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Cheese fermentations involve the growth of complex microbial consortia, which often originate in the processing environ-
ment and drive the development of regional product qualities. However, the microbial milieus of cheesemaking facilities
are largely unexplored and the true nature of the fermentation-facility relationship remains nebulous. Thus, a high-
throughput sequencing approach was employed to investigate the microbial ecosystems of two artisanal cheesemaking
plants, with the goal of elucidating how the processing environment influences microbial community assemblages. Results
demonstrate that fermentation-associated microbes dominated most surfaces, primarily Debaryomyces and Lactococcus,
indicating that establishment of these organisms on processing surfaces may play an important role in microbial transfer,
beneficially directing the course of sequential fermentations. Environmental organisms detected in processing environ-
ments dominated the surface microbiota of washed-rind cheeses maturing in both facilities, demonstrating the importance
of the processing environment for populating cheese microbial communities, even in inoculated cheeses. Spatial diversifi-
cation within both facilities reflects the functional adaptations of microbial communities inhabiting different surfaces
and the existence of facility-specific “house” microbiota, which may play a role in shaping site-specific product
characteristics.

For millennia, food fermentations have coevolved with their
microbial agents, giving rise to products that were simultane-

ously safer and more stable, nutritious, delicious, and valuable
than their raw ingredients. Microbial activities are inherent to all
food fermentations, introduced by direct inoculation, raw mate-
rials (e.g., raw milk), and the processing environment, shaping
final product qualities in addition to causing spoilage (1). Thus,
food fermentations have always been a custodial process, inten-
tionally or unintentionally managing microbial communities in
the fermentation and the environment through direct and indi-
rect interventions, including environmental conditioning (tem-
perature, humidity, light), moisture control (brining and pressing
of cheese), and cleaning procedures. However, this has historically
been an “artisanal” process, developing management practices
through empirical trials, and these traditional methods emerged
long before knowledge of the microbial denizens of these fermen-
tations.

During cheese production, the product encounters many
equipment surfaces on its journey from milk to curd to cheese, all
acting as potential vectors for microbes. Additionally, the product
undergoes several changes in physiochemical composition, pro-
moting the growth of a succession of microorganisms (2), and by
extension a changing susceptibility to colonization by environ-
mental microbes. Hence, the processing environment may serve
as an important reservoir for bidirectional microbial transfer be-
tween fermentations, and microbial surveillance of this environ-
ment is critical to understanding the complete microbial ecosys-
tem of cheese production. In modern cheese production facilities,
biofilms of psychrotrophic bacteria (3, 4) and nonstarter lactic
acid bacteria (5–8) can form on equipment surfaces, acting as a
source of contamination in successive batches of cheese. Wooden
processing surfaces, including aging boards (9, 10) and milk vats
(11–13), are also rich sources of microbes that are important for
cheese acidification and ripening. In traditional cheesemaking fa-
cilities, adventitious microbes inhabiting such equipment surfaces

can represent a “house” microbiota important for the develop-
ment of specific cheese characteristics (14). However, all previous
studies of cheese processing environments focused on selected,
isolated equipment surfaces and all employed culture-based ap-
proaches (3–9, 13, 14) or low-throughput molecular tools (10–
12), which possess limitations for the study of food fermentations
(1, 15), including throughput and sensitivity. More comprehen-
sive facility monitoring is necessary to better establish the relation-
ship between processing environment microbiota and cheese fer-
mentations.

The advent of high-throughput sequencing (HTS) technology
has revolutionized the study of microbial ecosystems, including
food fermentations (1). HTS enables comprehensive microbial
surveys with detection sensitivities and throughputs orders of
magnitude greater than earlier molecular techniques through
massively parallel sequencing of short amplicons of universally
conserved DNA fragments, typically the 16S rRNA gene in bacte-
ria and the internal transcribed spacer (ITS) domain in fungi (1).
Comparisons to other methods and disadvantages of HTS have
been reviewed elsewhere (1, 15, 16). The advantages of HTS tools
are apparent in uncovering previously undetectable diversity in
cheese (17–22), wine (23), beer (24), and other fermented foods
(1). HTS also facilitates the investigation of microbial communi-
ties in indoor environments at a massive scale, including wineries
(25), hospitals (26–28), office spaces (29), public restrooms (30),
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and domestic kitchens (31). Thus, in addition to advancing our
knowledge of food fermentations, these tools hold great promise
for describing the microbial diversity of food processing facilities,
where microbes play critical roles in influencing both the chemo-
sensory qualities of food products and their healthfulness for hu-
man consumption.

