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Abstract

While industrial scale dairy fermentations often employ pasteurized milk as the substrate, many
farmhouse and traditional production practices apply raw milk derived from a variety of mammals.
Certain artisanal production systems rely on the autochthonous microbiota of the milk, fermentation
vessels, equipment and/or environment to initiate milk coagulation. While the technological
properties of lactic acid bacteria associated with dairy fermentations are well described, their
interactions with other organisms during fermentation and cheese ripening are poorly investigated.
This study presents an overview of the microbial ecology of raw and pasteurized milk used in the
production of cheeses. Furthermore, we report on the motility phenotype, lactose utilization ability
and metabolic products of isolates of Hafnia paralvei and Hafnia alvei, and determine that these strains
could grow in a non-antagonistic manner on plates with strains of Lactococcus lactis and Streptococcus
thermophilus. As artisanal and farmhouse production systems are often associated with protected or
regionally significant products, it is essential to develop a clear understanding of the microbial
communities within and the complex relationships between the community members.

Keywords: food fermentations; metagenomics; culture-dependent analysis; starter lactic acid
bacteria; non-starter lactic acid bacteria; Lactococcus; Streptococcus; Hafnia spp.

1. Introduction

The dairy sector is a major contributor to the Irish economy [1,2]. 94% of Irish dairy products are
exported, contributing over €6.5 billion annually in exports to over 140 international markets [3].
Ireland ranks as the third highest producer of cheese per capita globally (56.7 kg per person) with
almost 300,000 metric tonnes of cheese produced each year [4]. While Ireland is renowned for its
production of Cheddar-style cheeses using so-called “defined” bacterial starter cultures [5], there is
considerable growth in farmhouse cheese manufacture [6] which uses artisanal production processes
and undefined starter cultures [7]. Artisanal production systems often involve the use of raw,
unpasteurised bovine or ovine milk as substrates for fermentations. While these foods are considered
safe for human consumption, detailed knowledge of the microbiota of such products is limited.
Furthermore, while the majority of bacteria that contribute to these fermentations are likely to be
members of the heterogenous group of lactic acid bacteria (LAB) including Lactococcus, Streptococcus
and Lactobacillus spp., the microbiota of raw milk cheeses often contain enteric organisms including
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members of the Enterobacteriaceae and non-starter lactic acid bacteria, such as Enterococcus spp. [5].
These species may contribute to the flavour profile of the product, yet may simultaneously contribute
to the dissemination of antibiotic-resistance associated genes within the human gastrointestinal
microbiota, which is a major public health concern [8,9].

Certain LAB have long been applied deliberately in the production of fermented dairy foods
[10,11]. Furthermore, species such as S. thermophilus and L. lactis have been granted the generally
regarded safe (GRAS) status owing to their long and safe history of use in foods and, as such, are
commercially exploited in food production [12].

Sustainability in dairy production systems is beneficial for the continued success and further
growth of the agri-food sector. With growth in farmhouse cheese production sites and volumes in
Ireland, it is becoming increasingly important to define the microbial communities that underpin
such artisanal fermentations. The role of LAB in acidifying milk, ripening and flavour formation and
rapid completion of the fermentation is essential in raw milk-based fermentations since slow or
incomplete fermentations result in nutrients becoming available to non-LAB spoilage or pathogenic
organisms [12]. Strains of the Gram-negative bacterium Hafnia are commonly isolated from raw milk
and (particularly) soft cheeses [13-16]. However, while this bacterium has been reported as a
contributor to good quality cheese in the context of ripening and flavour development [11, 12], it may
also be associated with negative outcomes particularly if the overall abundance of Hafnia is high [13].

While several studies have evaluated the presence of specific bacterial species [5,12,17,18] and
while there are emerging reports of the metagenomic evaluation of fermented foods [19-22], there
are limited reports that provide a holistic understanding of the microbiota of artisanally-produced
cheeses and particularly those produced in an Irish context [6,17,23,24]. Therefore, the current study
aimed to define the microbiota of Irish farmhouse, artisanally-produced cheeses using culture-
dependent and independent approaches. Finally, we sought to explore the interactions between lactic
acid starter bacterial isolates and non-LAB Hafnia isolates from these cheeses.

