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Abstract

The distinct sensory properties of artisanal cheeses are defined by unique microbial communities
and the key compounds they produce during maturation. Traditional Bulgarian green cheese is produced
only in the village of Cherni Vit and was previously shown to contain a high abundance of Brevibacterium.
To better understand the functional role of this genus, we performed shotgun metagenomic sequencing
of a green cheese sample. We find that the dominant microorganisms are various species from the genus
Brevibacterium (51%), most notably B. aurantiacum (29%). Although it has a much lower abundance, the
actinobacterial genus Brachybacterium (2%) also makes a significant contribution to the community’s met-
abolic activity. Functional profiling suggests that Brevibacterium is a major producer of amino acids such as
Phe, Arg, and Lys, as well as cofactors and vitamins, including B5 and B6, and lipoic acid. We also found
the mold Aspergillus puulaauensis (3%) plays a key role in both lipid and amino acid metabolism within
the community, despite its low abundance. No pathogens were present, but genes and plasmids encoding
antibiotic resistance were detected at low concentrations. We found that green cheese consumption is safe,
and that the microorganisms within it have the potential to synthesize valuable secondary metabolites.
Keywords: shotgun metagenomic sequencing, artisanal cheese, functional profiling

Pesrome

OTAMYUTETHUTE CEH30pPHU CBOMCTBA HAa 3aHAATUMHCKUTE CUPEHA C€ ONPEAETSAT OT YHHUKAIHH
MHUKPOOHHM CHOOIIECTBA W KIIOYOBUTE CHEIUHEHHUS, KOMTO TE€ TNPOU3BEKAAT MO BpEME Ha 3PEEHETO.
TpaaumoHHOTO OBJITAPCKO 3€JEHO CHpPEHE Ce MPOM3BEkIa caMo B ceno YepHnu But m mpenu ToBa e
JI0Ka3aHo, Y€ ChABPKA BUCOKO KOIWYeCTBO Brevibacterium. 3a na pazbepem no-go6pe pyHKIMOHaIHATa
POJISt HA TO3M PO, M3BBPIIUXME METAar€HOMHO CEKBEHHpaHE Ha Mpo0a OT 3eJIeHO CHpeHe. YCTaHOBUXME,
4ye JOMUHUPALIUTE MUKPOOPraHU3MHU ca pPa3IMYHU BUIOBE OT pona Brevibacterium (51%), Haii-Beue
Brevibacterium aurantiacum (29%). Bpnpeku ue uMa MHOTO MO-HUCKO pa3lpoOCTpaHEeHUe, akTHHOOaKTe-
puanHusT pox Brachybacterium (2%) cbo JompUHACS 3HAYUTETHO 32 METa0OJMTHATA AKTUBHOCT HA Chb-
obmectBoTo. OyHKIMOHAIHOTO Npoduiiupane npeanonara, ye Brevibacterium € OCHOBEH MPOAYLIEHT Ha
amMuHOKucenuHu kato Phe, Arg u Lys, kakTo 1 kopakTopu U BUTAaMHMHH, BKIoUUTENHO BS 1 B6 u nunoesa
KHCEIIMHA. YCTaHOBUXME ChINO, Ue TuieceHTa Aspergillus puulaauensis (3%) urpae KirodoBa poiisi KaKTo B
JUNUIHNSA, TaKa U B aMUHOKHCEIIMHHUS METa00IU3bM B ChOOLIECTBOTO, BHIPEKH HUCKOTO CH pa3lpocTpa-
HeHue. He Osixa OTKpUTH NaTOreHH, HO 0Xa OTKPUTH FeHU U TUIA3MUIN, KOJAUPALIH aHTUOMOTHYHA Pe3HC-
TEHTHOCT, IPY HUCKU KOHLIEHTPAIIUH. YCTAaHOBUXME, Y€ KOHCYMAalMsATa Ha 3€JICHO CUpEHE ¢ Oe30macHa 1 e
MUKpPOOPTaHW3MUTE B HETO UMAT MOTEHIIMAJIA 1a CUHTE3UpaT IEHHU BTOPUYHU METa0O0IUTH.

Introduction

The diverse microbial communities responsi-  flavor, odor, texture, and color, which can represent
ble for cheese maturation (ripening) represent the  the signature characteristics of a particular type of
major factors that determine the attributes of the fi-  cheese. Therefore, to better understand the relation-

nal product, following the specifics of production  ship between microbial community composition and
(Beresford et al., 2001). These attributes include  the corresponding cheese characteristics, shotgun
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metagenomic sequencing is one possible approach.
This method not only identifies the present species
in the sample but also enables complex functional
analyses based on their genomic material.

Traditional Bulgarian green cheese, made
from raw ewe or goat milk and fermented spontane-
ously, is produced only in the village of Cherni Vit
(near the town of Tetevem, Bulgaria). It was recent-
ly subject to amplicon sequencing in a prior study
(Dimov et al., 2021). In the current study, we rely
on the more detailed approach of short-read shot-
gun metagenomic sequencing to further elucidate
the function and better catalogue the profile of the
microbial community within the cheese, as well as
to establish the presence of any antibiotic resistance
or virulence genes. Amplicon sequencing targets
a specific marker gene (most commonly the 16S
rRNA for bacteria) and uses the abundance of that
marker as a proxy for species abundance, which al-
lows for very fast and detailed microbial profiling;
however, the presence of a PCR amplification step,
which is required for isolating the marker gene,
introduces a level of uncertainty to the final abun-
dance estimates. An alternative approach is shotgun
metagenomic sequencing, in which the entire col-
lection of genomes in the sample (the metagenome)
is sequenced after random fragmentation, without
amplification. Shotgun sequencing also provides
additional information, as it covers the entire ge-
nome rather than a single marker gene. This addi-
tional information can be used to identify the pres-
ence of virulence and antibiotic resistance genes, as
well as to extract metagenome-assembled genomes
(MAGs) and to map out the metabolic pathways
present in the community, which, in the case of
cheese, are the pathways that ultimately contribute
to the product’s final attributes.

