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Abstract

Background Artisanal cheeses usually contain a highly diverse microbial community which can significantly impact
their quality and safety. Here, we describe a detailed longitudinal study assessing the impact of ripening in three
natural caves on the microbiome and resistome succession across three different producers of Cabrales blue-veined
cheese.

Results Both the producer and cave in which cheeses were ripened significantly influenced the cheese microbiome.
Lactococcus and the former Lactobacillus genus, among other taxa, showed high abundance in cheeses at initial
stages of ripening, either coming from the raw material, starter culture used, and/or the environment of process-

ing plants. Along cheese ripening in caves, these taxa were displaced by other bacteria, such as Tetragenococcus,
Corynebacterium, Brevibacterium, Yaniella, and Staphylococcus, predominantly originating from cave environ-

ments (mainly food contact surfaces), as demonstrated by source-tracking analysis, strain analysis at read level,

and the characterization of 613 metagenome-assembled genomes. The high abundance of Tetragenococcus koreensis
and Tetragenococcus halophilus detected in cheese has not been found previously in cheese metagenomes. Further-
more, Tetragenococcus showed a high level of horizontal gene transfer with other members of the cheese microbi-
ome, mainly with Lactococcus and Staphylococcus, involving genes related to carbohydrate metabolism functions. The
resistome analysis revealed that raw milk and the associated processing environments are a rich reservoir of antimi-
crobial resistance determinants, mainly associated with resistance to aminoglycosides, tetracyclines, and -lactam
antibiotics and harbored by aerobic gram-negative bacteria of high relevance from a safety point of view, such

as Escherichia coli, Salmonella enterica, Acinetobacter, and Klebsiella pneumoniae, and that the displacement of most
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of ARGs and, therefore, to a safer end product.

raw milk-associated taxa by cave-associated taxa during ripening gave rise to a significant decrease in the load

Conclusion Overall, the cave environments represented an important source of non-starter microorganisms which
may play a relevant role in the quality and safety of the end products. Among them, we have identified novel taxa
and taxa not previously regarded as being dominant components of the cheese microbiome (Tetragenococcus spp.),
providing very valuable information for the authentication of this protected designation of origin artisanal cheese.

Keywords Cheese, Microbiome, Processing environments, Source tracking

Background
Artisanal cheeses, including those which are recog-
nized in the EU with protected designation of origin
(PDO), are highly valuable premium products due to
their unique sensory attributes relative to mass-produced
cheeses. Their quality, shelf life, and safety are depend-
ent on a number of factors but are especially influenced
by the diverse microbial communities they harbor, which
vary from the core to the rind of the cheese and evolve
throughout the cheese-making and ripening process [1,
2]. Moreover, they can reflect differences among produc-
ers or regions in a manner that can be applied to verify the
authenticity of PDO products [3] and can act as carriers
of antimicrobial resistance genes (ARGs) and other haz-
ards that may spread to humans and pose a safety risk [4].
Despite the substantial efforts devoted to study micro-
bial succession patterns during the production and ripen-
ing of a wide variety of cheeses, certain aspects relating
to microbial interactions and their functional implications
remain largely unknown [5]. Historically, the microbi-
ome of artisanal cheeses has been characterized using
culture-based methods, which have several limitations
[3, 5]. High-throughput sequencing methodologies (e.g.,
metataxonomy or whole metagenome sequencing) have
transformed the way we study microbial ecology in com-
plex ecosystems, such as those of artisanal cheeses [3, 6—
9], as they provide access to difficult-to-culture or viable
but not culturable microorganisms [1, 7] and facilitate
the mechanistic understanding of community assembly
in such a way that allows studying temporal dynamics of
microbial communities at an unprecedented level of detail
[7]. Some previous studies have highlighted that cheese
and other fermented foods can serve as useful models for
elucidating the determinants of microbial succession and
interactions in complex communities, including under-
standing the molecular processes and key metabolically
active microbes that contribute to the development of
unique sensorial characteristics or that impact the prod-
uct safety [7, 8, 10]. In the present work, the microbiome
and resistome of Cabrales cheese, a PDO artisanal Spanish
blue-veined cheese, were deeply characterized. Cabrales
cheese is produced in the mountainous area of “Picos de
Europa” (Principado de Asturias, northern Spain) from

raw cow, sheep, and/or goat milk. This cheese is ripened
for up to 5 months in natural caves above 800-m altitude,
with>90% humidity and a temperature ranging from 6 to
10 °C, where it develops its unique intense flavor, creami-
ness texture, and blue-veins from the rind to the core [11].
The unique microenvironments in these natural caves can
shape the microbiome and resistome of the end products
promoting the establishment in the cheese of specific bac-
teria, yeasts, and molds that can impart distinctive quality
attributes to the ripened blue-veined cheeses and impact
their safety, particularly in relation to the spread of ARGs.
To understand these complex phenomena, we undertook
an in-depth longitudinal study investigating the struc-
ture and functional potential of microbial communities
of cheeses (cores and rinds) during the ripening process
through whole metagenome sequencing. This has allowed
to obtain an insight into the relationships between tradi-
tional cheese-making environments and microorganisms
prevailing in cheese and potentially affecting quality and
safety.

Results

General patterns of microbial succession

The experimental setup included cheeses from three dif-
ferent producers who used the same cave for ripening. In
addition, for one producer (Producer2), cheeses derived
from a single production batch were ripened in three dif-
ferent caves, in order to identify microbiome signatures
associated with the respective cave microenvironments
(Fig. S1).

