfer flow between wooden shelves and PDO
Pecorino di Filiano and PGI Canestrato di Moliterno cheese surfaces: smear-active microorganisms are mainly
transferred from wooden shelves to cheese rind, which potentially contribute to the development of the final
organoleptic characteristics; meanwhile, cheeses transfer LAB that are potentially involved in defining the safety
aspects of the shelves.

1. Introduction

Cheese production is a very ancient daily activity in Italy (Gobbetti
et al., 2018). This old cheese-making tradition has favored the produc-
tion of several kinds of cheese, strongly linked to their respective terri-
tories of origin and, even today, produced using traditional processes;
several traditional and typical southern Italian cheeses are still produced
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with tools made of wood (Busetta et al., 2023a; Busetta et al., 2023b;
Settanni and Moschetti, 2014). For several traditional cheese pro-
ductions, the ripening process occurs onto wooden shelves (Settanni
et al., 2021; Wadhawan et al., 2021).

Thanks to its durability, low cost, and local availability, wood has
been one of the most commonly used materials for dairy tools for cen-
turies (Aviat et al., 2016). In the last years, the safety of wooden tools
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used in cheese making has been discussed at the European level, because
the porous structure of the wooden surfaces makes their sanitization
very difficult. However, according to several studies, wooden tools do
not pose any hygiene issues and do not represent any microbiological
risks for the human health (Busetta et al., 2023a; Cruciata et al., 2018;
Licitra et al., 2007; Lortal et al., 2014; Scatassa et al., 2015; Sun and
D’Amico, 2023a; Sun and D’Amico, 2023b). In light of the European
Regulation (EC) no. 2074/2005, which derogates from EC no. 852/2004
for food with traditional characteristics (Commission Regulation, 2005),
wood is currently used in cheese making in France and Italy. In these
countries, wood is in contact with the product throughout the entire
transformation process until the final ripening stage. It is worth noting
that after the US Food and Drugs Administration advice against Italian
and French cheeses ripened on wooden shelves, there has been an
American re-discovery of traditional cheeses ripened on wooden shelves
in the very last years (Sun and D’ Amico, 2021; Sun and D’ Amico, 2023a;
Sun and D’Amico, 2023b; Wadhawan et al., 2021).

The use of wood during the ripening phase encourages the devel-
opment of the rind and enhances the organoleptic qualities and typical
features of cheeses (Richard, 1997). Mariani et al. (2007) demonstrated
the suitability of wooden shelves for cheese ripening and reported that
the microbial community of the shelves in contact with French Reblo-
chon de Savoie smear cheeses is composed of micrococci-
corynebacteria, yeasts, and molds, as well as LAB, Staphylococcus, and
Pseudomonas. The authors monitored the microbial composition over
time stating that it is quite stable and very similar to that of the cheese
surface. Another work of the same research group (Mariani et al., 2011)
verified the anti-Listeria activity of the resident biofilms present onto the
wooden shelves used for cheese ripening, supporting the hypothesis that
the wooden shelves regulate the development of microflora during
ripening, and represent an essential source for the development of the
microbial ecosystem expected on the cheese rind. Besides the protection
effects against undesired pathogenic and/or spoilage microorganisms,
Irlinger and Mounier (2009) demonstrated also the role of rind micro-
biota in the development of the sensory characteristics. Settanni et al.
(2021) analyzed the microbial composition of the wooden shelves
applied for ripening traditional cheeses produced in Sicily (southern
Italy) focusing on the bacterial community, but there is still very little
information on the microbiological traits and function of wooden
shelves used to ripen traditional cheeses made in Italy. Information on
the microbial composition of the wooden shelves and their transfer to
cheese rind are necessary to better qualify traditional cheeses made with
raw milk. These data are of considerable value also in view of territory
valorization and, especially, to arrest land abandonment phenomenon of
rural areas (Fontefrancesco et al., 2023).

Based on the above considerations, the present work aimed to deeply
investigate and characterize bacterial and fungal communities associ-
ated with wooden shelves and rind of two typical hard cheeses of
Basilicata region (southern continental Italy), Protected Denomination
of Origin (PDO) Pecorino di Filiano and Protected Geographical Indi-
cation (PGI) Canestrato di Moliterno cheeses, through a culture-
dependent and independent approach. Microbial biofilms from
wooden shelves and cheese rinds were characterized using MiSeq Illu-
mina technology and subjected to plate counts to detect the levels of the
main dairy wanted and undesired microorganisms. Furthermore, bac-
teria, yeasts, and molds from wooden shelves and cheese rinds were
genetically characterized.

2. Materials and methods
2.1. Collection of wooden shelf and cheese rind biofilms

Biofilms formed onto the surface of the wooden shelves used to ripen
traditional cheeses and those developed onto the rind of PDO Pecorino

di Filiano and PGI Canestrato di Moliterno cheeses were collected from
six dairies (A-F) of Basilicata region, all located in the inland of Potenza
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province. In particular, the dairy factories A and B produced PGI Can-
estrato di Moliterno cheeses, while factories C~F PDO Pecorino di Fili-
ano cheeses. In each dairy factory investigated, samples were collected
from the cheese rinds (CR-A-CR-F) and the wooden shelves (WS-A-WS-
F) at the cheese rind/wooden shelf contact interface; the contact be-
tween shelves and cheese rinds lasted 3-4 months for PGI Canestrato di
Moliterno cheeses and 1-2 months for PDO Pecorino di Filiano cheeses.
The characteristics of the wooden shelves used for cheese ripening are
reported in Table 1.

Biofilm collection from both cheese rinds and wooden shelves
occurred by a non-destructive method through 100 cm? area delimiters
(Area Space 100, VWR International PBI s.r.1., Milan, Italy). The method
described by Settanni et al. (2021) was applied for sampling the surfaces
of the wooden shelves and was also adapted to sample cheese rinds
(Fig. 1). Cheese rind was sampled from a given cheese from both top and
bottom dishes, because cheeses were turned upside down weekly.
Briefly, the delimited area was brushed with a sterile toothbrush and,
then, a sterile gauze, previously wet in Ringer’s solution (Sigma-Aldrich,
Milan, Italy) was put on the brushed area to collect the microorganisms.
The toothbrush was energetically shaken and washed in 100 mL of
Ringer’s solution contained into a 200 mL-volume Anicrin liquid
container (Anicrin, Scorzé, Italy) and the contaminated gauze was
transferred in this container. All containers with the biofilms from the
wooden shelves or cheese rinds were kept under refrigeration by means
of a portable fridge with reusable ice packs and transported to the
Laboratory of Agricultural Microbiology of the University of Palermo
(Italy). Both wooden shelves and cheese rinds were sampled in triplicate
from each dairy factory: three 100 cm? areas from three distinct wooden
shelves as well as top and bottom dishes from three cheeses (one per
wooden shelf) were sampled.