To explore the microbial ecosystems of cheese processing en-
vironments, an HTS approach was used to monitor the bacterial
and fungal communities of surfaces and equipment across two
different cheese production plants. Results illustrate that spatial
diversification within each cheese plant reflects the functional ad-
aptations of microbial communities inhabiting different surfaces
and the existence of facility-specific “house” microbiota. Cheese-
associated microbiota, especially Debaryomyces and Lactococcus,
dominated most surfaces, indicating that establishment of these
organisms on processing surfaces may play an important role in
populating cheese microbial communities, beneficially directing
the course of sequential fermentation.

MATERIALS AND METHODS
Facility description. Samples were collected from two artisan cheesemak-
ing facilities located in the United States on a single sampling day (14
November 2012). The two facilities produce similar ranges of products,
consisting of fresh, bloomy-rind, and washed-rind (smear-ripened)
cheeses, but each facility produces a distinct product line. Both facilities
pasteurize their milk immediately prior to cheesemaking. Facility A is 6
years old and inoculates strains of Lactococcus lactis, Lactobacillus casei,
Lactobacillus paracasei, Lactobacillus delbrueckii, Lactobacillus helveticus,
Lactobacillus rhamnosus, Leuconostoc mesenteroides, and Streptococcus
thermophilus for curd acidification and Staphylococcus xylosus, Debaryo-
myces hansenii, Penicillium camemberti, and Geotrichum candidum for
surface ripening in different product lines. All cultures are added directly
to cheese milk before coagulation, with the exception of surface-ripening
cultures for washed-rind cheeses, which are applied directly to the cheeses
in a wash solution (see cheese sample description). Facility B is 16 years
old and inoculates only the lactic acid starters Lactococcus lactis, Lactoba-
cillus casei, Lactobacillus paracasei, and Leuconostoc mesenteroides for curd
acidification in different products. The only surface-ripening cultures
ever inoculated in this facility are P. camemberti and G. candidum in

washed-rind and bloomy-rind cheeses. All cultures are added directly to
the cheese milk before coagulation. The floor plans of the facilities and a
key to all of the surfaces sampled are presented in Fig. 1.

Cheese samples. In addition to facility surface swabs, samples were
collected from the surfaces of washed-rind cheeses produced in each fa-
cility on a single sampling day (18 March 2013). Cheese A (from facility A)
is produced by inoculation of Lactobacillus delbrueckii, Streptococcus ther-
mophilus, Lactobacillus rhamnosus, Lactobacillus helveticus, and Lactoba-
cillus paracasei directly into the cheese milk prior to coagulation. The
formed cheeses are washed twice weekly with brine containing Kluyvero-
myces marxianus, Debaryomyces hansenii, and Staphylococcus xylosus and
aged 75 to 90 days. Cheese B (from facility B) is produced by inoculation
of Lactococcus lactis, Leuconostoc mesenteroides, P. camemberti, and G. can-
didum directly into the cheese milk prior to coagulation. The formed
cheeses are washed with water and salt only (no inocula) three or four
times during aging. Four maturing cheeses from each facility, represent-
ing two separate production batches in each facility, were sampled. These
batches were all newly produced and immature at the time when facility
swabs were collected, so the surface microbiota detected on these cheeses
represents growth following exposure to the aging-room environments.
The surface layer samples of each cheese were removed and preserved by
swabbing as described below.