Regardless of producer or cave used for ripening,
cheeses maintained certain shared characteristics and
microbial succession patterns. Counts of total aerobic
bacteria, lactic acid bacteria, Enterobacteriaceae, and
yeasts and molds reached maximum levels at initial rip-
ening stages (Stagel) and then gradually declined during
ripening in the caves (Stage2 and Stage3), both for cheese
cores and rinds (Fig. S2A). Culture-independent analysis
revealed that at Stagel, cheeses were dominated by lac-
tic acid bacteria, mainly Lactococcus and members of the
former Lactobacillus genus, and by the yeast Debaryomy-
ces and the fungi Penicillium and Geotrichum (Fig. S2B).
Whereas fungal populations remained fairly stable along
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ripening, a significant temporal decrease in the rela-
tive abundance of Lactococcus and Lactobacillus, among
others, was evident (Fig. S2B), while other taxa, such as
Tetragenococcus, Brevibacterium, and Corynebacterium,
emerged with high relative abundances at Stage2 and
Stage3, especially at rind level (Fig. S2B).

Microbiome differences by producer
The cheese producer had a significant influence on
the bacterial and fungal taxonomic profile of samples
(Fig. 1A, B, Fig. S3A, B), both for cheese cores (adonis,
p=0.001 for both bacteria and fungi) and rinds (adonis,
p=0.001 for bacteria and p=0.018 for fungi). At cheese
core level, several bacterial genera within the main ones
such as Corynebacterium, Enterococcus, among oth-
ers were associated with Producer2, while Lactobacil-
lus and Tetragenococcus were predominantly linked to
Producer3 and Lactococcus to Producerl (Fig. 1A, C,
Table S1). At cheese rind level, some of the main bacte-
rial genera were clearly associated with Producer2 (e.g.,
Corynebacterium), while Lactococcus, Brevibacterium,
and Brachybacterium were associated with Producerl
and Tetragenococcus and Staphylococcus with Producer3
(Fig. 1B, C, Table S1). Regarding fungi, core samples
showed a high abundance of Penicillium, but, for Pro-
ducer2, similar relative abundances of Geotrichum and
Penicillium were observed. At rind level, Penicillium and
Debaryomyces showed high abundances in samples from
Producerl and Producer2, while Debaryomyces was the
dominant genus for Producer3 (Fig. 1D, Table S1).
Lactobacillus includes all the newly established genera
that formerly belonged to the genus Lactobacillus (e.g.,
Lacticaseibacillus, Lactiplantibacillus).

Microbiome differences by ripening cave

The cave also had a significant influence, although lower
than that found for the variable Producer, on the taxo-
nomic profile of cheese cores (adonis, p=0.007 for bacte-
ria and p=0.049 for fungi) and rinds (adonis, p=0.027 for
bacteria and 0.653 for fungi) (Fig. 2A, B, Fig. S3C, D). The
most relevant differences among caves in the abundance
of some particular taxa were those observed for Lacto-
coccus and the former Lactobacillus, which were more
abundant on core samples from Cavel and Cave3, respec-
tively, at Stage3; Tetragenococcus, Corynebacterium, and
Staphylococcus, which were more abundant on rind sam-
ples from Cavel, Cave2, and Cave3, respectively (Fig. 2A,
C, Table S2); and Debaryomyces, which was significantly
more abundant on cheese rinds from Cavel than on those
from the other two caves (Fig. 2D, Table S2).
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The cave microbiome strongly shapes the rind cheese
microbiome

The characterization of the microbial communities
prevailing in some primary sources that could deter-
mine the cheese microbiome (e.g., milk, curd, different
plant processing environments and cave environments)
showed that raw milk was dominated by Pseudomonas,
followed by Acinetobacter, Staphylococcus, or Lacto-
coccus, at different levels depending on the producer
(Fig. S4). Similar profiles but with a higher abundance
of some lactic acid bacteria, such as Lactococcus, were
found in curd samples (Fig. S4). Brevibacterium, Psy-
chrobacter, Pseudomonas, Acinetobacter, Penicillium,
Debaryomyces, and Kluyveromyces were the dominant
genera on food processing environments (both in food
contact and nonfood contact samples) of the three
cheese-producing plants (Fig. S4). Brevibacterium,
Corynebacterium, and Debaryomyces were the domi-
nant genera in cave food contact surfaces, while Peni-
cillium and a wide range of nondominant bacterial and
fungal genera prevailed on the caves’ nonfood contact
surfaces (Fig. S4).

A source-tracking analysis revealed that the bacte-
rial composition of cheese cores, and of cheese rinds
at Stagel, was mainly determined, for Producerl and
Producer2, by the curd microbiota, and for Producer3
by the microbiota of food contact environments from
the processing plant (Fig. 3). The main bacterial gen-
era traced back to the curd and dairy food contact sur-
faces were Lactococcus, the former Lactobacillus, and,
in the case of Producer2, Hafnia (Fig. 3). Over sub-
sequent stages of ripening, the curd microbiota still
represented an important source for the cheese core
microbiome, although the cave environment had an
important role in shaping the microbiome of cheese
cores on Cave2 at Stage2 and Stage3, mainly being a
source of Tetragenococcus and Corynebacterium for
Producerl and Producer3, and Corynebacterium for
Producer2 (Fig. 3). Other less abundant genera (e.g.,
Brachybacterium, Alkalibacterium, Staphylococcus)
were also traced back to the cave environments. Regard-
ing cheese rinds, their bacterial microbiota at Stage2
and Stage3 were traced back mainly to the cave environ-
ments, which were revealed as a likely source of Brevi-
bacterium, Corynebacterium, and Tetragenococcus (on
Stage3) and other minority genera (on Stage2), for Pro-
ducerl; Tetragenococcus in Cavel and Cave3, together
with Corynebacterium in Cave2, for Producer2; and
Tetragenococcus, Brevibacterium and other minority
genera (on Stage2), and Tetragenococcus (on Stage3) for
Producer3 (Fig. 3).
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Fig. 1 Microbiome of blue-veined cheeses during ripening in the communal cave. Biplots of the principal component analysis of the 40 most
abundant bacterial genera found in the cheese core (A) and cheese rind (B) samples ripened in the communal cave depending on the producer.
The biplots show the most significant bacterial genera contributing to the microbiome of cheeses ripened in Cave2 (communal cave) by the three
producers. Colored concentration ellipses (size determined by a 0.95-probability level) show the observations grouped by producer. Barplots
representing the relative abundance of the 19 most relevant bacterial (C) and yeasts and molds (D) genera. Other minority bacterial and fungal
genera are grouped into “other” Each bar represents the average value (n=3) for blue-veined cheese samples from each producer