2.2. Microbiological analysis

All samples were subjected to decimal serial dilution in Ringer’s
solution. In particular, the first dilution of these samples was obtained
from 1 mL of the vigorously manually shaken cell suspension of tooth-
brush and gauze from each wooden shelf or cheese rind added with 9 mL
Ringer’s solution. All other dilutions were performed at 1:10 ratio. All

Table 1
Characteristics of the wooden shelves used for cheese ripening.
Wooden Cheese City Age Wood Cleaning
shelf* typology (years) type” procedure
WS-A PGI Moliterno 2 Chestnut Surface
Canestrato di scraping —
Moliterno water pushing
broom
WS-B PGI Moliterno 8 Silver fir 24 h sun
Canestrato di exposure —
Moliterno surface
scraping —
pressure
washer
WS-C PDO Filiano 5 Stone Pressure
Pecorino di pine washer - 8 h
Filiano sun exposure
WS-D PDO Filiano 15 Silver fir Water pushing
Pecorino di broom
Filiano
WS-E PDO Filiano 2 Silver fir Water pushing
Pecorino di broom
Filiano
WS-F PDO Filiano 10 Silver fir 10 % NaOH
Pecorino di pushing broom
Filiano — pressure
washer

2 WS-A to -F, wooden shelves from factories A to F.
b Tree species: chestnut, Castanea sativa Miller; silver fir, Abies alba L.; stone
pine, Pinus pinea L.
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Fig. 1. Biofilm collection from wooden shelves surfaces (A) and cheese rind surfaces (B) with a sterile toothbrush.

cell suspensions were plated on agar media to allow the development of
different microbial groups: total mesophilic microorganisms (TMM) on
plate count agar (PCA) supplemented with 1 g/L skimmed milk (SM),
typically used for dairy samples, under aerobic incubation at 30 °C for
72 h; total psychrotrophic microorganisms (TPM) on SM-PCA under
aerobic incubation at 7 °C for 7 d; thermophilic and mesophilic LAB
cocci on M17 agar under anaerobic incubation, occurred into hermeti-
cally sealed jars containing the AnaeroGen AN25 sachets (Oxoid), at 44
and 30 °C, respectively, for 48 h; thermophilic and mesophilic LAB rods
on de Man-Rogosa-Sharpe (MRS) agar, acidified to pH 5.4 with lactic
acid (5 M), under anaerobic incubation at 44 and 30 °C, respectively, for
48 h; enterococci on kanamycin esculin azide (KAA) agar under aerobic
incubation at 37 °C for 24 h; coagulase-positive staphylococci (CPS) on
Baird-Parker (BP) agar supplemented with rabbit plasma fibrinogen
under aerobic incubation at 37 °C for 48 h; members of Enterobacteri-
aceae family on violet red bile glucose agar (VRGBA) under micro-
aerobic incubation, obtained by pouring a top VRBGA layer onto the
surface of the bottom VRBGA layer inoculated by pour plate method, at
37 °C for 24 h; total coliforms on violet red bile agar (VRBA) under
microaerobic incubation at 37 °C for 24 h; pseudomonads on Pseudo-
monas agar base (PAB) supplemented with cephaloridine sodium fusi-
date cetrimide under aerobic incubation at 25 °C for 48 h; yeasts on
yeast peptone dextrose (YPD) under aerobic incubation at 28 °C for 48 h;
molds on potato dextrose agar (PDA) supplemented with 0.1 g/L
chloramphenicol to avoid bacterial growth under aerobic incubation at
25 °C for 7 d; Escherichia coli and Salmonella spp. on Hektoen enteric agar
(HEA) under aerobic incubation at 37 °C for 24 h; Listeria monocytogenes
on Listeria selective agar base (LSAB) added with SRO140E supplement
under aerobic incubation at 37 °C for 48 h. All media and supplements
were purchased from Oxoid (Milan, Italy). Plate counts were performed
in duplicate.

2.3. Isolation and identification of LAB

Presumptive LAB were randomly picked up from the highest di-
lutions plated on agar media. At least five colonies characterized by the
same shape, size, width, elevation, thickness, uniformity, color and
surface opacity were picked up from MRS and M17 agar plates. The
colonies were then transferred into the corresponding broth media. After
overnight growth at the optimal incubation conditions, all isolates were
purified by streaking technique until obtaining colonies with identical
appearance. All presumptive LAB were preliminarily tested for their
general characteristics: Gram type was determined after exposure to a 3
% (w/v) KOH solution (Gregersen, 1978); catalase test was carried out
with 3 % (v/v) HyO2 (Koneman et al., 1997). Presumptive LAB cultures
were stocked into 1.5 mL vials containing 20 % (v/v) glycerol at —80 °C.
As described by Barbaccia et al. (2021), all pure cultures were subjected
to a grouping based on cell morphology and arrangement of cells.

Furthermore, all isolates were tested for growth at 15 and 45 °C, heat
resistance (60 °C for 30 min), hydrolysis of arginine and aesculin, acid
production from carbohydrates, and CO; production from glucose as
described by Gaglio et al. (2014). Presumptive LAB cocci were also
analyzed for their growth at pH 9.2 and in the presence of NaCl (6.5 g/L)
because enterococci are positive to these tests.

All pure cultures were then subjected to DNA extraction using a
DNA-SORB-B kit (Sacace Biotechnologies Srl, Como, Italy) following the
protocol provided by the manufacturer. The differentiation of the iso-
lates was obtained through random amplification of polymorphic DNA
(RAPD)-PCR analysis, that is commonly used to fingerprint bacteria; to
this purpose, bacterial DNAs were individually amplified by single
primers M13, AB111, and AB106 (Gaglio et al., 2017). The resulting
polymorphic profiles were analyzed by GelCompare II software version
6.5 (Applied-Maths, Saint-Marten-Latem, Belgium). This program al-
lows to generate a dendrogram to evaluate the similarity among PCR
pattern products. The isolates sharing a very high similarity are
considered to represent the same strain. All different strains were
identified by sequencing the 16S rRNA gene and the sequences were
compared with those available in GenBank/EMBL/DDBJ and EzTaxon
database (http://eztaxon-e.ezbiocloud.net/taxonomy).