Sample collection and DNA extraction. Surfaces were sampled with
sterile cotton-tipped swabs (Puritan Medical, Guilford, ME). Swabs
were moistened with sterile phosphate-buffered saline and streaked
across a 4-in.2 (or equivalent) area of the target surface in two perpen-
dicular series of firm, overlapping S strokes with rotation of the swab
to ensure full contact of all parts of the swab tip and the surface. Swab
tips were snapped off into sterile 1.5-ml polyethylene tubes against the
inner edge of the tube without manual contact. Samples were placed
on ice and frozen immediately in a �20°C freezer for storage. The
cotton tip of each swab was aseptically removed from the shaft and
placed directly into the 96-well lysis plate provided in the ZR-96 Fecal
DNA extraction kit (Zymo Research, Irvine, CA). DNA was extracted
by using the standard protocol for the ZR-96 kit, with bead beating
with a Genogrinder high-throughput tissue homogenizer (SPEX Sam-
plePrep, Metuchen, NJ) and stored at �20°C until further processing.
A complete list of each sample collected is presented in Tables S1 and
S2 in the supplemental material as mapping files formatted for se-
quencing analysis directly in QIIME (32).

FIG 1 Floor plan key to equipment surfaces in both cheesemaking facilities.
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Sequencing library construction. Amplification and sequencing were
performed as described previously for bacterial (23) and fungal commu-
nities (33). Briefly, the V4 domain of bacterial 16S rRNA genes was am-
plified with primers F515 (5=-NNNNNNNNGTGTGCCAGCMGCCGC
GGTAA-3=) and R806 (5=-GGACTACHVGGGTWTCTAAT-3=) (34),
with the forward primer modified to contain a unique 8 nt barcode (ital-
icized poly-N section of primer above) and a 2-nucleotide (nt) linker
sequence (bold, underlined) at the 5= terminus. All of the F515 primer
barcodes used are presented in Table S1 in the supplemental material.
PCR mixtures contained 5 to 100 ng DNA template, 1� GoTaq Green
Master Mix (Promega), 1 mM MgCl2, and 2 pmol of each primer. The
reaction conditions consisted of an initial 94°C for 3 min, followed by 35
cycles of 94°C for 45 s, 50°C for 60 s, and 72°C for 90 s and a final extension
of 72°C for 10 min. Fungal ITS 1 loci were amplified with primers BITS
(5=-NNNNNNNNCTACCTGCGGARGGATCA-3=) and B58S3 (5=-GAG
ATCCRTTGYTRAAAGTT-3=) (33), with a unique 8-nt barcode and
linker sequence incorporated in each forward primer. All of the BITS
primer barcodes used are presented in Table S2 in the supplemental ma-
terial. PCR mixtures contained 5 to 100 ng DNA template, 1� GoTaq
Green Master Mix (Promega, Madison, WI), 1 mM MgCl2, and 2 pmol of
each primer. The reaction conditions consisted of an initial 95°C for 2
min, followed by 40 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for
60 s and a final extension of 72°C for 5 min. Amplicons were combined
into two separate pooled samples (keeping bacterial and fungal amplicons
separate) at roughly equal amplification intensity ratios, purified with the
QIAquick spin kit (Qiagen), and submitted to the UC Davis Genome
Center DNA Technologies Core for Illumina paired-end library prepara-
tion, cluster generation, and 250-bp paired-end sequencing on an Illu-
mina MiSeq instrument in two separate runs. Cheese surface swab sam-
ples received identical treatment, but fungal and bacterial amplicons from
these samples were sequenced in two additional, separate Illumina MiSeq
runs. The bacterial 16S rRNA sequencing runs yielded 2,399,507 reads
(post quality filtering, described below), with a mean read length of 240.0
(�17.3) nt. The fungal ITS sequencing runs yielded 2,828,508 reads (post
quality filtering), with a mean read length of 232.3 (�35.9) nt. Per-sample
sequence coverage is depicted via rarefaction curves in Fig S1 in the sup-
plemental material.