A source-tracking analysis undertaken on the fungal

Strain-level analyses confirmed the relevance of caves

communities showed that food contact surfaces from
Cave2 were a source of Debaryomyces in rind samples
from Producerl and Producer3, and milk was a source of
Geotrichum in core samples from Producer2 (Fig. S5).

as a source of bacteria
A total of 110 high-quality metagenome-assembled
genomes (MAGs), 227 medium quality MAGs with
completeness >90%, and 276 medium-quality MAGs
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Fig. 2 Microbiome of blue-veined cheeses from Producer2 during ripening in the three different caves. Biplot of the principal component analysis
of the 40 most abundant bacterial genera found in the cheese core (A) and cheese rind (B) samples ripened in the three different caves. The biplots
show the most significant bacterial genera contributing to the cheese microbiome in the three different caves. Colored concentration ellipses

(size determined by a 0.95-probability level) show the observations grouped by cave. Barplots representing the relative abundance of the 19 most
relevant bacterial (C) and yeasts and molds (D) genera. Other minority bacterial and fungal genera are grouped into “other” Each bar represents

the average value (n=3) for blue-veined cheese samples in each cave. Lactobacillus includes all the newly established genera that formerly
belonged to the genus Lactobacillus (e.g., Lacticaseibacillus, Lactiplantibacillus)

with completeness of 50-90% were obtained. They
were classified into 70 genera, with the main gen-
era represented being Lactococcus
Corynebacterium (74 MAGs), the former Lactobacil-
lus (68 MAGs), Tetragenococcus (54 MAGs), Bifido-
bacterium (30 MAGs), Staphylococcus (28 MAGs),

(103 MAGS),

Brevibacterium (28 MAGs), and Yaniella (22 MAGs).
Cheese samples were the ones with the highest num-
ber of MAGs (413 out of 613 MAGs), while raw mate-
rials, processing environments at factory level, and
cave environments yielded 43, 74, and 83 MAGs,

res

pectively (Fig. 4A, Fig. S6).
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of genus influence for each source-sink pair. Only source samples and the 16 main genera with significant influence were represented, while other
genera were grouped as "Other! Lactobacillus includes all the newly established genera that formerly belonged to the genus Lactobacillus (e.g.,
Lacticaseibacillus, Lactiplantibacillus)

MAGs from several putative new species were obtained
on samples from cave surfaces or cheeses. These included
14 Brevibacterium sp. MAGs most closely related to Brev-
ibacterium sandarakinum, 8 Corynebacterium sp. MAGs
related to Corynebacterium nuruki, 6 Corynebacterium
sp. MAGs related to Corynebacterium glyciniphilum, 2
Psychrobacter sp. MAGs, and 1 Tetragenococcus sp. MAG
closely related to T. koreemsis. Remarkably, despite the
low relative abundance of Yaniella found at read level,
a total of 22 MAGs from this genus, closely related to
the recently discovered Candidatus Yaniella excremen-
tavium, were obtained (Fig. 4A, Fig. S6). Furthermore,

(See figure on next page.)

three MAGs assigned to the former genus Lactobacillus,
obtained from cheese core samples from Producer3 at
Stagel, were not assigned at species level, with Lactoba-
cillus selangorensis and Lactobacillus camelliae being the
most closely related species (Fig. 4A).

It is worth noting that MAGs assigned to Lactococ-
cus, a dominant genus at Stagel, presented phylogenetic
differences by producer, with Lactococcus lactis MAGs
from Producer2 clustering separately from MAGs from
other producers, which was also observed in a strain-
level StrainPhlAn population genomics analysis (Fig.
S7). Moreover, Lactococcus piscium/carnosum MAGs

Fig. 4 Phylogenetic tree of MAGs obtained by per-sample assembly and binning of metagenomic reads. A Phylogenetic tree constructed
with the ANI distance matrix generated by using the dRep software. Concentric circles indicate, from inside to outside, the quality of MAGs;
producer, cave, and surface origin of the sample; genus and species classification of the MAGs; and importance of the MAGs. Only the 24

most abundant taxa at genus level (or above) are indicated, while the rest are grouped in “Other” Some taxa are classified in higher taxonomic
levels (phylum, family, or order) according to the deep level of taxonomic assignment obtained by using the CAT/BAT software. Indicated
species were taxonomically reassigned by building additional phylogenetic trees employing reference genomes (RefSeq database) or other
representative genomes from the NCBI. The last circle indicates clusters of interest for cave and producer effects on the microbiome. Only new
species within the genera of interest (Brevibacterium, Corynebacterium, Lactobacillus, Tetragenococcus, and Yaniella) were marked with red color
on the “species” circle. B Principal coordinate analysis of the MAGs functional composition by level 3 of KEGG Orthology classification. Only
functional groups belonging to 09100 Metabolism were employed. Only MAGs of interest due to their importance related to the producer and/
or cave influence were employed. Lactobacillus includes all the newly established genera that formerly belonged to the genus Lactobacillus (e.g.,
Lacticaseibacillus, Lactiplantibacillus)
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were exclusively found for Producer2 and Lactococcus
raffinolactis and Lactococcus garvieae MAGs for Pro-
ducer3 (Fig. 4A). On the contrary, the phylogenetic tree
corresponding to the strain-level StrainPhlAn popula-
tion genomics analysis detected L. raffinolactis on both
Producer2 and Producer3, with two clear clusters (Fig.
S7). On the other hand, different closely related MAGs
from Corynebacterium casei, Staphylococcus equorum,
Brevibacterium sp., Tetragenococcus halophilus, T. kore-
ensis, and Yaniella sp. were obtained from both cheese
samples and cave environments. Moreover, in the case of
cheese MAGs from Brevibacterium, Tetragenococcus, and
Yaniella, they were only obtained from cheeses at Stage2
and Stage3 (Fig. 4A, Fig. S6, Fig. S7). Similar results were
observed in the strain-level StrainPhlAn population
genomics analyses, with the absence of these genera at
Stagel, while they were within the main ones found at
Stage2 and Stage3 (Fig. S7). Moreover, a clear influence of
the cave was observed at the species level of reads taxo-
nomic assignment, where cheese rinds from Producer2
had T. koreensis as the dominant species on ripened
cheeses from Cave3, while T. halophilus dominated for
Cavel and Cave2 (Fig. S8). It was also interesting to see
that two different clusters of S. equorum, with differenti-
ated functional potential, were detected colonizing food
processing environments within factories and cheeses at
Stagel and cave environments and cheeses at Stage2 and
Stage3, respectively (Fig. 4A, Fig. S9).