2.4. Isolation and identification of fungi

2.4.1. Yeasts

At least five colonies with the same morphology were also isolated
from YPD to analyze the composition of unicellular fungi. Fungal col-
onies were purified to homogeneity by streaking onto Malt Extract Agar
(MEA). This operation was repeated for all different yeast colony mor-
phologies. Yeast isolates were then subjected to genetic characteriza-
tion. First discrimination of the yeasts was performed by restriction
fragment length polymorphism (RFLP) of the region spanning the in-
ternal transcribed spacers (ITS1 and ITS2) and the 5.8 SrRNA gene. DNA
amplification occurred with the primer pair ITS1/ITS4 as described by
Esteve-Zarzoso et al. (1999). The generated amplicons were digested
with the endonucleases Cfol, Haelll and Hinfl (MBI Fermentas, St. Leon-
Rot, Germany) at 37 °C for 8 h. ITS amplicons as well as their restriction
fragments were run on 1.5 % (w/v) agarose gel in 1x TBE (89 mM
Tris-borate, 2 mM EDTA, pH 8) buffer. The isolates were further pro-
cessed by sequencing the D1/D2 region of the 26S rRNA gene to confirm
the preliminary RFLP identification. The identities of the sequences
were determined by BLASTN search (http://www.ncbi.nlm.nih.gov).

2.4.2. Filamentous fungi

Fungi were collected from PDA and transferred to malt extract agar
(MEA) (Oxoid, Milan, Italy). Petri dishes were incubated at 25 °C and
observed every 24 h until a consistent development of mycelium was
observed (1-2 weeks). All different fungal colonies were picked up from
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agar plates and purified after consecutive sub-culturing steps onto MEA.
After incubation, fungi were subjected to morphological characteriza-
tion including color (on both sides of the plate), diffusible pigments,
exudates, texture, growth zones, aerial and submerged hyphae, growth
rate, and topography (White et al., 1990). According to the standard
protocol described by O’Donnell et al. (1999), the genomic DNA was
extracted from single-spore cultures. Fungi were analyzed by RLFP of
the region spanning the internal transcribed spacers (ITS1 and ITS2) and
the 5.8S rRNA gene. DNA fragments were amplified with the primer pair
ITS1F (Gardes and Bruns, 1993)/ITS4 (White et al., 1990a) and the
resulting amplicons were treated with the endonucleases Cfol and Haelll
as above reported. The isolates were finally processed by sequencing the
5.8S-ITS rRNA region and the sequences were identified by BLASTN
search.

2.5. Culture-independent analysis of total bacterial community

2.5.1. DNA extraction, MiSeq library preparation and Illumina sequencing

Amplicon library preparation, quality and quantification of pooled
libraries, and pair-end sequencing using the Illumina MiSeq system
(Ilumina, USA) were performed at the Sequencing Platform, Fonda-
zione Edmund Mach (FEM, San Michele a/Adige, Italy). Briefly, for each
sample, a 464-nucleotide sequence of the V3-V4 region (Baker et al.,
2003; Claesson et al., 2010), of the 16S rRNA gene (E. coli positions 341
to 805) and ITS3/ITS4 specific for the ITS2 fungi region (Mbareche
et al., 2021) were amplified for bacteria and yeasts, respectively. Unique
barcodes were attached before the forward primers to facilitate the
pooling and subsequent differentiation of samples. To prevent prefer-
ential sequencing of the smaller amplicons, the amplicons were cleaned
using the Agencourt AMPure kit (Beckman coulter) according to the
manufacturer’s instructions; subsequently, DNA concentrations of the
amplicons were determined using the Quant-iT PicoGreen dsDNA kit
(Invitrogen) following the manufacturer’s instructions. In order to
ensure the absence of primer dimers and to assay the purity, the
generated amplicon libraries quality was evaluated by a Bioanalyzer
2100 (Agilent, Palo Alto, CA, USA) using the High Sensitivity DNA Kit
(Agilent). Following the quantitation, cleaned amplicons were mixed
and combined in equimolar ratios.

2.5.2. Illumina data analysis and sequences identification by QIIME2

Raw paired-end FASTQ files were demultiplexed using idemp (htt
ps://github.com/yhwu/idemp/blob/master/idemp.cpp) and imported
into Quantitative Insights Into Microbial Ecology (Qiime2, version
2018.2). Sequences were quality filtered, trimmed, de-noised, and
merged using DADA2 (Callahan et al., 2016). Chimeric sequences were
identified and removed via the consensus method in DADA2. Repre-
sentative bacterial sequences were aligned with MAFFT and used for
phylogenetic reconstruction in FastTree using plugins alignment and
phylogeny (Katoh and Standley, 2013; Price et al., 2009). For bacteria,
taxonomic and compositional analyses were conducted by using plugins
feature-classifier (https://github.com/qiime2/q2-feature-classifier). A
pre-trained Naive Bayes classifier based on the Greengenes 13_.8 99 %
Operational Taxonomic Units (OTUs) database which had been previ-
ously trimmed to the V4 region of 16S rDNA, bound by the 341F/805R
primer pair, was applied to paired-end sequence reads to generate tax-
onomy tables. For fungi, sequences were classified to the species-level
using a 97 or 99 % threshold dynamic classifier created using UNITE
software version 8.0 (Koljalg et al., 2013; UNITE Community, 2019).
The data generated by MiSeq Illumina sequencing were deposited in the
NCBI Sequence Read Archive (SRA) and are available under Ac. No.
PRJIJNA996329.

2.6. Statistical analysis

Data on plate count were statistically analyzed by one-way variance
analysis (ANOVA) using the XLStat software version 2020.3.1 for
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Microsoft Excel (Addinsoft, New York, NY, USA) and growth medium
was the variable included in the model. The Tukey’s test for p < 0.05
was applied to determine the difference between means.

Regarding Miseq Illumina data: Alpha-diversity was performed with
observed OTUs number, Evenness and Shannon diversity index; Beta-
diversity was calculated using weighted Unifrac distance matrix and
Jaccard distance matrix for bacteria and fungi respectively. Both alpha-
diversity and beta-diversity were constructed for all samples using the
plug-in in QIIME2 package. The similarity matrices were visualized
using TREX webserver for visualization of phylogenetic Tree (http
://www.trex.uqam.ca/index.php?action=trex, Boc et al., 2012).