Data analysis. Raw fastq files were demultiplexed, quality filtered, and
analyzed with QIIME 1.6.0 (32). The 250-bp reads were truncated at any
site of more than three sequential bases receiving a Phred quality score of
�Q20 and any read containing ambiguous base calls or barcode/primer
errors were discarded, as were reads with �75% (of the total read length)
consecutive high-quality base calls (35). For ITS sequences, primer se-
quences were trimmed from the ends of each sequence and operational
taxonomic units (OTUs) were clustered de novo with the QIIME imple-
mentation of UCLUST (36), with a threshold of 97% pairwise identity.
Bacterial 16S rRNA gene sequences were clustered with the QIIME sub-
sampled reference OTU-picking pipeline with UCLUST-reference 36
against the Greengenes 16S rRNA database (February 2011 release) (37),
clustered at 97% pairwise identity. OTUs were classified taxonomically
with a QIIME-based wrapper of BLAST (38) against the Greengenes 16S
rRNA gene database (for 16S rRNA gene sequences) or the UNITE (39,
40) database (for ITS sequences) modified as described previously (33).
Any OTU comprising less than 0.0001% of the total sequences in each run
were removed prior to further analysis, calibrating against defined mock
communities included in both sequencing runs (35). Bacterial 16S rRNA
gene sequences were aligned with PyNAST (41) against a reference align-
ment of the Greengenes core set (37). From this alignment, chimeric
sequences were identified and removed with ChimeraSlayer (42) and a
phylogenic tree was generated from the filtered alignment with FastTree
(43). Sequences failing alignment or identified as chimeric were removed
prior to downstream analysis.

Jackknifed beta diversity estimates (between-sample diversity com-
parisons) were calculated within QIIME with unweighted and weighted
UniFrac (44) distance between samples for bacterial 16S rRNA gene reads

(evenly sampled at 400 reads per sample) and Canberra distance for fun-
gal ITS reads (evenly sampled at 400 reads per sample), subsampled 10
times without replacement. From these estimates, principal coordinates
were computed to compress dimensionality into two-dimensional prin-
cipal-coordinate analysis (PCoA) plots. In order to determine whether
sample classifications (sample time, equipment type, location) contained
differences in OTU diversity, permutational MANOVA (45) with 999
permutations was used to test the null hypothesis that sample groups were
not statistically significant based on evenly sampled UniFrac and Can-
berra distance matrices, with the QIIME-wrapped R module Adonis. For
all classifications rejecting this null hypothesis, one-way analysis of vari-
ance (ANOVA) was used to determine which taxa differed significantly
(with Bonferroni error correction) between sample groups.

Environmental surveillance heat maps were generated on the basis of
taxonomic abundance tables generated in QIIME and visualized with
SitePainter 1.1 (46).

Quantitative PCR. In order to quantify net microbial biomass on
cheesemaking facility surfaces, quantitative PCR (qPCR) was used to enu-
merate total fungi and bacteria. qPCR was performed in 20-�l reaction
mixtures containing 2 �l of DNA template, 5 pmol of each respective
primer, and 10 �l of TaKaRa SYBR 2� Perfect Real Time Master Mix
(TaKaRa Bio Inc.). For quantification of total fungi, the primers YEASTF
(5=-GAGTCGAGTTGTTTGGGAATGC-3=) and YEASTR (5=-TCTCTTT
CCAAAGTTCTTTTCATCTT-3=) were used (47). The reaction condi-
tions involved an initial step of 95°C for 10 min, followed by 40 cycles of
15 s at 95°C, 1 min at 60°C, and 30 s at 72°C. For amplification of total
bacteria, the primers Uni334F (5=-ACTCCTACGGGAGGCAGCAGT-3=)
and Uni514R (5=-ATTACCGCGGCTGCTGGC-3=) (48) were used. The
reaction conditions consisted of an initial hold at 95°C for 20 s, followed
by 40 cycles of 4 s at 95°C and 25 s at 65.5°C. All reactions were performed
in triplicate in optical-grade 96-well plates on an ABI Prism 7500 Fast
Real-Time PCR System (Applied Biosystems). The instrument automat-
ically calculated the cycle threshold (CT), efficiency (E), confidence inter-
vals, and cell concentration (fungi) or 16S rRNA gene copy number (bac-
teria) by comparing sample CT values to a standard curve of serially
diluted genomic DNA extracted from a known concentration of Saccha-
romyces cerevisiae or Escherichia coli cells. One-way ANOVA and pro-
tected least significant difference (PLSD) with Bonferroni correction were
calculated with R software to test significant differences between individ-
ual sample classifications. qPCR microbial biomass heat maps were gen-
erated with SitePainter 1.1 (46).