The comparison of the MAGs from T. koreensis and T.
halophilus with the available genomes from the NCBI
showed a clear separation of 1. koreensis genomes from
PDO Cabrales (current study) and Picén Bejes-Tresviso
cheese [12] from others from nondairy food isolates
(thick juice, soy sauce, fermented or salted seafood, fer-
mented vegetables), with similar observations for T. halo-
philus (Fig. S10).

The analysis of the functional potential of MAGs evi-
denced that Lactococcus, Lactobacillus, Staphylococcus,
and Tetragenococcus had a relatively similar functional
profile, which was characterized by the high abundance
of functions related to the metabolism of carbohydrates,
while Corynebacterium, Brevibacterium, and Yaniella
MAGs had a very different functional profile, character-
ized by the high abundance of different functions mainly
related to protein and fatty acids metabolism (Fig. 4B).

The cheese microbiome is rich in horizontal gene transfer
events

In order to identify among the main bacterial taxa clues
of microbiome acclimatization to cave and cheese micro-
environments, signs of horizontal gene transfer (HGT)
events were searched in the available MAGs. A total of
23,001 HGT events, containing 67,411 coding regions,
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were detected between 56 taxa above species level, with
Lactococcus, Tetragenococcus, and Staphylococcus being
the main genera involved (59.3, 52.0, and 23.3% of total
HGT events, respectively) and Lactococcus- Tetragenococ-
cus, Staphylococcus-Tetragenococcus, and Lactococcus-
Staphylococcus as the main HGT pairs (29.6, 10.9, and
9.4% of total HGT events, respectively) (Fig. 5A). HGT
events were identified from MAGs belonging to all sur-
faces sampled, but cheese core and rind samples at Stages
2 and 3 of ripening contributed the most (56.6% of HGT
events) (Fig. 5B).

Up to 35.3% of the HGT events were associated with
plasmid sequences, according to PlasFlow analysis,
while only 0.5% carried relaxase encoding genes, associ-
ated with plasmid mobilization. Moreover, 11.7, 8.1, and
0.9% harbored prophages, transposases, and integrases,
respectively. Although 55.5% of the coding regions could
not be assigned to ko codes of the KEGG Orthology (KO)
database, 10.6, 7.2, and 5.4% were assigned at level 2 to
the groups protein families: signaling and cellular pro-
cesses, carbohydrate metabolism, and protein families:
genetic information processing, respectively. At level 3 of
KO classification, prokaryotic defense system, galactose
metabolism, glycolysis/gluconeogenesis, purine metabo-
lism, and fructose and mannose metabolism were within
the dominant functions (Fig. 5C). Finally, 68 HGT-asso-
ciated contigs were longer than 20 kb, containing from 12
to 45 coding regions (CDS) (Fig. 5D), and clustered into
26 groups. Lactococcus-Tetragenococcus and Alkalibac-
terium-Tetragenococcus were the dominant pairs within
these longest HGT events, with 14 and 4 clusters, respec-
tively (Table S3). Half of the obtained HGT clusters con-
tained genes related to mobile genetic elements such as
plasmids, transposases, phages, and integrons; three clus-
ters harbored genes related to resistance to p-lactam anti-
biotics, and up to nine clusters contained genes related
to protein, carbohydrate, or lipid metabolism (Table S3).
Furthermore, a blastn search against the ResFinder data-
base, using only the HGT sequences, rendered only 10
positive hits (identity and coverage>80%), which were
associated to heat, p-lactams, and tetracycline resistance,
being L. lactis, T. koreensis, and Staphylococcus equorum
the main species found in these ARG-related HGT events
(Table S4).

Resistome evolution throughout the cheese-making

and ripening process

The total load of antimicrobial resistance genes (ARG)
(excluding genes related to resistance against /eat and
quaternary ammonium compounds) was higher on raw
materials and processing environments of the cheese
production plant than in the rest of samples (cheeses and
cave environments). Moreover, cheese rinds presented
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lower ARG loads than cheese core samples. Cheeses
from Producer2 had higher ARG loads than cheeses from
other producers at core level, while showed low ARG
loads in rind samples, except for cheeses from Cave3
(Fig. 6A). A PCoA analysis, performed at antibiotic fam-
ily level and not considering heat and quaternary ammo-
nium compounds resistance gene families, yielded two
main sample clusters with differentiated resistome pro-
file, the first one containing samples from raw materials,
plant processing environments, and cheese core samples
and the second cluster mainly with cheese rind samples
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at Stage2 and Stage3 and samples from cave environ-
ments (adonis: p-value=0.001, Fig. 6B). Furthermore,
the variable Producer had a stronger influence on ordi-
nation of samples according to ARG family composi-
tion than the variable Cave, as it can be observed when
comparing PCoA analyses performed with samples from
Cave2, originating from different producers (adonis
p-value=0.001), or with samples from Producer2, rip-
ened in different caves (adonis p-value=0.078) (Fig. S11).
The most abundant ARGs detected were those associated
with resistance to beta-lactams, aminoglycosides and
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tetracyclines in samples from food processing environ-
ments and raw materials, tetracyclines in cheese sam-
ples from Producer2, and beta-lactams in cheese samples
from Producer3 (Fig. 6C).