The process of production of traditional Bul-
garian green cheese was recently described in detail
in the previous amplicon-based analysis (Dimov ef
al., 2021). In brief, it is produced from unpasteur-
ized sheep’s milk and follows a process of brining
and ripening in wooden containers. The final rip-
ening step occurs at 16-20°C for 35-40 days, after
which the surface molds are brushed off, and the
cheese is conserved for up to 3 years. The previ-
ous study also elucidated the genus Brevibacterium
as one of the dominant bacteria within the cheese
core, but no species were reliably classified. To bet-
ter assess the functional role of this genus, we used
shotgun metagenomic sequencing of a cheese sam-
ple. We believe the unique production steps and rip-
ening environment set the stage for a specific com-
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bination of microorganisms that give the product
its sensory properties. These considerations, along
with the rarity of the food product and the desire
to ensure its consumption is safe, prompted us to
conduct the current analysis.

Materials and Methods

Sample collection, storage, and preparation

A batch of 12-month-ripened Bulgarian green
cheese, prepared from ewe’s milk, was collected di-
rectly from the dairy plant on the first days of June
2024. The cheese was transported to the laboratory
at 4°C, where a 250 mg sample was taken and ho-
mogenized using a microcentrifuge tube homoge-
nizer under sterile conditions. The sample includ-
ed both crust flakes and the interior cheese core.
Total DNA from the sample was isolated using the
Quick-DNA Fecal/Soil Microbe Miniprep Kit, cat.
# D6010 (Zymo Research, USA). DNA concen-
tration was determined by the Quantus fluorimeter
(Promega, USA). The obtained DNA was stored at
-20°C. Part of the DNA sample was shipped in dry
ice for commercial metagenomic sequencing (BGI,
China), and the raw sequencing data were down-
loaded for downstream processing and analyses.

Sample sequencing and quality control

Reads were sequenced using Illumina’s No-
vaSeq 6000 150 bp pair-end sequencing platform.
cutadapt (v.5.1) (Martin, 2011) was used to quali-
ty filter the reads using a minimum read length of
150 bp, a maximum error rate of 1, and assuring no
left-over adapters from sequencing. The reference
human genome (GRCh38 - hg38) was used to con-
struct a Kraken2 database, against which the reads
were aligned, and human reads were filtered from
the data.

Taxonomic profiling

For all software, default settings were used
unless specified otherwise. The taxonomy was as-
signed using Kraken2 (v. 2.1.6) (Wood et al., 2019)
against NCBI’s complete nt database (accessed
27.09.2025). The reference genomes of prevail-
ing species and subspecies (>0.1% of classified
read abundance) were used to create a KrakenUniq
(v.1.0.4) database (Breitwieser et al., 2018) to as-
sess the presence of false species positives using
the unique k-mer counting approach. At 73 million
reads, a threshold of 146,000 unique k-mers was
chosen to filter out species false positives, which
was based on the inflection point of the cumulative
plot of unique k-mers, effectively separating true
positives from spurious assignments. False species
and subspecies counts were redistributed to the



above taxonomic level, and reads were then redis-
tributed to the species level using Bracken (v.3.0.1)
(Luetal.,2017). To get the final species abundance,
read counts were normalized by the genome size of
the species reference genomes.

Functional profiling

For protein assignment, forward and reverse
reads were independently aligned against NC-
BI’s nr_clustered database (accessed 27.09.2025),
which contains representative protein sequences
grouped at a 90% similarity threshold. To acceler-
ate alignment, the database and reads were divided
into prokaryotic and eukaryotic categories and only
reads with assigned taxonomy were considered.
Diamond (v.2.1.13) (Buchfink et al., 2021) was
used for the alignment, and 61.59% of reads were
assigned an NCBI protein ID. Hits in the database
were then assigned a KEGG ortholog (KO) using
kofamscan (v. 1.3.0) (accessed on 25.03.2025),
which was able to assign a KO to 34.2% of remain-
ing proteins (Aramaki et al., 2020). The number of
hits per gene was normalized to gene length (kb) to
obtain reads per kilobase (RPK). KO counts were
pooled at the genus or species level, and module
counts were calculated for the genera using the
module definitions without the use of a one-off
strategy. Module counts were then further summed
based on KEGG’s BRITE hierarchy to the path-
ways to which they belong.

Metagenome assembled genome (MAG) assembly,
binning, and annotation

Metagenomic scaffolds were assembled from
the quality-filtered reads using metaSPAdes (v.
4.0.0) (Nurk et al., 2017). Scaffolds with a length
<1,500 bp were discarded. Assembled scaffolds
were assigned a taxonomy using Kraken2 and the
same NCBI nt database. Genomes were then binned
using TaxVAMB (v. 4.1.4) (Kutuzova et al., 2024)
which incorporates taxonomic data with sequence
characteristics for binning. Bin completeness and
contamination were assessed using CheckM?2
(v.1.0.2).