Data availability. Sequence data generated in this study are publicly
available on the QIIME database (www.microbio.me/qiime/) as studies
1884 (bacterial 16S rRNA sequencing run data) and 1919 (fungal ITS
sequencing run data).

RESULTS
Microbial landscape of artisan cheesemaking facilities. To bet-
ter elaborate the role that processing environments may play in
directing the microbial communities of cheese fermentations, an
HTS approach was used to explore the microbial ecosystems of
two artisan cheesemaking plants (Fig. 1). Both facilities produce
distinct product lines but produce the same styles of cheese, in-
cluding fresh, bloomy-rind, and washed-rind cheeses. Facility B is
older and does not employ any surface-ripening cultures in their
washed-rind production process (though P. camemberti and G.
candidum are inoculated into milk for washed-rind cheeses prior
to coagulation). Facility A is newer and utilizes several bacterial
and fungal cultures for surface ripening. In spite of this, both
facilities displayed the involvement of similar genera of fungi (Fig.
2) and bacteria (Fig. 3) in distinct processing areas of each facility.
Overall, both facilities were dominated by the yeast Debaryomyces
(most likely D. hansenii because of its involvement in dairy fer-
mentations and inoculation in facility A) and the fungus Penicil-
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lium commune (Fig. 2 and 4), whereas the bacterial communities
were dominated by Lactococcus (Fig. 3 and 4). Preprocessing areas
related to milk handling exhibited higher relative population den-
sities of the yeast Lachancea thermotolerans (Fig. 5) and the fila-
mentous fungi P. commune, Botrytis fuckeliana, and Aureobasi-
dium pullulans in both facilities (Fig. 2 and 4). These sites also
contained higher relative abundances of the bacterial taxa Coma-
monadaceae, Moraxellaceae, Aeromonas, Brevundimonas, and

Limnohabitans than did downstream processing sites (Fig. 3, 4,
and 6) but the lowest absolute quantities of bacteria and fungi of
any surface type (Fig. 7). Curd-making and brining surfaces pre-
dominantly comprised Lactococcus, Lactobacillus, and Debaryo-
myces (Fig. 2 to 4 and 7). In facility A, bloomy-rind maturation
room surfaces were populated by Lactococcus and Pseudoalteromo-
nas, in addition to higher relative levels of Pseudomonas and Psy-
chrobacter, whereas washed-rind maturation room surfaces in
both facilities contained higher populations of Brevibacterium,
Staphylococcus, Corynebacterium, Halomonas, and Halomon-
adaceae (Fig. 3 and 4). Debaryomyces dominated the fungal com-
munities of all maturation surfaces in both facilities (Fig. 2, 4, and
5). In both facilities, the mean bacterial and fungal loads were
significantly higher on brining and aging surfaces than on milk-
and curd-handling surfaces (Fig. 2, 3, and 7). Tables S3 and S4 in
the supplemental material contain comprehensive lists of the bac-
terial and fungal taxa detected in all of the samples.

In addition to facility surface swabs, samples from washed-rind
cheese surfaces at both facilities were collected and analyzed to
elucidate the link between indigenous, environmental microbiota
and the microbiota actually present on washed-rind cheese sur-
faces during maturation. The cheeses from each facility exhibited
markedly different bacterial communities, primarily composed of
noninoculated taxa (see Table S3 in the supplemental material),
closely reflecting the surface microbiota detected in the aging en-
vironments where they were matured (Fig. 8). Cheese A was dom-
inated by Brevibacterium, Psychrobacter, Brachybacterium, Co-
rynebacterium, and Staphylococcus (the only genus among these
that represents an inoculated culture in this facility). Cheese B was
dominated by Pseudoalteromonas, with minor populations of Psy-
chrobacter, Vibrio, and other members of the family Vibrionaceae,
none of which are inoculated in this facility. Surface fungal com-
munities on both cheeses were predominantly composed of De-
baryomyces with secondary populations of P. commune (see Table
S4). All of these cheese surface microbiota were also detected in
the aging-room environments.