3. Results
3.1. Microbiological analysis by culture-dependent approach

The levels of the microbial groups constituting the biofilms of the
wooden shelves and cheese rinds sampled in this study are shown in
Table 2. Wooden shelves hosted TMM in the range 5.6-7.2 log CFU/cm?
with the lowest values showed by sample WS-D and the highest by WS-
A. Except samples WS-E showing TPM (6.7 log CFU/cm?) at higher
levels than TMM, in general psychrotrophic microorganisms were
counted at lower numbers than mesophilic ones. The presence of LAB
was revealed in all samples of wooden shelf biofilms. However, the four
groups investigated (mesophilic and thermophilic rods and cocci) were
not always detected altogether. Although LAB cocci were detected at
consistent levels (3.9-6.4 and 2.8-5.3 log CFU/cm? for mesophilic and
thermophilic, respectively) in all wooden shelves, only sample WS-C
showed detectable levels of mesophilic rods (3.45 log CFU/cm?).
Except WS-A and WS-B that did not host thermophilic rod LAB, the other
wooden shelves showed different cell densities (2.6-3.4 log CFU/cm?)
within this group. Enterococci were detected in all wooden shelf asso-
ciated biofilms and their levels were 0.8-1.7 log cycles lower than those
registered on M17 incubated at 30 °C. Filamentous and unicellular fungi
were also investigated. Yeasts were consistently found on the examined
wooden shelves. In particular, yeast loads of the wooden shelves WS-C
and WS-D (4.1 and 4.2 log CFU/cm?, respectively) were significantly
lower than those developed on the other wooden shelf surfaces (on
average, 5.9 log CFU/cm?). The wooden shelves used for ripening PGI
Canestrato di Moliterno cheeses (WS-A and WS-B) were characterized by
the highest levels of molds (5.2-5.4 log CFU/cm?), significantly different
from the number of colonies (4.1-5.1 log CFU/cm?) displayed by the
wooden shelves used for ripening PDO Pecorino di Filiano cheeses (WS-
C-WS-F). Members of Enterobacteriaceae and coliforms were not found,
E. coli, L. monocytogenes, Salmonella spp. and CPS were below their
detection limit (1 log CFU/cm?) in all wooden shelf biofilms collected,
while pseudomonads were found only in biofilms collected from samples
WS-D-WS-F (2.0-2.9 log CFU/cm?).

TMM of the cheese rind biofilms ranged between 6.1 and 7.8 log
CFU/cm? and lower values were registered for TPM. The rind of the PDO
Pecorino di Filiano cheeses showed the lowest loads of pseudomonads
(5.4-5.6 log CFU/cmZ), whereas PGI Canestrato di Moliterno cheese
rinds showed the highest loads of TMM (7.5 log CFU/cm?, on average)
and yeasts (6.6 log CFU/cm?, on average). The cheese rinds of PGI
Canestrato di Moliterno cheeses showed also the highest loads for
mesophilic and thermophilic LAB cocci. Only sample CR-A hosted
detectable levels of mesophilic LAB rods and the levels registered were
quite consistent (5.1 log CFU/cm?), while CR-C sample was character-
ized by undetectable levels of all LAB groups investigated; in sample CR-
C not even enterococci were detected, even though they ranged between
2.0 and 3.6 log CFU/cm? in the other cheese rind samples. However,
cheese rind from Factory C was characterized by very high levels of
molds (7.2 log CFU/cm?). Like wooden shelves, none of the cheese rind
samples investigated showed detectable levels of members of Entero-
bacteriaceae, coliforms, Salmonella spp., L. monocytogenes, E. coli and
CPS. The levels of pseudomonads (3.4-3.7 Log CFU/ cm?) were similar
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Table 2

Microbial loads in wooden shelves and cheese rinds.

Bacterial count

Sample

YPD PDA

PAB

PCA7°C MRS 30 °C MRS 44 °C M17 30 °C M17 44 °C

VRBGA PCA 30 °C

VRBA

BP

HEA

KAA

LSAB

52+0.1a

5.8 £ 0.2 ab
5.6 +£0.2b

<lc
<lc
<lc

57+0.2b 36+01c

0d
od

0b
0b

6.1 +£0.1b

72+01a

<1

<1

4.3+ 0.5ab
47 +0.2a

<1

WS-A
WS-B
WS-C

54+01a

3.8+02c

56 +0.2b

6.0+ 0.2b

7.2+0.1a

<1

<1

<1

41+02b
45+01b

42+0.1c

26+0.1b 46+02c 43+02b

41+01d 3.45+02a

6.4+01b

<1

3.2+ 0.4 be <1

31+04c

<1

39+01d 53+02a 29+02a 41+01c

34+02a

32+01e

56+02c

<1

<1

<1

WS-D
WS-E
WS-F

6.7+0.1a 0b 34+02a 6.4+0.1a 43+02b 20+0.1b 6.1 £0.3a 50+0.1a

6.4+0.1b

<1

48+ 0.6a <1

<1

51+02a
<0.0001

6.2+0.1a
<0.0001

27+02a
<0.0001

28+01d
<0.0001

55+0.1b
<0.0001

21+02c
<0.0001

56+02c
<0.0001

6.7 +£0.3b
<0.0001

3.8 + 0.2 abe <1 <1

<0.001

<1

<0.0001

n.e.

n.e.

p-Value
CR-A

6.2 +£0.1 ab 51+0.1a 22+01d 72+0.1a 53+01b 3.7+01a 6.7+ 0.2a 25+01d

65+t01a

78+01a

<1

20+03c¢ <1

<1

35+t01a 6.5+0.1a 42+01c

57+01a

of

7.0 +£0.1ab

0od

32+01b

Oe

7.2+03b
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<1

35+0.1a
<1d

<1
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51+02c 72+01a

35+t01a

59+01b

6.8 £ 0.1 be
6.1 +£01d

<1

<1

<1

CR-C

47 +0.1b

6.4 + 0.1 ab
6.0+0.1b

6.3+0.2c 29+01e 34+02a

28+01c

0b
0b

59+02b

<1

2.4+ 0.2 bc <1

3.6+03a

<1

CR-D

43+02c¢

41+01a 6.8+0.1b 49+01c 34+02a

6.2 +£0.1ab

53+0.1c
<0.0001

6.7+0.1c

<1

<1

<1

CR-E

4.5+ 0.1 be
<0.0001

53+0.1c
<0.0001

36+t01a
0.137

43+01d
<0.0001

6.1+0.1c
<0.0001

3.3+02b
<0.0001

7.2+0.1b
<0.0001

<1

28+0.1b <1

<0.0001

<1

CR-F

<0.0001

n.e.

n.e.

n.e.

n.e.

p-Value

Results indicate mean values + S.D. of four plate counts (carried out in duplicates for two independent samplings). Units are Log CFU/cm? for wooden shelves and cheese rinds. Data within a column followed by different

letters are significantly different according to Tukey’s test (p < 0.05).