Bakta (v.1.11.0) (Schwengers et al.,2021)was
used to annotate bacterial scaffolds, while metae-
uk (7.bba0d80) (Levy Karin et al., 2020) was used
for the fungal ones. For annotating resistance and
virulence genes, we used NCBI’s tool AMRFinder-
Plus (v. 4.0.23) (accessed 25.03.2025) (Feldgarden
et al., 2021). PlasmidFinder (v.2.1.6) (Carattoli et
al., 2014) was used to annotate plasmid origins of
replication within the contigs, along with additional
origins assigned by bakta.
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Results

Sequencing and taxonomic profiling
A total of 73,074,454 forward and reverse
150-bp reads were sequenced on the Illumina plat-
form from the green cheese sample, with an av-
erage Phred score of 36. Reads were subjected to
quality filtering and removal of the human genome
before downstream analysis. Seventy-eight per-
cent of reads were classified to at least the domain
level. Twenty bacterial species were confidently
assigned using a minimal-unique k-mer approach,
along with three fungal species. Species abundance
is represented in Figure 1 with a threshold of >1%
relative abundance.
Species distribution
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Fig. 1. Microbial species in traditional Bulgarian green
cheese. Abundances are based on Kraken2 annotations
and corrected using KrakenUniq and Bracken, along with
organism genome size.

The dominant genera of bacteria are Bre-
vibacterium, followed by Lactobacillus, Strepto-
coccus, Lactococcus, and Brachybacterium. These
were further stratified into the dominant species
Brevibacterium aurantiacum and Brachybacteri-
um sp. P6-10-X1, Lactobacillus delbrueckii sub-
sp. bulgaricus, Lactiplantibacillus plantarum, and
Streptococcus thermophilus, among other lactic
acid bacteria. For the fungi, Aspergillus puulaau-
ensis accounted for 95% of fungal reads, while the
remaining reads were shared between A. versicolor
and 4. sydowii.



Before Bracken read re-distribution, B. au-
rantiacum reads represented 46% of the genus, fol-
lowed by B. sandarakinum, B. limosum, B. spon-
giae, B. BDJS002, and others, but all with <5% of
reads. Additionally, a third of reads in this genus
could not be identified to the species level. Nine-
ty-three percent of these genus-level reads success-
fully mapped back to the B. aurantiacum reference
genome, indicating that they represent sequences
shared among the Brevibacterium species and could
not be confidently assigned by Kraken?2.

A fourth of L. delbrueckii reads were identi-
fied as the subspecies bulgaricus, and 10% as the
subspecies lactis. Still, the latter did not meet the
unique k-mer threshold for being considered a valid
assignment. The only identified Brachybacterium
species that wasn’t a false positive was Brachybac-
terium sp. P6-10-X1 but represented only 20% of
Brachybacterium assignments.

In summary, the dominance of B. aurantia-
cum is consistent with its known role in smear-rip-
ened cheeses (Pham et al., 2017a). Brachybacteri-
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Pentose phosphate pathway

Galactose metabaolism

Starch and sucrose metabalism

Citrate cycle (TCA cycle)

Propanoate metabaolism

Glyoxylate and dicarboxylate metabolism
Ascorbate and aldarate metabolism

um has a significant role in carbohydrate and amino
acid metabolism during cheese ripening, which is
common for cheeses using raw milk (Quigley et al.,
2013; Niccum et al., 2020). Lactic acid bacteria are
present in significant quantities even during ripen-
ing. A. puulaauensis appears to be a major player in
lipid and amino acid metabolism in green cheese.

Functional profiling

Given that a significant number of reads
could not be assigned to a species, especially for the
dominant genus Brevibacterium, the genus level
was chosen to represent the community’s metabolic
profile, with only the dominant genera considered.
At the genus level, a total of 165 KEGG modules
were reconstructed across the chosen genera using
the module definitions without a gap fill strategy.
To better summarize the community’s function, the
modules were collapsed to their higher brite tax-
onomy in Figure 2, with a minimal pathway count
threshold of 25.

To further interrogate amino acid metabolism,
the separate modules of the amino acid metabolism
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Fig. 2. Metabolic pathway counts at two levels for the green cheese community. The horizontal axis represents pathway
counts, which are the sum of KEGG module definition counts within each pathway, based on the RPK of the present
KOs in the community. Only pathways with a count greater than 25 are shown for clarity.
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pathways are also shown in Figure 3. Brevibacteri-
um, Brachybacterium, and Aspergillus are the gen-
era that contributed most heavily to the metabolic
potential of the community, and have all previously
been implicated as playing a crucial role in cheese
ripening (Quigley et al., 2013; Pham et al., 2017a;
Decontardi et al., 2018; Anelli et al., 2019; Kan-
dasamy et al., 2020; Niccum et al., 2020)

Metagenome assembly and binning

MetaSPAdes was used for scaffold assembly,
and TaxVAMB was used to group the scaffolds into
bins by incorporating taxonomic data from Krak-
en2 and innate sequence features, with a minimum
scaffold length of 1.5 kb. The features of the re-
sulting scaffolds are summarized in the blob plot
of Figure 4. The scaffolds with the highest cover-
age belonged to a species of fungal virus from the
Genomoviridae family, which was excluded from
the figure for clarity.

At a 50% completeness threshold, as as-

Wmm Brachybacterium
B Brevibacterium

BN Lactobacillus
B Lactiplantibacillus

. Aspergillus
NN leuconostoc WM Lactococcus

signed by CheckM2, a total of 16 bins were recov-
ered (Table 1). All of them had contamination <3%,
except for the bin of B. aurantiacum, for which the
contamination was nearly 20%, indicating that the
assembly is most likely a hybrid from different spe-
cies of the genus, which again relates to the high
level of reads only assigned to the genus level for
that group.