Beta-diversity (between-sample community comparison) dis-
tance estimates are important ecological metrics for comparison
of the similarity of different samples on the basis of species diver-
sity. Abundance-weighted UniFrac PCoA of bacterial communi-
ties revealed that samples cluster by processing operation type in
both facilities (Fig. 4C), indicating that phylogenically similar bac-
terial communities inhabit surfaces encountering the same pro-
duction media (e.g., milk, curd, brine, cheese). Canberra distance
PCoA of fungal communities revealed the same clustering pattern,
albeit with looser clusters and lower explained variance (because
of the high abundance of Debaryomyces on most surfaces), indi-
cating that the fungal communities of these surfaces are also
shaped by processing stage (Fig. 4D). Thus, milk-handling and
curd-production surfaces cluster together away from brining and
maturation surfaces. The mixed-use production area surfaces in
facility B bridge the gap between these upstream- and down-
stream-processing surface clusters, as milk handling, curd pro-
duction, and brining all occur in the same room. Interestingly,
these clusters formed in a facility-independent fashion (i.e.,
each cluster category includes samples from each facility), re-
vealing that the process type shapes surface microbiota across
different cheese plants and independently of inoculation.
However, weighted UniFrac PCoA of aging-room bacterial
communities revealed facility-specific clusters, indicating the

FIG 2 Fungal landscape of the processing environment of two artisan cheese-
makers. Fungal HTS heat maps indicate relative genus abundances at each
sample site. Gradient keys are in units of fractional species abundance. The
qPCR heat map (outlined) indicates fungal biomass (as cells/cm2) across facil-
ity surfaces.
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presence of phylogenically distinct subpopulations creating
unique communities in each habitat (Fig. 8A). Further analysis
revealed that Pseuodoalteromonas, Vibrio, and other members
of the family Vibrionaceae were significantly more abundant in
facility B and cheese B than in facility A and cheese A, whereas
Brevibacterium was significantly more abundant in facility A
and cheese A, underlining the existence of facility-specific mi-
crocosms (Fig. 8B). The Vibrio and Vibrionaceae sequences
were most closely related to Vibrio casei, as determined by a

manual NCBI BLAST search (data not shown). V. casei is a
recently described species originally isolated from French
washed-rind cheeses (49).

DISCUSSION
Microbial diversification of functional habitats. Within each
cheesemaking facility, similar communities of microbes occupied
the same surface types, reflecting the selection for distinct com-
munities on the basis of the production stage. In general, milk-

FIG 3 Bacterial landscape of the processing environment of two artisan cheesemakers. Bacterial heat maps indicate relative genus abundances at each sample site.
Gradient keys are in units of fractional species abundance. The qPCR heat map (outlined) indicates bacterial biomass (as 16S rRNA copy number/cm2) across
facility surfaces.
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handling surfaces were populated by Gram-negative Proteobacte-
ria and filamentous fungi, which declined immediately following
curd production, giving way to Gram-positive Lactobacillales and
Actinomycetales. This trend continued postbrining, and the
Gram-negative bacteria detected on maturation surfaces were pri-
marily halotolerant Gammaproteobacteria (Pseudoalteromonas,
Halomonas, Vibrio casei). Fungal communities were dominated
by Debaryomyces sp. and P. commune throughout both facilities,
with other minor fungal populations. The two key stages at which
the largest shifts were observed were curd production and matu-
ration, highlighting that the most obvious selective forces in these
environments are milk acidification during curd production and
salt content postbrining. Using a culture-based approach,
Mounier et al. (14) detected a similar “house” microbiota in a
washed-rind cheesemaking plant, dominated by Debaryomyces

hansenii, Corynebacterium spp., and Staphylococcus saprophyticus,
suggesting that this same functional community may generalize
across facilities producing similar styles of cheese. Several of the
halotolerant Gammaproteobacteria detected on aging surfaces and
cheeses in this study have been isolated previously from European
washed-rind cheeses, including Pseudoalteromonas (50), Halomo-
nas (50–53), and Vibrio (49, 52), so likewise appear to be part of
the style-specific microbiome enriched by washed-rind process-
ing techniques and likely play a role in the maturation phenomena
of these cheeses. The coryneform Actinobacteria detected on ag-
ing-room and cheese surfaces, particularly in facility A, have like-
wise been isolated from washed-rind cheeses previously, includ-
ing Brevibacterium (50–52, 54), Corynebacterium (50–52, 54), and
Brachybacterium (50, 54, 55).