Assembly-based analyses allowed the identification of a
total of 317 ARG-carrying contigs, containing up to 350
different ARGs. Up to 222 of these ARGs are associated
with resistance to 6 antibiotic families, with aminoglyco-
sides, tetracyclines, and beta-lactams as the most abun-
dant (87, 49, and 42 ARG-carrying contigs, respectively).
ARG-carrying contigs were most frequently assigned to
Escherichia coli, Salmonella enterica, and Staphylococcus
epidermidis (42, 26, and 21 contigs, respectively), harbor-
ing ARGs mainly associated with resistance to aminogly-
cosides for E. coli and S. enterica, and to beta-lactams for
S. epidermidis (Fig. 7A). Remarkably, many ARG-carrying
contigs were classified as plasmidic and associated with
well-known pathogenic species, such as Acinetobacter,
Enterococcus faecium, E. coli, Klebsiella pneumoniae, and
S. enterica, mainly from the ESKAPEE group (Fig. 7A). It
is also worth noting the identification of ARGs associated
with resistance to aminoglycosides (aadA13) and folate
pathway antagonists (su/l) within integrons located on
contigs classified as plasmidic, mainly assigned to K.
pneumoniae and coming from curd samples and cheeses
at Stagel (before entering in the caves) (Fig. 7B).
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Discussion

Our study found that two different groups of microor-
ganisms prevailed in Cabrales PDO cheese. The first
group comprises various taxa (e.g., Lactococcus, the for-
mer Lactobacillus, Bifidobacterium, Penicillium, Geotri-
chum, and Debaryomyces) that show a high abundance in
the cheeses from the initial stages of production, prior to
the cheeses entering the ripening caves. These microor-
ganisms very likely originate from the raw materials, the
starter cultures used, and/or the dairy plant processing
environments. This group of microbes, with the excep-
tion of Debaryomyces, occurred at high abundances
in cheese cores over the whole ripening period, show-
ing in some cases intraspecific phylogenetic diversity
depending on the cheese producer. However, as ripen-
ing progressed within the cave, this group of microbes
was gradually displaced, especially on cheese rinds, by
the second group of microbes, which comprises several
taxa (e.g., Tetragenococcus, Corynebacterium, Brevibacte-
rium, Yaniella, S. equorum) not found (or present at very
low abundance) in milk, curd, or environments within
the processing plant and cheeses at the initial stages of
ripening. These microbes are very likely sourced within
the cave environments, as evidenced by SourceTracker
predictions and the close genomic relationships among
some MAGs from cheese and cave samples, such as some
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representatives of S. equorum, T. koreensis, T. halophilus,
and C. casei.

The role of some members of the Cabrales cheese
microbiome in the ripening process is evident based on
previous studies for this sort of cheeses. Indeed, Lacto-
coccus, Lactobacillus, Staphylococcus, Corynebacterium,
Brevibacterium, Penicillium, Geotrichum, or Debaryomy-
ces have all previously been detected at high abundance
in blue-veined rind washed cheeses, and in some cases
also in cheese processing environments [6, 7, 13], with
very clear contributions to cheese ripening. Moreover,
some of these taxa, such as Corynebacterium or Brevi-
bacterium, play a particularly important role in aroma
development during cheese ripening [6, 13, 14].

On the other hand, other taxa of the Cabrales cheese
microbiome have received much less attention in the
past or have been detected at high relative abundance in
cheese in our study for the first time. Specifically, this is
the case of one low abundant species of Yaniella and two
species from Tetragenococcus (1. koreensis and 1. halo-
philus), found in very high abundance in the latest stages
of Cabrales cheese ripening. Although the presence of
Yaniella in food-related environments has been recently
described [2, 15], its relevance during cheese ripening
remains unclear. Here, we describe a total of 22 Yaniella
sp. MAGs (8 of them from cave environments), closely
related to the recently discovered Candidatus Yaniella
excrementavium, for which further research is needed
to understand its contribution to the quality and safety
of Cabrales cheese. Tetragenococcus has been isolated
from Brie cheese [16], two Mexican cheeses [17], and,
very recently, from two Spanish traditional blue-veined
cheeses [12]. T. koreensis strains have been very recently
isolated from Cabrales cheese, while we are reporting the
occurrence of both T. koreensis and T. halophilus, with
different core-rind distribution, in the current study. The
two Tetragenococcus species here detected have a func-
tional profile similar to that of some traditional lactic acid
bacteria (e.g., Lactococcus, Lactobacillus) and possibly
displace them due to their better acclimatization to the
microenvironments associated with our study. Tetrageno-
coccus are halo-alkaliphilic bacteria, and the relatively
high salt content and progressive increase in pH along
ripening, especially at rind level (data not shown), can
provide ideal conditions to promote their growth [18].
Remarkably, the dominance of one of the two Tetrageno-
coccus species over the other depended on both the pro-
ducer and ripening cave, and when both Tetragenococcus
species co-occurred, T. halophilus, with a higher opti-
mum pH for growth of 6.1-7.0 [16], showed tropism for
the cheese rind and T. koreensis, with an optimum pH for
growth of 5.7-6.5 [16], for the cheese core. The identifi-
cation of these taxa in a very high relative abundance in
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cheeses from a very restricted geographical region sug-
gests that they may be used as microbiome markers for
PDO authentication purposes.