Abbreviations: LSAB, Listeria selective agar base for L. monocytogenes; KAA, kanamycin aesculinazide agar for enterococci; HEA, hektoen enteric agar for E. coli (red colonies) and Salmonella spp. (black colonies); BP, baird-

parker agar for CPS, coagulase-positive staphylococci; VRBA, violet red bile agar for coliforms; VRBGA, violet red bile glucose agar for Enterobacteriaceae; PCA-SkM 30 °C, plate count agar added with skimmed milk

incubated at 30 °C for total mesophilic microorganisms; PCA-SkM 7 °C, plate count agar added with skimmed milk incubated at 7 °C for total psychrotrophic microorganisms; MRS 30 °C, de Man-Rogosa-Sharpe agar for
mesophilic rod LAB; MRS 44 °C, de Man-Rogosa-Sharpe agar medium for thermophilic rod LAB; M17 30 °C, medium 17 agar incubated at 30 °C for mesophilic coccus LAB; M17 44 °C, medium 17 agar incubated at 44 °C

for thermophilic coccus LAB; PAB, Pseudomonas agar base for pseudomonads; YPD, yeast peptone dextrose agar for yeasts; PDA, potato dextrose agar for molds; WS, wooden shelves; CR, cheese rind; A-F, dairy factory;

dairy factory A to B produce PGI Canestrato di Moliterno, and dairy factory C to F produce PDO Pecorino di Filiano.
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among cheese rinds.

3.2. LAB differentiation and identification

Four hundred and eighty colonies of presumptive LAB were isolated
from the biofilms of wooden shelves and cheese rinds. Only 442 isolates
were still considered putative LAB as being Gram-positive and catalase-
negative. After cell morphology determination by microscopic inspec-
tion, the vast majority of these isolates (n = 383) were coccus shaped,
while barely 59 isolates were rods. The microscopic inspection also
allowed to determine cell arrangement. Morphological data were then
combined with the behavior of the cultures in different conditions and
four phenotypic groups were obtained (Table 3). LAB cocci constituted
three groups (I, II, and III); all of them were arranged in short-chain.
Among these, only members of Group III showed an obligate hetero-
fermentative metabolism, as being able to produce CO, from glucose.
LAB rods were all members of Group IV characterized by a hetero-
fermentative behavior.

Approximately 25 % of the isolates within each phenotypic group
was subjected to randomly amplified polymorphic DNA (RAPD) analysis
to perform a LAB typing. RAPD patterns were used to construct two
different dendrograms, one for the isolates of wooden shelf origin
(Fig. 2) and another one for the isolates collected from cheese rinds. This
approach identified 29 distinct RAPD profiles, 20 for cheese rind LAB
and nine for wooden shelf LAB. All 29 LAB characterized by diverse
RAPD patterns were considered different strains and were then pro-
cessed by 16S rRNA gene sequencing for species allotting. These 29
strains were confirmed to be representative of the LAB group (Ac. No
OR337840-OR337868) and belonged to three genera: Enterococcus,
Leuconostoc and Marinilactibacillus. LAB identified from the biofilms of
wooden shelves were all Enterococcus faecium (Group I). This species was
predominant also in cheese rinds. However, cheese rinds hosted other
enterococci (Group II), Leuconostoc mesenteroides (Group III) and Mar-
inilactibacillus psychrotolerans (Group IV).

3.3. Identification and distribution of fungi

A total of 120 yeast colonies were isolated from the wooden shelves
and the cheese rinds analyzed. Microscopic analysis did not succeed in
differentiating yeasts. Thus, all isolates were subjected to molecular
identification. The results of RFLP of the 5.8S-ITS region recognized two

Table 3
Phenotypic grouping of LAB isolated from wooden shelves and cheese rinds.
Characters Clusters”
I(n=329) I (n=28) III (n = 26) IV (@ =59)
Morphology C C C R
Cell disposition sc sc sc sc
Growth:
15°C - - + +
45°C + + - -
pH 9.6 + + - nd
6.5 % NaCl + + + nd
Resistance to 60 °C - - - +
Hydrolysis of:
Arginine + + - -
Aesculin + + + +
Acid production from:
Arabinose + - + +
Ribose + + + +
Xylose + + + +
Fructose + + + +
Galactose + + + +
Lactose + + + +
Sucrose + - + +
Glycerol + + + +
CO, from glucose - - + +

2 Abbreviations: C, coccus; R, rods; sc, short chain; n.d., not determined.
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CR203 v F M. psychrotolerans
CR209 11 F Lc. mesenteroides
CR213 it F Lc. mesenteroides
CR207 I F En. faecalis

Fig. 2. Dendrogram obtained from combined RAPD-PCR patterns of LAB strains from wooden shelves (A) and cheese rind (B) from two different cheeses (PGI
Canestrato di Moliterno; PDO Pecorino di Filiano) generated with the primers M13, AB106 and AB111. Abbreviations: En., Enterococcus; M., Marinilactibacillus; Lc.,

Leuconostoc.

yeast groups (Table 4): Candida parapsilosis (Group I) and Debaryomyces
hansenii (Group II). The genotypic identification of yeasts was completed
by pairwise alignment of D1/D2 region of the 26S rRNA gene that
confirmed species allotting.

The same wooden shelves and cheese rinds allowed to isolate 170
filamentous fungi. The molds were divided into 10 groups after micro-
scopic inspection (Table 5). The results of the RLFP for the 5.8S-ITS
region using the endonucleases Cfol and Haelll confirmed microscopic
grouping. All isolates were also processed by sequencing of the 5.8S-ITS
rRNA gene that unequivocally identified the following species: Asper-
gillus spp., Aspergillus creber, Aspergillus versicolor, Penicillium spp., Peni-
cillium chrysogenum, Penicillium commune, Penicillium crustosum,
Penicillium solitum, Penicillium verrucosum, and Talaromyces rugulosus.
The species most frequently isolated were Penicillium chrysogenum,
Penicillium commune, Aspergillus creber, and Aspergillus versicolor. In
terms of mold diversity, the most diverse samples were wooden shelf
from Factory F and cheese rinds from Factories A and D.

3.4. Comparison of polymorphic profiles of bacteria and fungi isolated
from wooden shelves and cheese rinds

The possible transfer of microorganisms from the wooden shelves to
cheese rinds and vice versa was estimated through comparison of the
RAPD profiles of the strains identified from both sources of isolation.
Regarding LAB, the nine polymorphic profiles characterizing the nine
strains from wooden shelves were compared to the 20 profiles of cheese
rind strains and only two strains shared the same RAPD patterns (WS58
and WS97 from the wooden shelves with CR129 and CR169 of cheese
rind origin, respectively).

Table 4
Molecular identification of yeast species.