Interestingly, the same dominant taxa were detected on each
surface type in each facility independently of inoculation. In both
facilities, where Lactococcus is inoculated, this appears to be evi-
dence that inocula become established in the environment, facil-
itating transfer between fermentations, though whether these taxa
comprise the same inoculated strains was not confirmed. How-
ever, uninoculated microbial communities populated down-
stream processing surfaces in both facilities, suggesting that the
processing environment forms distinct functional niches, select-
ing for the species that best perform in that environment regard-
less of inoculation. These data corroborate the prior evidence of
other authors (52, 56), who found that the majority of the bacteria
and yeasts isolated from ripening washed-rind cheese surfaces
were strains different from those inoculated into the milk, sug-

FIG 5 Processing area type modulates yeast species relative abundance. Bon-
ferroni-corrected one-way ANOVA P values are shown. Milk, milk-handling
surfaces; Curd, curd processing; Mixed, mixed-use facility (facility B); Brine,
brining surfaces; Bloomy, bloomy-rind aging space; Wash, washed-rind aging
space (Fig. 1). Error bars represent standard deviations.

FIG 4 Processing area type modulates bacterial and fungal community structure. Mean relative abundance of bacteria (A) and fungal species (B) across surfaces
classified by equipment type. Jackknifed weighted UniFrac distance PCoA of bacterial communities (C) and jackknifed Canberra distance PCoA of fungal
communities (D) on surfaces classified by equipment type. P values indicate Bonferroni-corrected P values for permutational MANOVA significance between
surface types. Milk, milk-handling surfaces; Curd, curd processing; Mixed, mixed-use facility (facility B); Brine, brining surfaces; Bloomy, bloomy-rind aging
space; Wash, washed-rind aging space; Pack, packaging area surfaces (Fig. 1).
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gesting that facility-resident strains were overwhelmingly domi-
nant and that commercial strains did not establish themselves in
the processing environment in this system. Such establishment by
indigenous microbiota may help direct the sensory characteristics
of cheeses produced at that site and suggests that in some cases
inoculation may have only a limited influence on driving cheese
microbiota under a given set of conditions. Strain level dynamics
were not tested in the present study, but these data suggest that at
the genus and species levels these processing environments are
dominated by resident microbiota, and many of the primary in-
ocula could not be detected on equipment surfaces, including
Leuconostoc, P. camemberti, and Geotrichum candidum. Thus,
even in these relatively new facilities (e.g., compared to farmhouse
cheesemakers in Europe), house microbial communities become
established, most likely shaped by the production practices em-
ployed, providing continuous transfer to successive batches of
cheese. These communities appear to be established on these sur-
faces in spite of frequent cleaning and sanitation, and cleaning
practices are likely essential for maintaining this low-diversity en-
vironment, preventing the colonization of other species that are
potentially detrimental in this environment. However, P. com-
mune was detected in these production facilities and since it has an
ITS1 domain highly similar to that of P. camemberti, this taxo-
nomic assignment may represent a reference sequence misanno-
tation, incorrect BLAST classification, or possibly even a misiden-
tification of the inoculum.