Bacterial resistance annotation

Genes that relate to antimicrobial resistance,
the taxonomy of the scaffold they’re located with-
in, and the presence or absence of a point mutation
are summarized in Table 2. While several resistance
genes were identified, none of the potential path-
ogen species to which they belong were detected
within confidence thresholds.

Discussion

Role of actinomycetes in green cheese ripening
Brevibacterium species play a crucial role in

the ripening of surface-ripened cheeses, owing to
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Fig. 3. Module counts for the pathways of amino acid metabolism of the community. The horizontal axis shows module
counts based on the RPK of the present KOs in the community. Only modules with a count greater than 25 are shown for

clarity.
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Fig. 4. Blob plot of the assembled scaffolds. Blob plots represented by their taxonomic annotation, size, GC content and
coverage. Scaffolds below 0.01 coverage and length below 1.5 kb are not shown. Kraken2 was used to assign taxonomic

annotations to the scaffolds.

their ability to break down lipids and proteins and
produce volatile sulfur compounds, which are es-
sential for the cheese’s aroma profile. Additionally,
they provide a typically red-orange pigment to the
cheese surface (Pham et al., 2017a). The genus is
also implicated in utilizing histamine as a carbon
source (Anast ef al., 2019). The primary species of
Brevibacterium involved in cheese ripening, and
most often found on the cheese surface, are B. [in-
ens, B. aurantiacum, and B. antiquum (Gavrish et

Table 1. Bins formed by the grouping of scaffolds

al., 2004). The source of Brevibacterium in cheese
is often from the use of raw milk, which serves as
the inoculant for the starting culture of microorgan-
isms in the cheese (Quigley et al., 2013; Niccum et
al., 2020).

Similarly, our study identifies B. aurantiacum
as the dominant species, but distinguishing other
species in the genus is difficult. While taxonomic
annotation reads show a relatively even distribution
of a few reads between other species in the genus,

Bin Taxonomy Completeness ~ Contamination N50 L50
Brachybacterium sp. P6-10-X1 100 2.5 120479 8

Lb. plantarum 99.31 1.06 50434 20
Lc. lactis 100 0.88 133251 6

S. simulans 100 0.13 50608 14
L. brevis 100 0.36 52054 18
S. thermophilus 100 2.76 35987 15
L. mesenteroides 100 0.43 34786 15
Corynebacterium glyciniphilum 100 0.67 39133 26
Staphylococcus equorum 99.28 1.82 14552 52
Mammaliicoccus lentus 100 2.75 11713 65
L. falkenbergense 100 0.12 53532 10
Enterococcus faecium 100 2.88 11855 59
L. delbrueckii 100 0.63 52959 9

B. aurantiacum 99.83 19.28 14652 95
Brevibacterium limosum 100 2.52 24147 35
Brevibacterium spongiae 100 1.06 16330 43

Scaffolds were assigned to bins using TaxVAMB, and completeness and contamination were assessed using CheckM?2. All
scaffolds with completeness >50% are shown. Taxonomic annotation is based on Kraken?2.
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Table 2. AMRFinderPlus and Bakta results for resistance annotation

Scaffold taxonomy Pla§ mid o'rigin Gene Resistance Poin.t
in contig mutation
E. faecium - aph(3°)-Illa Amikacin/Kanamycin +
E. faecium rep eat(A)_T450I  Pleuromutilin -
E. faccium Com15 i mst(C) ?;;g;irr(l)mycin, Erythromycin, Streptogramin B, i
E. faecium Com15 - liaR_E75K Daptomycin +
E. faecium DO - aac(6)-1 Aminoglycoside -
L. formosensis - tet(S) Tetracycline -
M. lentus - sal(B) Lincosamide, Pleuromutilin, Streptogramin -
M. lentus - mph(C) Erythromycin, Spiramycin, Telithromycin -
S. aureus - blal Beta-lactam -
S. aureus - blaR1 Beta-lactam -
S. aureus pS194 str Streptomycin -
S. aureus pS0385p1  tet(K) Tetracycline -
S. equorum - mph(C) Erythromycin, Spiramycin, Telithromycin -

Only genes with an identity to the reference sequence of >90% are shown. PFinder and Bakta assessed the presence of plas-
mid origins of replication. Whether the resistance is the result of a point mutation or not is indicated by a ‘+’ or a ‘-’sign.

only the genomes of B. limosum and B.spongiae
could be binned with a completeness above 50%,
which makes them the most likely candidates for
other species present in the sample.

Since low-contamination and high-complete-
ness genomes could not be obtained for every prev-
alent species, quality-controlled reads were used
for functional annotation rather than assembled
scaffolds. To reduce ambiguity arising from Krak-
en2’s genus- and species-level read assignments,
functional profiling was also performed at the ge-
nus level.

In our study, Brevibacterium species seem
to be the main group capable of metabolizing the
present galactose. Galactose is produced in cheese
as a result of the activity of S. thermophilus, and
can thus remain in the ripening phase of cheese pro-
duction (Michel Martley, 2001). Additionally, fatty
acid degradation pathways were detected primarily
in this genus, suggesting that the remaining fats in
the milk are metabolized mainly by these organ-
isms.