Moreover, the results provide evidence of high levels
of horizontal gene transfer among bacteria belonging to
different genera, suggesting that these events can mediate
strain adaptation to the cheese/cave microenvironments,
as has been previously proposed for cheese rind micro-
biomes [19]. A relatively high proportion of such HGT-
associated sequences harbored mobile genetic elements.
Likewise, high levels of phage and transposase-associated
genes have been previously found on MAGs obtained
from Swiss Gruyere cheese [20]. Remarkably, extensive
HGT was observed for Tetragenococcus with Lactococ-
cus and Staphylococcus, and many associated genes were
related to carbohydrate metabolism functions (e.g., galac-
tose metabolism, glycolysis/gluconeogenesis, and fruc-
tose and mannose metabolism). The high diversity of
lactose metabolism genes and operons previously found
in Tetragenococcus [12, 16] and the presence of mobiliza-
tion elements and sequences with high nucleotide iden-
tity to Streptococcus and Staphylococcus surrounding
those loci suggest the likely acquisition by Tetragenococ-
cus through HGT of these clusters from other species
from the dairy environment [16], considering also the
high frequency of HGT events in cheese microbiomes
[19].

Our study also evidences that raw milk and the asso-
ciated processing environments are a rich reservoir of
antimicrobial resistance determinants, mainly associ-
ated with resistance to aminoglycosides, tetracyclines,
and B-lactam antibiotics and harbored by aerobic gram-
negative bacteria of high relevance from a safety point
of view, such as E. coli, S. enterica, Acinetobacter, and K.
pneumoniae, in agreement with findings from previous
studies [21, 22]. Antimicrobial-resistant bacterial com-
munities of Cabrales cheese were previously assessed,
and E. coli, Enterococcus faecalis, and Staphylococcus sp.
were the taxa identified as those more frequently associ-
ated with tetracycline and erythromycin resistance [23].
Moreover, plasmids harboring determinants of resist-
ance to these antimicrobials have been also character-
ized [24]. Likewise, a high prevalence of class 1 integrons
and determinants of resistance to aminoglycosides, tet-
racyclines, and p-lactam antibiotics have been reported
in Brazilian white soft cheeses [25]. Remarkably, the
microbial successions taking place in our study during
cheese ripening, with the gradual reduction of Entero-
bactericeae counts and the displacement of most raw
milk-associated taxa by cave-associated taxa, gave rise to
a significant decrease in the load of ARGs and, therefore,
to a safer end product. Indeed, most taxa sourced within
the cave environments and dominating the cheese rind
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microbiome (e.g., Tetragenococcus, Corynebacterium,
Brevibacterium) were not identified as major carriers of
ARGs. For instance, while Rodriguez et al. isolated from
Cabrales cheese Tetragenococcus strains which showed
resistance to erythromycin and clindamycin, no resist-
ance determinants were assigned to this genus in our
study [12]. Remarkably, this beneficial effect of ripening
was more evident in cheeses ripened in Cave2, especially
in those from Producerl and Producer3, which shows
that the resistome is shaped both by the initial microbi-
ome composition of the manufactured cheeses and by
the microenvironments prevailing during ripening.

Conclusions

Overall, our study highlights that cave environments rep-
resent an important source of non-starter microorgan-
isms which very likely play a relevant role in the ripening
of artisanal blue-veined cheeses and impact their qual-
ity and safety and identifies among them various novel
taxa and taxa not previously regarded as being dominant
components of the cheese microbiome (7etragenococcus
spp.), providing very valuable information to the authen-
tication of this PDO artisanal cheese.

Materials and methods

Cheese production, sampling strategy, and sample
collection

Cabrales cheese is the most popular traditional blue-
veined cheese in Spain and has a protected designation
of origin (PDO) status since 1981. This cheese is pro-
duced in “Picos de Europa” (a region in northern Spain)
from raw cow, sheep, or goat milk or a mixture of two
or all three types of milk. Producers 1 and 3 from our
study employed cow milk, while Producer2 used a mix-
ture of cow-sheep-goat milk (88, 8, and 4%, respectively)
for cheese production. The traditional cheese-making
process of Cabrales cheese involves curdling mixtures
of evening and morning milk at 28-30 °C using rennet
exclusively of animal origin. During cheese making, raw
milk is inoculated with a lyophilized lactic acid bacteria
starter culture, comprising various strains of L. lactis,
and a liquid suspension of spores from a strain of Penicil-
lium roqueforti. Curds are cut to hazelnut grain size and
placed in cylindrical molds at room temperature, being
turned upside down several times in order to drain them
off without applying pressure. Then, dry salt is added
to the cheese surface, and cheeses are taken to a ripen-
ing chamber where they remain for around 15 days at
70-80% RH and 8-12 °C. Once the first stage of ripening
within the factory is finished, cheeses are placed in natu-
ral caves, which are characterized for being deep, with
a north-facing entry, and for having at least two open-
ings with flowing water in order to create an airstream.
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These conditions, complemented by the cave altitude
(160, 700, and 1000 m above sea level for Cavel, Cave2,
and Cave3 in our study, respectively), lead to very high
RH (98, 92-93, and 95% RH for Cavel, Cave2, and Cave3,
respectively), with temperatures ranging from 8 to 14 °C
(14, 12, and 8-9 °C for Cavel, Cave2, and Cave3, respec-
tively). Cheeses remain in the caves for 2 to 5 months,
and during this time, they are periodically turned upside
down and washed (with tap water in Cavel and with run-
ning water in Cave2 and Cave3) and brushed twice per
month in Cavel and Cave2 and once per month in Cave3.
As aresult, influenced by the cave environment, Cabrales
cheese develops its unique quality characteristics [11].

In each of the three cheese processing facilities, the fol-
lowing samples were taken for analysis: 200 mL of milk
and curd samples (three replicates) during the cheese-
making process, swab samples from the processing envi-
ronments entering in contact with the cheese (e.g., work
tables, cheese vat, cheese molds), swab samples from
non-food contact surfaces (e.g., drains, floors, walls), and
three cheeses (2.0 kg each) taken 30 days after cheese
making, just before leaving the factory to the ripening
cave/s.