Emergence of house microbiota. In addition to the core, style-
associated microbiota apparently enriched by processing methods
in both cheesemaking facilities, several bacterial taxa distin-
guished the aging-room surfaces and washed-rind cheese com-

munities. In facility A, cheese and aging-room surfaces displayed
similar bacterial community assemblages, dominated by Brevibac-
terium, Staphylococcus, Psychrobacter, and Corynebacterium. In fa-
cility B, Pseuodoalteromonas, Vibrio, and Vibrionaceae were simi-
larly abundant on aging-room and cheese surfaces, illustrating a
close relationship between environmental and cheese surface mi-
crobiota. Vibrio casei, the closest match for the Vibrionaceae se-
quences, was originally isolated from a French washed-rind cheese
surface (49), and its appearance here suggests a wider association
with cheeses of this type. These and other halotolerant Gamma-
proteobacteria (especially Pseudoalteromonas) dominated the
washed-rind maturation room surfaces in facility B in lieu of
Brevibacterium and Staphylococcus, both of which dominated
these surfaces and cheese surfaces in facility A. Thus, while a com-
mon process-driven microbiome is shared between the matura-
tion rooms, a location-specific house microbiota also appears to
be established, differentiating these two facilities and the cheeses
made there. In facility A, this is possibly partially driven by inoc-
ulation (species of Staphylococcus being inoculated onto cheeses in
this plant), but in facility B, this is entirely due to indigenous taxa
establishing themselves on these surfaces. This study did not ex-
plicitly explore whether these house microbiota populating aging-
room environments are actually responsible for sensory transfor-
mations in these cheeses, but these taxa dominate the surfaces of
the washed-rind cheeses maturing here, most likely impacting
chemosensory properties and contributing to the site-specific
characteristics of these cheeses.

Historically, all cheeses were produced—and very many con-
tinue to be produced—without direct inoculation of defined
starter cultures, and the microbial agents involved in these fer-
mentations were unquestionably enriched from environmental
sources. Together with the influence of regional practices, ingre-
dients, and technological innovations, the distinct microbial con-
sortia cultivated in geographically disparate processing environ-
ments would have given rise to the vast diversity of cheese varieties
appreciated today. Subtle variations in these style-driven commu-
nities then could develop site-specific “house” microbiomes, pos-
sibly explaining the added diversity of cheese characteristics ex-
pressed within a given style of cheese and the unique
idiosyncrasies observed in artisanal cheeses from different pro-
duction facilities. House microbiota have been implicated in the
production of many traditional cheeses (10, 57–63), and regional,
site-specific microbial patterns have been linked to the chemosen-
sory properties of water buffalo mozzarella (64) and Pecorino
Crotonese (65), suggesting that house microbiota may partially
drive the sensory characteristics of cheeses from different facilities.

FIG 7 Microbial biomass of processing surfaces increases during cheese fermen-
tation stage. Average fungal (A) and bacterial (B) biomass across surface types in
both cheesemaking facilities, determined by qPCR. One-way ANOVA P values
and Bonferroni-corrected PLSD are shown. Means with the same letter are not
significantly different. Brine, brining surfaces; Bloomy, bloomy-rind aging space;
Wash, washed-rind aging space (Fig. 1). Error bars represent standard deviations.

FIG 6 Processing area type modulates bacterial relative abundance. Bonferroni-corrected one-way ANOVA P values are shown. Milk, milk-handling surfaces;
Curd, curd processing; Mixed, mixed-use facility (facility B); Brine, brining surfaces; Bloomy, bloomy-rind aging space; Wash, washed-rind aging space (Fig. 1).
Error bars represent standard deviations.
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The establishment of such a consortium appears to happen fairly
quickly, as the older cheesemaking plant analyzed in this study
(facility B) is only 16 years old. Even in facilities incorporating
defined commercial inocula (such as the facilities in this study),
the production environment remains a pertinent source of mi-
crobes throughout the course of fermentation, most likely subtly
shaping product qualities. Given the importance of processing
environment microbiota in conducting aspects of cheese fermen-
tations, facility ecosystem surveillance may become a new ap-
proach for the study of fermentation microbiota in cheese and
other food fermentation systems. Following this model, fermen-
tations and their surrounding environments would be analyzed
together with the goal of describing microbial transactions within
the fermentation ecosystem. In addition, high-density facility
monitoring may become a valuable tool in food processing facil-
ities, where routine microbial surveillance can monitor popula-
tions at critical control points for improved process control and
sanitation management.
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