RAPD-PCR analysis was also applied on yeast strains (Fig. 3) and the
comparison of the resulting patterns confirmed that several D. hansenii
strains from wooden shelves and cheese rinds shared the same poly-
morphic profile. As an example, the wooden shelf strain WS3 from
factory A shares the same RAPD profile with the strain CR34 detected on
the cheese rind analyzed in this factory.

In case of molds, RAPD analysis did not succeed in finding homology
between the strains isolated from wooden shelves and cheese rinds (data
not shown).

3.5. Characterization of cheese microbiota by Illumina analysis

DNA-based Illumina technology was successfully applied to deeply
investigate on the composition of total bacterial and fungal communities
of the samples object of this study. MiSeq Illumina analysis identified 15
phyla, 13 classes, 28 orders, 54 families, and 56 genera within bacteria.
The sequences were grouped into operational taxonomic units (OTUs).
The relative abundances (RA) % of the OTUs identified from both
wooden shelves and cheese rinds are reported in Fig. 4. As suggested by
Logares et al. (2014) the abundant communities considered were those
with an individual RA > 0.1 %. All wooden shelves were characterized
by the presence of staphylococci. RA of bacterial group ranged from 3.01
to 74.21 %. In particular, the wooden shelves WS-A-WS-D showed an
absolute dominance of staphylococci, with the species Staphylococcus
equorum being mostly represented among this group (27.71-46.88 %).
These four samples displayed also a massive presence of unspeciated
staphylococci (14.70-42.86 %) and a minor presence of Staphylococcus
sciuri. The wooden shelves analyzed hosted also consistent RA % of
Brevibacterium, until 25.04 % in WS-B, and Corynebacterium, which was

Species Restriction profile 5.8S-ITS PCR Size of restriction fragment No. of isolates” Accession number”
Cfol Haelll Hinfl

Candida parapsilosis 1 540 300 + 235 400 + 110 290 + 255 13(2) OR337917-OR337918

Debaryomyces hansenii II 507-554 300 + 300 + 300 420 + 150 + 90 320 + 320 107 (16) OR337919-0R337934

@ Number of isolates per each yeast species.

b Accession number of D1/D2 region of the 265 rRna gene of isolates deposited into Genbank database.
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Table 5
Molecular identification of filamentous fungi.
Specie (% identity™) Group  5.8S-ITS Size of restriction fragments Accession number Source of isolation No. of
PCR isolates

Cfol Haelll

Aspergillus creber (99 %) I 746-747 264 + 247 + 177 + 401 + 164 + 70 OR342688- WS-D, WS-E 2
58 OR342689

Aspergillus spp. (99 %) I 247 4+ 177 + 90 358 +97 + 70 OR342690 WS-E 1

Aspergillus versicolor (100 %) 111 520 247 + 177 + 90 349 +97 + 70 OR342691- WS-F, CR-B 2

OR342692
Penicillium chrysogenum (99 v 470-557 170 + 92 255 + 97 + 68 OR342693- WS-A, WS-F, CR-A, CR-C, 8
%) OR342700 CR-E
Penicillium commune (99 %) \% 532-554 180 + 89 + 84 257 + 95 + 69 OR342701- WS-C, CR-D 2
OR342702
Penicillium crustosum (99 %) VI 616 179 4 149 + 109 255 + 155 + 69+ OR342703 WS-B 1
64

Penicillium solitum (100 %) VII 562 180 + 89 + 77 258 + 95 + 68 OR342704 Ws-C 1

Penicillium spp. (100 %) VIII 180 + 88 + 78 257 + 94 + 68 OR342705 WS-D 1

Penicillium verrucosum (99 %) X 556 179 + 112 + 88 257 + 118 + 67 OR342706 CR-D 1

Talaromyces rugulosus (99 %) X 506 166+ 144 + 111 + 399+ 92 OR342707 WS-F 1
60

@ Based on an NCBI database BlastN search of the 5.8S-ITS1 rRNA gene sequences.
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Fig. 3. Dendrogram obtained from combined RAPD-PCR profiles of yeast strains from wooden shelves (A) and cheese rind (B) from two different cheeses (PGI
Canestrato di Moliterno; PDO Pecorino di Filiano) generated with the primers M13. Abbreviations: C., Candida; D., Debaryomyces.

absent in WS-E biofilm, but accounted for 70.99 % in WS-F. Except for
1.28 % in WS-C sample, Micrococcaceae were present in wooden shelf
biofilms at a RA <1 %. Among Actinobacteria, Brachybacterium was
identified in all wooden shelves, even though the RA was barely 0.34 %
in WS-D. LAB populations were poorly present on the wooden shelves
and were only represented by Streptococcus genus (0.41-1.79 %) in five
out of six biofilms analyzed. Halophilic and/or halotolerant bacteria
were found at consistent levels only in WS-E sample. In this biofilm
Chromohalobacter accounted for a very high RA (51.55 %), but Hal-
omonas and Salinisphaera were detected at relevant levels (10.23 and
10.19 %, respectively).

The bacterial community of the cheese rinds object of investigation
showed a high biodiversity, but also these samples analyzed were
greatly dominated by staphylococci (12.18-91.43 %). In particular,
S. equorum represented 78.00 % of total biodiversity of cheese rind from
Factory D. Samples CR-A, CR-B and CR-E displayed unspeciated Staph-
ylococcus at 48.43, 64.93 and 60.53 %, respectively. Brevibacterium was
not detected in CR-C and CR-D, but ranged from 0.91 until 27.74 % in
the other samples. Corynebacterium, absent in CR-C, was detected at low
levels in CR-A-CR-D samples (0.38-1.65 %) and accounted for 46.78 %
of total biodiversity in CR-F. Micrococcaceae and Brachybacterium were
basically present in CR-A and at a low RA % in a few other samples.
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Fig. 4. Relative abundances (%) of bacterial genera identified by MiSeq Illumina in wooden shelves and cheese rind from two different cheeses. Abbreviations: WS,
wooden shelves; RC, rind cheese; A-B, factories A to B produced PGI Canestrato di Moliterno; C-F, factories C to F produced PDO Pecorino di Filiano.

Except Lactobacillus and Lactococcus (1.13 and 0.57 %, respectively) in
CR-C, LAB community of cheese rinds of the factories A-E was mainly
represented by Streptococcus genus (2.35-21.57). Regarding halophilic/
halotolerant bacteria, apart 1.99 % for Chromohalobacter in CR-E and
16.68 % for Psychrobacter in CR-F, other genera within this group were
not significant enough to be mentioned on cheese rinds.