In the natural caves, the following samples were taken:
swab environmental samples (food contact and non-food
contact surfaces, including drains if available) and three
cheeses (2.0 kg each cheese) for each of the producers at
both the intermediate (90 to 120 days of ripening) and
final (130 to 190 days of ripening) ripening stages.

Environmental samples were collected by swabbing
using sterile sponges pre-moistened with 10 mL of neu-
tralizing buffer, which were placed individually in sterile
bags (3 M, MN, USA).

Appropriate personal protective equipment and gloves
were used during all samplings to avoid cross-contamina-
tion. At each collection point, the samples were placed in
a cooling box containing ice packs and transported to the
laboratory within 2 to 3 h. A detailed description of the
samples taken is provided in Fig. S1.

Upon arrival at the lab, the cheese rinds were scraped
with a sterile knife until the cheese paste was visible
(0.7 cm). A different sterile knife was used to prepare
cheese core samples in order to avoid any possible cross
contamination from the rind.

Culture-based microbiological analyses

For microbiological analyses, 10 g of cheese (rind and
core, separately), milk, or curd was homogenized
with 90 mL of Buffered Peptone Water (BPW; Merck,
Germany) for 2 min in a Stomacher 400 lab blender
(Seward Medical, London, UK), while 10 mL of BPW
was directly added to the sterile bags containing swab
environmental samples. Serial decimal dilutions were
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then prepared in BPW and spread in triplicate on the
following media: (i) plate count agar (PCA; Pronadisa,
Spain) for mesophilic bacteria, incubated for 24+ 2 h at
37 °C; (i) De Man-Rogosa-Sharpe agar (MRS; Merck)
for lactic acid bacteria (LAB), incubated for 72+2 h at
30 °C; (iii) oxytetracycline-glucose-yeast extract agar
(OGYEA; Pronadisa) for yeasts and molds, incubated
for 5 days at 25 °C; and (iv) violet red bile glucose agar
(VRBGA; Pronadisa) for Enterobacteriaceae, incu-
bated for 24+2 h at 37 °C. The results were expressed
as means and standard deviations of log;, CFU (colony-
forming units) per gram from three independent
replicates.

Whole metagenome sequencing analyses

DNA extraction

Prior to DNA extraction, curd, cheese, and milk samples
were prepared by homogenizing 10 g or mL in 90 mL of
BPW and centrifuging at 6500 g for 8 min. Then, pellets
were washed with 50 mL of BPW, followed by a new cen-
trifugation at 6500 g for 8 min to harvest the associated
microbiota. For the environmental samples, pools of five
swabs from each sample category were mixed with 10 mL
of BPW. After thorough homogenization, the BPW solu-
tions were centrifuged at 6500 g for 8 min. Pellets from
all samples were kept at—80 °C until further use. Total
metagenomic DNA was extracted from the pellets by
using the DNeasy PowerSoil Pro Kit (QIAGEN GmbH,
Germany) following the manufacturer’s instructions, but
conducting a double elution step with 25 pL of 10-mM
Tris—HC], in order to improve DNA vyields.

Library construction and shotgun sequencing

Extracted DNA was employed to prepare 150-bp paired-
end sequencing libraries using the Illumina Nextera XT
Library Preparation Kit (Illumina Inc., San Diego, CA,
USA). Sequencing was performed on the Illumina Next-
Seq 500 platform using a NextSeq 500/550 High Output
Reagent kit v2 (300 cycles), in accordance with the standard
[llumina sequencing protocols.

Reads quality filtering and annotation

Quality filtering of raw reads was performed with
AfterQC v0.9.6 [26] using default parameters. Reads
matching to cow and sheep genomes were removed using
a combination of bowtie2 v2.3.4.1 [27], samtools v1.9
[28], and bedtools v2.29.0 (https://bedtools.readthedocs.
io/en/latest/#) according to a pipeline previously pub-
lished (http://www.metagenomics.wiki/tools/short-read/
remove-host-sequences). The taxonomic assignment of
filtered reads was done using Kraken2 v2.0.8-beta [29]
with the maxikraken2-1903_140GB database (https://
lomanlab.github.io/mockcommunity/mc_databases.
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html) for bacterial taxonomy, while a custom database
with kraken2-microbial database plus 20 reference fun-
gal genomes from species found often in cheese envi-
ronments (Table S5) was employed for fungal taxonomy
assignation, due to the absence of major fungal species
on the maxikraken2-1903_140GB database.

Reads assembly and MAGs binning

Each sample was independently subjected to de novo
metagenomic assembly through metaSPAdes v3.13 [30]
using default parameters. Filtered reads were mapped
against contigs higher than 1000 bp obtained from the
same sample using bowtie2 v2.3.4.1 [27] with the —very-
sensitive-local parameter. The jgi_summarize_bam_con-
tig depths script, from MetaBAT2 v2.12.1 [31], was used
to calculate contigs depth values, mandatory for per-sample
contig binning based on tetranucleotide frequency and
the contig abundance protocol, which was performed
using MetaBAT?2 and the option “-m 1500” [31].

The quality of MAGs was estimated using the lineage-
wf workflow of CheckM (v1.1.3) [32] and cmseq (https://
github.com/SegataLab/cmseq), to classify MAGs as high-
quality MAGs (>90% completeness,<5% contamina-
tion, <0.5% non-synonymous mutations), and medium
quality MAGs (>50 completeness,<5% contamination)
for further analysis.

MAGs analysis

MAGs were assigned to taxonomy groups using the CAT/
BAT pipeline v.5.1.2 [33] and CAT_prepare_20200618
database. Those MAGs assigned to the bacterial genera
Lactococcus, Lactobacillus, Tetragenococcus, Staphylo-
coccus, Corynebacterium, Brevibacterium, and Yaniella
were taxonomically assigned at species level using as ref-
erence the available genomes from these genera on the
NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/), which were
selected and downloaded using the download_genomes
pipeline  (https://github.com/JoseCoboDiaz/download_
genomes). The MAGs and NCBI genomes for each
selected genus were employed for the calculation of aver-
age nucleotide identity (ANI) values by using dRep v2.6.2
[34]. Taxonomic assignment at species level was done by
manual inspection of ANI phylogenetic trees obtained
by dRep software. Moreover, the Mdb.txt output file
obtained from all ANI calculations was transformed
into a distance matrix, which was employed for the
construction of a phylogenetic tree plot by ggtree
R-package, using the UPGMA clustering algorithm
(hclust method ="average").