Multiple pathways for the secondary metab-
olism of cofactors and vitamins were also assigned
to Brevibacterium. These include lipoic acid bio-
synthesis, pyridoxalphosphate (vitamin B6) bio-
synthesis, pantothenate biosynthesis (vitamin BS),
the thiamine salvage pathway, porphyrin (heme)
biosynthesis, and others. Lipoic acid is crucial for
anaerobic respiration in mammals, acting as an
antioxidant (Packer et al., 1995). It has also been
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proposed as a treatment for various human diseases
due to its ability to quench free radicals (Goraca
et al., 2011). Another beneficial secondary metabo-
lite with a high pathway count within the microbial
community is pyridoxal phosphate (vitamin B6),
which is indispensable for numerous biological
functions in the human body, since its deficiency
can lead to diabetes, neuropathy, immune disorders,
and other health complications (Stach ef al., 2021).
Pantothenate (Vitamin B5) was also detected and is
important for energy generation, hormone synthe-
sis, and other regular bodily functions (Sanvictores
Chauhan, 2024). While it is tempting to speculate
on the absolute presence of these secondary metab-
olites in the cheese, caution should be taken when
correlating the presence of a pathway with its end
metabolites, since the pathway’s actual activity
cannot be inferred from genomic data alone.

The functional profiling also showed signifi-
cant metabolic contributions by the genus Brachy-
bacterium, despite a lower overall abundance.
Brachybacterium is commonly found in cheese
rings, and its origins can be attributed to the use of
raw milk, in which different Brachybacterium spe-
cies are identified (Quigley et al., 2013; Niccum et
al., 2020). We speculate that the prevalence of this
genus in the cheese rind, rather than the core, par-
tially explains the lower abundance. We found that
this genus has a metabolic profile similar to that of
Brevibacterium during cheese ripening.

The unique roles Brachybacterium plays in



the community may be related to pathways for tau-
rine, histidine, and phenylalanine metabolism, as
well as its very high activity in the pentose phos-
phate pathway. PPP is an alternative pathway for
glycose that ultimately serves cell anabolism. Upon
closer inspection, the pathway for the oxidative
phase of the PPP is missing in the Brevibacteria
KOs. This observation suggests that glycolysis is
a significant source of NADH for the cell, which
would explain the disparity in carbohydrate metab-
olism between the two actinomycete genera. Our
study also showed that porphyrin (more specifical-
ly, heme) biosynthesis was detected in Brevibac-
terium at high levels, suggesting that the genus is
capable of efficient aerobic respiration.

We found that the Brevibacterium genus pos-
sesses a high number of pathways for amino acid
biosynthesis, which contribute significantly to
cheese flavor. This observation encompasses the bi-
osynthesis of Pro, Arg, Met, Cys, Thr, Ser, Lys, Ile,
and Val, as well as ornithine and ectoine. Interest-
ingly, no pathways for amino acid degradation were
detected in our study. Catabolism of amino acids
during ripening is very significant to the flavor pro-
file of cheese (McSweeney, 2004). It’s shown that
the potential for amino acid catabolism varies with-
in the genus Brevibacterium (Pham et al., 2017b).
It’s most likely that the pathways used by B. auran-
tiacum for amino acid degradation include the syn-
thesis of aromatic sulfur compounds, which may be
missing from the KEGG module definitions, and
are thus not accounted for in our study.

Despite the lower abundance of Brachybac-
terium, the genus still appears to play a significant
role in amino acid metabolism, primarily through
the synthesis of Pro, Arg, Cys, Thr, Ile, Ser, and
Gly, as well as ornithine, ectoine, and betaine. The
genus also produces Lys, which is lacking from the
amino acid repertoire of Brevibacterium. His deg-
radation pathway was also identified in this group.

Ectoine was produced in significant quanti-
ties by both Brevibacterium and Brachybacterium
and typically functions as an osmoprotectant for
bacterial cells (Hahn et al, 2017). This process
could be crucial for the survival of actinomycetes
in the highly saline cheese environment, since it is
not observed among lactic acid bacteria.

Another amino acid that was produced in
great quantity in this study by actinomycetes was
ornithine, which is found to be present in cheese
due to the activity of lactic acid bacteria; howev-
er, we demonstrate that other bacteria involved in
ripening also make a significant contribution (Di-
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ana et al., 2014). Positive health effects have been
shown for the consumption of ornithine (Kurata et
al., 2011). Ornithine can also be transformed into
putrescine and other polyamines by bacteria, which
could also impact the flavor profile of the cheese
(Li et al.,2025).

Role of LAB in green cheese ripening

Lactic acid bacteria in the sample were repre-
sented by L. delbrueckii, S. thermophilus, L. plan-
tarum, and Lactococcus lactis. The bacteria are
responsible for metabolizing lactose in milk into
lactic acid during the acidification step of cheese
production (McSweeney et al., 2017). This process
can continue into the cheese’s ripening phase. Tak-
en together, these species represent a significant
portion of the microbial community in our study,
accounting for 40% of the species abundance. Even
though the counts of lactic acid bacteria are high,
their contributions to the community’s metabolic
functions during the ripening stage appear low in
our study, with only Lactobacillus showing a high
number of pathways for cys and CoA biosynthesis.

Role of mold in green cheese ripening

One of the dominant microorganisms on the
cheese was the filamentous fungus A. puulaauen-
sis, accounting for 16% of classified reads and 3%
of the organism’s abundance. This mold is shown
to grow on a variety of milk and goat cheeses, in-
cluding Grana and some artisan Italian cheeses
(DeContardi et al., 2018; Anelli ef al., 2019; Kan-
dasamy et al., 2020). It’s also shown to produce the
mycotoxin sterigmatocystin; still, its concentration
on cheeses is low, and does not pose a health risk
(Finoli et al., 1999; Munoz-Tebar et al., 2021).

In this study, we found that fatty acid bio-
synthesis pathways in the cheese are almost en-
tirely from A. puulaauensis, which could shape
the cheese’s final flavor profile. Additionally, this
species plays a significant role in carbohydrate and
amino acid metabolism, particularly through pro-
line degradation pathways.