Regarding fungal microbiota, Fig. 5 shows RA % and distribution of
the groups identified within wooden shelves and cheese rinds of the six
factories object of study. Illumina technology identified 3 phyla, 12
classes, 18 orders, 32 families, and 35 genera within fungi. All wooden
shelves mainly hosted Aspergillus, Penicillium and D. hansenii. Among
aspergilli, the species detected at the highest RA % (3.60-33.54 %) was
Aspergillus sydowii. The genus Penicillium covered 41.07 % of total fungal
OTUs in sample WS-C. Debaryomyces hansenii found on the wooden
shelves used to ripen PDO Pecorino di Filiano of the factories E and F
accounted for very high RA % (91.91 and 89.94 %, respectively). Ere-
mascus fertilis was detected only in WS-A, but its presence was particu-
larly consistent (30.61 %). WS-A samples also showed the presence of
Priceomyces melissophilus, Basidiomycota and Moniliella. Candida and
Acremonium, in particular Acremonium charticola and Acremonium alter-
natum characterized sample WS-B. Candida zeylanoides (3.41 %) was
only detected on WS-F surface. WS-A and WS-D were the only two
wooden shelves to host Ascomycota (4.83-28.01, respectively).

Cheese rind fungal community diversity was almost similar to that
registered on the wooden shelves, even though the main group identi-
fied were Penicillium and D. hansenii. Penicillium ranged from 3.62 % in
sample CR-E to 90.34 % in sample CR-C; on the contrary, D. hansenii
from 1.89 % in sample CR-C to 95.07 in sample CR-E. Candida at a
consistent RA (41.47 %), Acremonium (36.47 %), particularly with the
species A. charticola (22.01 %) and C. parapsilosis, characterized cheese

rind of Factory B. Capnodiales (1.55 %), Cladosporium (0.78 %),
Aspergillaceae, Penicillium catenatum (1.76 %), Candida friedrichii (0.54
%) and Blastobotrys nivea (0.36 %) were also detected in sample CR-C.
Low RA % of Cladopsorium were also found in CR-A, CR-D and CR-F.
Regarding A. sydowii, found at consistent RA % onto the wooden
shelves, it was not detected in sample CR-C and registered at low levels
in the other cheese rind samples, except CR-F characterized by 3.34 %
for this species.

Alpha diversity analysis resulting from OTUs data of bacteria and
fungi are graphically presented in Fig. 6. The weighted unifrac dist
matrix for bacteria (data not shown) generated a tree (Fig. 6A) that
showed a few correlations among cheese crusts and wooden shelves. In
particular, two mega-clusters were obtained: the upper cluster included
both cheese rinds and wooden shelves of Factories A and F, while the
downer cluster, showed the presence of cheese rinds CR-D and CR-C and
the corresponding wooden shelf samples WS-D and WS-C. Regarding
fungi, the Fig. 6B displays a higher level of similarity calculated by
Jaccard’s distance matrix (data not shown). As a matter of fact, fungal
diversity of cheese rinds mirrored strongly that of the wooden shelves
for all factories except Factory D. For the Factories A, B, C, E and F, each
sub-cluster included the wooden shelf and the corresponding cheese
rind.

4. Discussion

The present study was mainly aimed to characterize the microbial
diversity of the wooden shelves of PDO Pecorino di Filiano and PGI
Canestrato di Moliterno cheeses. Unlike previous works focusing
exclusively of the bacterial communities, this work also took into ac-
count yeasts and filamentous fungi. Fungi are key elements of cheese
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Fig. 5. Relative abundances (%) of fungi genera identified by MiSEq Illumina in wooden shelves and cheese rind from two different cheeses. Abbreviations: WS,
wooden shelves; RC, rind cheese; A-B, factories A to B produced PGI Canestrato di Moliterno; C-F, factories C to F produced PDO Pecorino di Filiano.

ripening environment; indeed, they play important roles in shaping the
communities of microbes in aging facilities. In view of a better under-
standing of the influence of these ripening tools on the microbiota of
cheese rinds during ripening, the crusts of the cheeses were also object of
the microbiological investigation performed in this study. A culture-
dependent approach was applied to estimate the levels of viable mi-
croorganisms present on wooden shelves and cheese rinds.

The levels of TMM characterizing the six wooden shelves under
investigation are comparable to those found for the aging of French
Reblochon cheese (Mariani et al., 2007). In particular, TMM data
registered for three of the four wooden shelves used for ripening Peco-
rino di Filiano cheeses are highly similar to those reported by Guzzon
et al. (2017) who explored the microbiota of the red-brown defect in
smear-ripened cheeses, starting from the wooden shelves. In the present
study, LAB levels of the wooden shelves are comparable to those re-
ported by Settanni et al. (2021), who found thermophilic lactococci in
the range of 1.3 to 6.0 log CFU/cm? for the wooden shelves used for
aging some typical Sicilian cheeses. However, mesophilic lactobacilli
were found at lower levels than those found by Galinari et al. (2014)
with regards to the wooden shelves used for the ripening of Brazilian
cheeses. The levels of Pseudomonas estimated for the six wooden shelves
of the present study are similar to those reported by Mariani et al.
(2007).

The levels of TMM of the cheese rinds were very similar to those
registered for Herve cheese, a soft cheese with a washed rind produced
in Belgium (Delcenserie et al., 2014). Almost all cheese rinds showed
high levels of LAB, specifically mesophilic cocci. These levels were

superimposable to those of TMM, indicating that this group dominated
the bacterial community of the cheese rinds. The dominance of cocci
over rods was previously reported in Danish cheese surfaces (Gori et al.,
2013). Molds and yeasts developed on all cheese rinds. PDO Pecorino di
Filiano is known to host yeasts, in particular D. hansenii, on its crust
(Capece and Romano, 2009). Although yeasts are in some cases
responsible for cheese spoilage (Fleet, 1990), on the other hand, they
can contribute to the centripetal ripening of cheeses by degrading
lactate and causing rind deacidification. According to Parente et al.
(2022), the increase in pH in the crust during ripening could facilitate
growth and survival of pathogenic microorganisms such as Salmonella
spp., L. monocytogenes, E. coli, and CPS. However, these microorganisms,
generally associated with the criteria of poor hygiene and safety of dairy
production, were never detected on the rinds of PDO Pecorino di Filiano
and PGI Canestrato di Moliterno cheeses. Plate count method gave a
general overview of the viable microbial groups present on both wooden
shelves and cheese rinds of these two typical cheeses.