The functional annotation of MAGs with complete-
ness higher than 90% was performed by using eggNOG-
mapper v2.1.5 [35] and the MMseqs algorithm [36].
The “KEGG_ko” column from the eggNOG-mapper
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output was employed to build the count matrix of KOs
per MAG, where the information of the three hierarchi-
cal levels of the KEGG database was added, and only
those KOs belonging to 09100 Metabolism were kept for
further analysis.

Additionally, all Tetragenococcus spp. genomes available
at the NCBI (on the 20th June 2022) were downloaded to
build phylogenetic trees, using the previously explained
pipeline by dRep and ggtree, in order to confirm that new
species (or at least not whole genome sequenced species)
were detected, and to compare T. koreensis and T. halo-
philus genomes with those obtained in the current study.

Strain-level analysis through an assembly-free approach

A strain-level population genomics analysis was under-
taken for species of special interest, according to the
analysis of MAGs, using the StrainPhlAn pipeline [37,
38]. Prior to StrainPhlAn analysis, metaphlan2 [39] was
run for each sample, using the paired option as input
and the bowtie2out command to obtain the alignment
files in.sam format. The sample2makers.py script was
employed to obtain the markers files for each sample, and
extract_markers.py was used to extract clade markers for
each species of interest, for further StrainPhlan analysis,
according to the software designers (https://github.com/
biobakery/biobakery/wiki/strainphlanl), and using as
reference the corresponding species reference genome
from the NCBI (Table S6). Phylogenetic trees were plot-
ted by ggtree R-package, using the UPGMA clustering
algorithm (hclust method ="average") and the RaxML _
bestTree output file from StrainPhlAn analysis.

Detection of horizontal gene transfer (HGT) events

A custom blast database was built with all MAGs
obtained. A blastn [40] analysis of the MAGs fasta files,
containing all MAG sequences correctly labeled on the
headers to discriminate to which MAGs each contig
belonged, was performed against the MAGs database
with a 99.9% identity cutoff. The blastn output was fil-
tered to remove hits where query and subject belonged to
the same genus and to remove duplicated hits. Hits with
alignment length shorter than 500 bp were also discarded
for further analysis. HGT sequences were extracted by
bedtools using the query sequences position from the
blastn output, and eggNOG-mapper v2.1.5 [35] was
employed, as previously described for MAGs, to func-
tionally characterize HGT sequences. Detection of CDS
related to integrons, transposases, or phages was done
by searching “integron,” “transposase,” and “phage” on
the eggNOG-mapper output file, while detection of plas-
mids was done by searching “relaxase” and by employing
PlasFlow (https://github.com/smaegol/PlasFlow) as a second
approach. The clustering of HGT sequences was done
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using VSEARCH [41] and 0.99 as identity cutoft. Chord
diagrams for HGT events were plotted using the circlize
R package.

Diversity and taxonomy plots and statistical analysis

Only those taxa belonging to the kingdoms Bacteria and
Fungi were used for further analyses, which were executed
in parallel.

The B-diversity was estimated by principal compo-
nent analysis using Bray—Curtis dissimilarity and the
vegdist function. Within-group dispersion was evalu-
ated through the betadisper function. Both functions
are located in the R package vegan (https://github.com/
vegandevs/vegan). The effects of cave, producer, and
sample type (which includes ripening stage and cheese
part for cheese samples and food contact vs nonfood
contact surfaces for environmental samples) on sample
dissimilarities were determined by permutational multi-
variate analysis of variance using distance matrices (PER-
MANOVA) with the adonis function in the R package
vegan (https://github.com/vegandevs/vegan). The com-
pare_means function in the R package ggpubr was used
to include statistically significant differences on box-
plot figures, which were plotted by using the R package
ggplot2 (https://github.com/tidyverse/ggplot2).

Comparisons between multiple groups of samples for
taxonomy were performed by using the Kruskal-Wallis
test and the post hoc Wilcoxon signed-rank test. p-val-
ues were adjusted through the Benjamini and Hochberg
method [42], and significance was established at p<0.05.
All analyses were carried out using R version 3.6.2
(https://cran.r-project.org/).

Source-tracking analysis

Genera relative abundance matrices were employed to
attribute the main sources of the cheese microbial pop-
ulations by using SourceTracker2 [43] with the —per_
sink_feature_assignments parameter. The source-to-sink
genera contribution dataset was reorganized by using
in-house scripts (https://github.com/JoseCoboDiaz/piech
arts_tax_st2) to plot a matrix of pie charts that indicates
the influence of each source to each sink (by the size of
the pie chart) and the percent influence of each genera in
each source-to-sink pair.

Resistome analysis

Reads were analyzed by bowtie2 v2.3.4.1 [27] align-
ment versus the ResFinder database [44], while contigs
were analyzed by blastn [40] versus the same database.
Blast output files were filtered to keep only those hits
with at least 80% of identity and gene coverage. Contigs
harboring ARGs were taxonomically classified using
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Kraken2 v2.0.8-beta [29] with the custom database
employed for taxonomic read analyses. Plasmidic con-
tigs were detected by Platon [45] and integrons by inte-
gron_finder2 [46]. ARG detection within integrons was
performed using the ARG-contig mobilome_analysis
pipeline (https://github.com/JoseCoboDiaz/ARG-contig
mobilome_analysis), and the plot was done by using
gggenes R-package (https://github.com/wilkox/gggenes)
and edited with InkScape software (https://inkscape.org/).
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CDS Coding regions
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