Interestingly, the dominant organism in this
study, by sheer abundance, was a virus from the
family Genomoviridae. This family contains virus-
es that infect fungi, and it is certainly plausible that
one of these viruses infects the Aspergillus species
identified in this sample.

While no typical pathways for amino acid
degradation were detected in bacteria, the filamen-
tous fungi 4. puulaauensis was shown to have path-
ways for the degradation of Pro, GABA, and Met,
as well as pathways for the synthesis of putrescin



from ornithine. Our findings suggest A. puulaau-
ensis can metabolize compounds produced by the
actinomycetes community, rather than directly par-
ticipating in the proteolysis of casein and other pep-
tides in the cheese.

Antibiotic resistance and virulence genes in green
cheese

Upon assembling the sequencing reads, sev-
eral scaffolds were identified as containing genes
encoding resistance to antibiotics, including kana-
mycin, tetracycline, and streptomycin. The resist-
ances to tetracycline and streptomycin, in particu-
lar, were found on the same contigs that contain S.
aureus plasmid origins of replication, strongly im-
plicating them as part of a plasmid. Reads identified
as S. equorum represented approximately 0.02% of
all reads, which is too few to consider the species
present in the sample. We speculate this represents
either environmental DNA, contamination during
handling, or the plasmid being carried by another
host. Similarly, E. faecium was found with only
0.02% of reads.

Antimicrobial resistance has been identified
in several species of lactic acid bacteria in cheese,
including some of the resistance genes identi-
fied in this study (Herreros et al., 2005; Belletti et
al., 2009). E. faecium resistance is also identified
in French cheeses (Jamet et al., 2012). While our
study reinforces the presence of antimicrobial re-
sistance genes in cheese products, their origins and
environmental impact fall outside the scope of this
work. We believe this trend is of public importance
and warrants further inquiry.

Comparison between taxonomic profile results
from shotgun sequencing and amplicon
sequencing

A previous study on traditional Bulgarian
green cheese employed amplicon metagenomic se-
quencing using several targeted regions of both the
16S and ITS marker genes (Dimov et al., 2021).
While Brevibacteria was present in most samples,
it was only dominant in one of them and could not
be classified to the species level using any 16S re-
gion. The current shotgun approach unequivocal-
ly identifies B. aurantiacum and, most likely, ad-
ditional species B. limosum, B. spongiae, and B.
sandarakinum. We speculate that the genetic dis-
tance between the species in this genus is small,
making the unambiguous assignment of the many
sequences shared among them difficult.

Discrepancies between the taxonomic pro-
files of the two studies might be attributed to sam-
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pling location on the cheese, the length of the mat-
uration period, and the particular 16S region chosen
for sequencing, since different regions are known
to differ in the outcome of taxonomic annotation
(Zhang et al., 2024).

One striking difference between the am-
plicon sequencing of the cheese and the previous
study is the dominant fungus, which was Debary-
omyces hansenii in most samples. Considering that
the fungi grow on the cheese rind, it is most likely
that multiple fungi inhabit the cheese surface, and
these differences are sample-dependent. This also
supports the idea that multiple sub-communities
of organisms could form distinct clusters within
the cheese and on the rind. An essential limitation
of the current study is the limited number of sam-
ples, which makes it difficult to draw firm conclu-
sions about the role of other microorganisms in the
cheese.

Conclusions

Our study found that several species of the
genus Brevibacterium are present in traditional
Bulgarian green cheese, along with other actino-
mycetes, LAB, and mold, all of which contribute
to the sensory properties of the food product. We
identified multiple pathways for the synthesis of
useful secondary metabolites, suggesting potential
benefits from consuming the cheese. However, it’s
important to note that the presence of these path-
ways does not guarantee the presence of their end
products; in this regard, our study provides a start-
ing point for potential biochemical quantification
of their products. We were also able to confidently
rule out the presence of any harmful microorgan-
isms within the cheese, yet found traces of plasmids
carrying microbial resistance genes, the source of
which remains speculative. We were also able to
provide a potential framework for the interactions
of microorganism groups within the cheese sample
and how those interactions shape the quality of the
end product during ripening. We believe this study
helps elucidate the microbial structure and the role
of the genus Brevibacterium on the surface of tradi-
tional Bulgarian green cheese.

Acknowledgements

This research is supported by the Bulgarian
Ministry of Education and Science under
the National Program “Young Scientists and
Posdoctoral Students — 2.

References
Anast, J. M., M. Dzieciol, D. L. Schultz, M. Wagner, E.
Mann, S. Schmitz-Esser (2019). Brevibacterium from



Austrian hard cheese harbor a putative histamine catab-
olism pathway and a plasmid for adaptation to the cheese
environment. Sci. Rep. 9: 6164. https://doi.org/10.1038/
$41598-019-42525-y.

Anelli, P., M. Haidukowski, F. Epifani, M. T. Cimmarusti,
A. Moretti, A. Logrieco, A. Susca (2019). Fungal myc-
obiota and mycotoxin risk for traditional artisan Italian
cave cheese. Food Microbiol. 78: 62-72. https://doi.
org/10.1016/j.fm.2018.09.014.

Aramaki, T., R. Blanc-Mathieu, H. Endo, K. Ohkubo, M.
Kanehisa, S. Goto, H. Ogata (2020). KofamKOALA:
KEGG Ortholog assignment based on profile HMM and
adaptive score threshold. Bioinformatics 36: 2251-2252.
https://doi.org/10.1093/bioinformatics/btz859.