To provide a comprehensive overview on the populations inhabiting
wooden shelves and cheese rinds and to retrieve also the level of
interaction among them, LAB, yeasts, and molds were isolated, differ-
entiated and identified. With regards to the LAB community, three out of
the four viable groups detected were cocci and a total of 29 strains,
belonging to three genera (Enterococcus, Leuconostoc and Mar-
inilactibacillus), were identified. The great majority of the LAB species
detected on wooden shelves and cheese rinds are typically associated
with dairy environments, such as raw milk (Franciosi et al., 2011),
cheeses (Di Grigoli et al., 2015; Gaglio et al., 2014), wooden vats
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Fig. 6. Alpha diversity distribution: A, bacteria; B, fungi. Abbreviations: WS, wooden shelves; RC, rind cheese; A-B, factories A to B produced PGI Canestrato di

Moliterno; C-F, factories C to F produced PDO Pecorino di Filiano.

(Scatassa et al., 2015) and animal rennets (Cruciata et al., 2014), but the
LAB communities associated with the samples analyzed from the two
Lucanian cheese productions were dominated by enterococci. Regarding
wooden shelves, these results are not surprising and confirmed what
reported for traditional cheeses produced in Sicily (Settanni et al.,
2021). The comparison of the RAPD profiles of the enterococci from
wooden shelves with those from cheese rinds indicated that the surfaces
of the ripening shelves and cheese crusts might exchange these bacteria.
This phenomenon can be highly positive because enterococci contribute
to the development of the typical flavor during cheese ripening (Giraffa,
2003). Also M. psychrotolerans, a halophilic and alkalophilic LAB species
of marine origin, is strongly associated with the dairy environment, but
is specifically isolated from the rinds of soft and semi-hard cheeses and
derives from the sea salt added to the brines used for salting the cheeses
(Vermote et al., 2018). This marine species plays an important role in
cheese ripening (Delcenserie et al., 2014; Ishikawa et al., 2007; Ishikawa
et al., 2003; Suzuki et al., 2021) and has been detected also in French
and German cheeses (Feurer et al., 2004; Maoz et al., 2003).

After applying RLFP of 5.8S-ITS rRNA region and its sequencing,
yeast isolates were differentiated into two groups represented by
Debaryomyces and Candida. The results unequivocally revealed that
D. hansenii dominated in both PDO Pecorino di Filiano and PGI Canes-
trato di Moliterno cheese productions, because they were detected on
the wooden shelves as well as on the cheese rind surfaces. Low pH, high
salt content and low water activity characterize the environment of this
yeast species and, for this reason, it has been isolated from artisanal
cheeses (Cosentino et al., 2001; Fadda et al., 2004), including PDO
Pecorino di Filiano (Capece and Romano, 2009). Although C. parapsilosis
is widely considered as an opportunistic human pathogen capable of
causing invasive candidiasis (Banjara et al., 2015; Lima et al., 2019;
Trofa et al., 2008), its presence on cheese rinds has never been linked to
human outbreaks. Furthermore, Geronikou et al. (2022) confirmed its
positive impact on the organoleptic characteristics of cheeses. Con-
cerning molds, Penicillum and Aspergillus were most frequently found in
both samples object of study (wooden shelves and cheese rinds). Several
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species detected in this study, such as P. crustosum, P. solitum, and
P. verrucosum were previously reported as environmental contaminants
of cheese and dairy productions (Kure et al., 2001; Serra et al., 2003). In
general, conidia of molds are airborne transmittable and they can easily
dominate cheese ripening environments (De Santi et al., 2010; Decon-
tardi et al., 2017).

Next generation sequence analysis showed that all samples were
characterized by the presence of S. equorum. Bacteria of this species are
generally found in cheese rinds and this is due to their high salt tolerance
(Jeong et al., 2014; Jeong et al., 2017). The presence of S. equorum onto
the surface of wooden shelves used for cheese ripening is also very
common (Settanni et al., 2021; Wadhawan et al., 2021) and plays an
important role in the inhibition of L. monocytogenes (Wadhawan et al.,
2023). The presence of Corynebacterium in the biofilms collected from
wooden shelves and cheese rinds is not negative, since these bacteria are
commonly found onto the surface of cheeses (Bockelmann et al., 2005;
Fontana et al., 2010; Rea et al., 2007) and are considered important for
the ripening of smear cheeses (Brennan et al., 2004; Guzzon et al., 2017;
Mariani et al., 2007). The presence of Corynebacterium, Brevibacterium,
and Brachybacterium is not surprising on the samples analyzed in this
study, since they are part of the bacterial community of smear cheese
rind (Schornsteiner et al., 2014). The presence of halophilic genera such
as Chromohalobacter, Halomonas and Salinisphaera on wooden shelves
could be related to the sea salt used for preparing the brines (Vermote
et al., 2018). LAB community of the cheese rinds was mainly dominated
by Streptococcus, confirming previous results showed for cheese crusts
(Sant’Anna et al., 2019). Even though at very low percentages, LAB
presence onto the wooden shelves is imputable to cheese rinds. These
low percentages were also found by Settanni et al. (2021) who studied
18 wooden shelves for the bacterial communities.

Mlumina technology was also applied to study yeast and mold
microbiota of wooden shelves and cheese rinds. This approach
confirmed what found with the culture-dependent tools: D. hanseni
dominated cheese rinds of both cheeses object of investigation,
providing further insights to the results showed by Capece and Romano
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(2009) of PDO Pecorino di Filiano cheese; Aspergillus and Penicillum,
generally characterizing cheese aging processes (Moubasher et al.,
2018), were mainly associated to PDO Pecorino di Filiano and PGI
Canestrato di Moliterno cheeses.

5. Conclusions

The combined (culture-dependent and -independent) approach
applied in this study clearly showed that the bacterial and fungal groups
identified from the wooden shelves used for ripening PDO Pecorino di
Filiano and PGI Canestrato di Moliterno cheeses are those typically
associated with smear cheese rinds. The microbiotas found onto the
rinds of both cheeses were confirmed to be those characterizing smear
cheeses. Even though PDO Pecorino di Filiano and PGI Canestrato di
Moliterno cheeses are not inoculated with smear microorganisms, the
contact with the wooden shelves determines a surface ripening. Thus,
the rind of the cheeses in contact with these shelves take advantages
from the wooden biofilms and are actively involved in generating a
protective barrier against the major dairy pathogens. Some bacteria,
specifically enterococci, were mostly isolated from cheese rinds, but also
found on the wooden shelves, suggesting a mutual microbial transfer
between wooden shelves and cheese rinds. In light of the results of the
present study, PDO Pecorino di Filiano and PGI Canestrato di Moliterno
cheeses are no more considered cheeses with an exclusive internal
bacterial ripening, but have to be inserted in the smear cheese typology
since bacterial and yeast microbiota of the rinds clearly indicated the
occurrence of a centripetal maturation.
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