Belletti, N., M. Gatti, B. Bottari, E. Neviani, G. Tabanelli, F.
Gardini (2009). Antibiotic resistance of Lactobacilli isolat-
ed from two Italian hard cheeses. J. Food Prot. 72: 2162—
2169. https://doi.org/10.4315/0362-028X-72.10.2162.

Beresford, T. P., N. A. Fitzsimons, N. L. Brennan, T. M. Co-
gan (2001). Recent advances in cheese microbiology. /nt.
Dairy J. 11: 259-274. https://doi.org/10.1016/S0958-
6946(01)00056-5

Breitwieser, F. P, D. N. Baker, S. L. Salzberg (2018). Krak-
enUniq: confident and fast metagenomics classification
using unique k-mer counts. Genome Biol. 19: 198. https://
doi.org/10.1186/s13059-018-1568-0.

Buchfink, B., K. Reuter, H.-G. Drost (2021). Sensitive protein
alignments at tree-of-life scale using DIAMOND. Nat.
Methods 18: 366-368. https://doi.org/10.1038/s41592-
021-01101-x.

Carattoli, A., E. Zankari, A. Garcia-Fernandez, M. Voldby
Larsen, O. Lund, L. Villa, F. Meller Aarestrup, H. Hasman
(2014). In silico detection and typing of plasmids using
PlasmidFinder and plasmid multilocus sequence typing.
Antimicrob. Agents Chemother. 58: 3895-3903. https://
doi.org/10.1128/aac.02412-14.

Curtin, A. C., P. L. H. McSweeney (2004). Catabolism of ami-
no acids in cheese during ripening. In: Fox, P. F., P. L.H.
McSweeney, T. M. Cogan, T. P. Guinee (Eds.), Cheese:
Chemistry, Physics and Microbiology, vol. 1. General
Aspects, pp. 435-454. https://doi.org/10.1016/S1874-
558X(04)80077-0.

Decontardi, S., C. Soares, N. Lima, P. Battilani (2018). Poly-
phasic identification of Penicillia and Aspergilli isolated
from Italian grana cheese. Food Microbiol. 73: 137-149.
https://doi.org/10.1016/j.fm.2018.01.012.

Diana, M., M. Rafecas, C. Arco, J. Quilez (2014). Free ami-
no acid profile of Spanish artisanal cheeses: Importance
of gamma-aminobutyric acid (GABA) and ornithine
content. J. Food Compos. Anal. 35: 94-100. https://doi.
org/10.1016/j.jfca.2014.06.007.

Dimov, S. G., A. Gyurova, L. Zagorchev, T. Dimitrov, D. Geor-
gieva-Miteva, S. Peykov (2021). NGS-based metagenom-
ic study of four traditional Bulgarian green cheeses from
Tcherni Vit. LWT 152: 112278. https://doi.org/10.1016/j.
1wt.2021.112278.

Feldgarden, M., V. Brover, N. Gonzalez-Escalona, J. G. Frye,
J. Haendiges, D. H. Haft, M. Hoffmann, J. B. Pettengill,
A. B. Prasad, G. E. Tillman, G. H. Tyson, W. Klimke
(2021). AMRFinderPlus and the Reference Gene Catalog
facilitate examination of the genomic links among antimi-
crobial resistance, stress response, and virulence. Sci. Rep.

74

11: 12728. https://doi.org/10.1038/s41598-021-91456-0.

Finoli, C., A. Vecchio, A. Galli, L. Franzetti (1999). Produc-
tion of cyclopiazonic acid by molds isolated from Taleg-
gio cheese. J. Food Prot. 62: 1198-1202. https://doi.
org/10.4315/0362-028X-62.10.1198.

Gavrish, E. Yu., V. 1. Krauzova, N. V. Potekhina, S. G. Karasev,
E. G. Plotnikova, O. V. Altyntseva, L. A. Korosteleva, L.
I. Evtushenko (2004). Three new species of Brevibacteria,
Brevibacterium antiquum sp. Nov., Brevibacterium auran-
tiacum sp. Nov., and Brevibacterium permense sp. Nov.
Microbiology 73: 176-183. https://doi.org/10.1023/B:M-
IC1.0000023986.52066.1¢.

Goraca, A., H. Huk-Kolega, A. Piechota, P. Kleniewska, E.
Ciejka, B. Skibska (2011). Lipoic acid — biological activ-
ity and therapeutic potential. Pharmacol. Rep. 63: 849—
858. https://doi.org/10.1016/S1734-1140(11)70600-4.

Hahn, M. B., S. Meyer, M.-A. Schréter, H.-J. Kunte, T. Solo-
mun, H. Sturm (2017). DNA protection by ectoine from
ionizing radiation: Molecular mechanisms. Phys. Chem.
Chem. Phys. 19: 25717-25722. https://doi.org/10.1039/
C7CP02860A.

Herreros, M. A., H. Sandoval, L. Gonzalez, J. M. Castro, J.
M. Fresno, M. E. Tornadijo (2005). Antimicrobial activ-
ity and antibiotic resistance of lactic acid bacteria isolat-
ed from Armada cheese (a Spanish goats’ milk cheese).
Food Microbiol. 22: 455-459. https://doi.org/10.1016/j.
fm.2004.11.007.

Jamet, E., E. Akary, M.-A. Poisson, J.-F. Chamba, X. Bertrand,
P. Serror (2012). Prevalence and characterization of anti-
biotic resistant Enterococcus faecalis in French cheeses.
Food Microbiol. 31: 191-198. https://doi.org/10.1016/j.
fm.2012.03.0009.

Kandasamy, S., W. S. Park, J. Yoo, J. Yun, H. B. Kang, K.-
H. Seol, M.-H. Oh, J. S. Ham (2020). Characterisation of
fungal contamination sources for use in quality manage-
ment of cheese production farms in Korea. Asian-Austral-
as. J. Anim. Sci. 33: 1002—-1011. https://doi.org/10.5713/
ajas.19.0553.

Kurata, K., M. Nagasawa, S. Tomonaga, M. Aoki, K. Morish-
ita, D. M. Denbow, M. Furuse (2011). Orally administered
l-ornithine elevates brain l-ornithine levels and has an
anxiolytic-like effect in mice. Nutr. Neurosci. 14: 243—
248. https://doi.org/10.1179/1476830511Y.0000000018.

Kutuzova, S., P. Piera, K. N. Nielsen, N. S. Olsen, L. Rib-
er, A. Gobbi, L. M. Forero-Junco, P. E. Dougherty, J. C.
Westergaard, S. Christensen, L. H. Hansen, M. Nielsen,
J. N. Nissen, S. Rasmussen (2024). Binning meets tax-
onomy: TaxVAMB improves metagenome binning using
bi-modal variational autoencoder. bioRxiv https://doi.
org/10.1101/2024.10.25.620172.

Levy Karin, E., M. Mirdita, J. S6ding (2020). MetaEuk—
Sensitive, high-throughput gene discovery, and annotation
for large-scale eukaryotic metagenomics. Microbiome 8:
48. https://doi.org/10.1186/s40168-020-00808-x.

Li, X., X. Xiao, S. Wang, B. Wu, Y. Zhou, P. Deng (n.d.).
Uncovering de novo polyamine biosynthesis in the gut mi-
crobiome and its alteration in inflammatory bowel disease.
Gut Microbes 17: 2464225, https://doi.org/10.1080/19490
976.2025.2464225.

Lu, J., F. P. Breitwieser, P. Thiclen, S. L. Salzberg (2017).
Bracken: estimating species abundance in metagenomics
data. PeerJ. Comput. Sci. 3: ¢104. https://doi.org/10.7717/



peerj-cs.104.

Martin, M. (2011). Cutadapt removes adapter sequences from
high-throughput sequencing reads. EMBnet J. 17: 10-12.
https://doi.org/10.14806/¢j.17.1.200.

Michel, V., F. G. Martley (2001). Streptococcus thermophi-
lus in cheddar cheese — production and fate of galac-
tose. J. Dairy Res. 68: 317-325. https://doi.org/10.1017/
S0022029901004812.

Muioz-Tebar, N., E. J. Gonzalez-Navarro, T. M. Loépez-
Diaz, J. A. Santos, G. O. de Elguea-Culebras, M. M.
Garcia-Martinez, A. Molina, M. Carmona, M. 1. Berruga
(2021). Biological activity of extracts from aromatic plants
as control agents against spoilage molds isolated from
sheep cheese. Foods 10: 1576. https://doi.org/10.3390/
foods10071576.

Niccum, B. A., E. K. Kastman, N. Kfoury, A. Robbat, B. E.
Wolfe (2020). Strain-level diversity impacts cheese rind
microbiome assembly and function. mSystems 5: 10.1128/
msystems.00149-20. https://doi.org/10.1128/msys-
tems.00149-20.

Novelli, G. D. (1953). Metabolic functions of pantothenic
acid. Physiol. Rev. 33: 525-543. https://doi.org/10.1152/
physrev.1953.33.4.525.

Nurk, S., D. Meleshko, A. Korobeynikov, P. A. Pevzner
(2017). MetaSPAdes: a new versatile metagenomic assem-
bler. Genome Res. 27: 824-834. https://doi.org/10.1101/
gr.213959.116.

Packer, L., E. H. Witt, H. J. Tritschler (1995). Alpha-lipo-

75

ic acid as a biological antioxidant. Free Radic. Biol.
Med. 19: 227-250. https://doi.org/10.1016/0891-
5849(95)00017-R.

Pham, N.-P,, S. Layec, E. Dugat-Bony, M. Vidal, F. Irlinger,
C. Monnet (2017). Comparative genomic analysis of Bre-
vibacterium strains: Insights into key genetic determinants
involved in adaptation to the cheese habitat. BMC Genom-
ics 18: 955. https://doi.org/10.1186/s12864-017-4322-1.

Quigley, L., O. O’Sullivan, C. Stanton, T. P. Beresford, R. P.
Ross, G. F. Fitzgerald, P. D. Cotter (2013). The complex
microbiota of raw milk. FEMS Microbiol. Rev. 37: 664—
698. https://doi.org/10.1111/1574-6976.12030.

Schwengers, O., L. Jelonek, M. A. Dieckmann, S. Beyvers, J.
Blom, A. Goesmann (2021). Bakta: Rapid and standard-
ized annotation of bacterial genomes via alignment-free
sequence identification. Microb. Genomics 7: 000685.
https://doi.org/10.1099/mgen.0.000685.

Stach, K., W. Stach, K. Augoff (2021). Vitamin B6 in health
and disease. Nutrients 13: 3229. https://doi.org/10.3390/
nul13093229.

Wood, D. E., J. Lu, B. Langmead (2019). Improved metagen-
omic analysis with Kraken 2. Genome Biol. 20: 257.
https://doi.org/10.1186/s13059-019-1891-0.

Zhang, H., X. Wang, A. Chen, S. Li, R. Tao, K. Chen, P.
Huang, L. Li, J. Huang, C. Li, S. Zhang (2024). Compar-
ison of the full-length sequence and sub-regions of 16S
rRNA gene for skin microbiome profiling. mSystems 9:
¢00399-24. https://doi.org/10.1128/msystems.00399-24.