2. Materials and Methods

2.1. Cheeses Evaluated in This Study

Twelve cheeses were analyzed in this study including Brie (n=2), Camembert (n=2) and Pecorino
(n=2) cheese samples as well as one Reblochon, Smoked Drumlin, Caciocavallo, Mozzarella, Saint
Felicien and Fleur du Maquis cheese samples. All twelve cheeses were sourced locally and produced
in Ireland in 2024. Six of the cheeses were produced using pasteurized milk and six cheeses were
produced from raw milk (Table 1).

Table 1. Details of the 12 cheeses selected for the study including their animal origin, texture and maturity

level.

Origin of . Time post-
Product Texture Milk state

animal milk production
Fleur du Maquis ~ Sheep Soft Pasteurized 3 - 6 weeks
Brie Cow Soft Raw milk 1 week- 3 months
Saint Felicien Cow Soft Pasteurized 9 days
Mozzarella Buffalo Semi-soft Pasteurized 0 days (fresh)
Caciocavallo Cow Hard Pasteurized 3 — 6 months
Camembert Cow Soft Raw milk 1 week-3 months
Pecorino Sheep Semi-hard & hard  Pasteurized 1 -6 months
Smoked Drumlin Cow Hard Raw milk 1 -3 weeks
Reblochon Cow Semi-soft Raw milk 1 -3 weeks
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2.2. Metagenomic DNA Extraction

The DNA of four of the above listed raw milk cheeses including a Brie, Camembert, Smoked
Drumlin and Reblochon sample was extracted as follows. 2 g samples from the core and rind/surface
of each cheese wheel were aseptically collected using a pre-sterilised knife for DNA extraction. Each
cheese samples was mixed with 25 ml of 2.2% sodium citrate (heated to 45°C; Sigma-Aldrich
Germany) and homogenized in a stomacher 400 (Lab-Blender) for 5 minutes at 230 rpm.

The homogenized samples were centrifuged at room temperature (18°C) 13,800 x g for 10
minutes after which the fat layers from the samples were removed. The supernatant from each
sample was discarded, and the cells/cheese debris resuspended and washed in 1 ml of 2% sodium
citrate (heated to 45°C; Sigma-Aldrich). The sample was then centrifuged at 10,800 x g for 5 minutes.
The washing step was repeated three times. The washed cells were resuspended in 1 ml of lysis buffer
(20 mM Tris HCI - pH 8, 2 mM EDTA- pH 8, 2% polyethylene glycol), 50 pg/ml lysozyme solution
and 100 U mutanolysin (Sigma-Aldrich; Fisher.CO.UK).

The solution was incubated at 37°C for 3 hours. After incubation, 250 pg/ml of Proteinase K was
added to the solution and incubated again at 56°C for 1 hour. After incubation, each solution was
precipitated using 1 ml 96% ice cold ethanol. Using GenElute™ Bacterial Genomic DNA kit (Sigma-
Aldrich, NA2120-1KT), washing and elution of DNA was carried out according to manufacturer’s
instructions, but applying 40 pl of elution buffer instead of 200 ul. A second elution was performed
for each sample. The extracted DNA was quantified using Qubit™ dsDNA HS assay kit (Invitrogen
by Thermo Fischer Scientific) and a Qubit® 2.0 Fluorometer.

2.3. Metagenome Sequencing & Analysis

Using the extracted DNA, partial 165 rRNA gene sequences were amplified. Primer pairs
Probio_Uni/Probio_Rev (CCTACGGGRSGCAGCAG/ATTACCGCGGCTGCT) were used, targeting the
V3 region of the 165 rRNA gene sequence [25]. Overhang sequences by Illumina adapter were added,
and library preparation was performed according to the 16S rRNA Metagenomic Sequencing Library
Preparation Protocol (Part #15044223 Rev. B — [llumina).

Amplicon quality was assessed by electrophoresis, and purification was performed using a
magnetic bead-based clean-up to remove primer dimers. DNA concentrations were quantified
fluorometrically and normalized to 4 nM prior to pooling. Sequencing was performed using the
[lumina NextSeq 2000 platform. Raw paired-end reads were processed with a custom QIIME2-based
pipeline [19,26]. Reads were filtered to retain sequences between 140 and 400 bp in length, with an
average quality score >20. Sequences containing homopolymers >7 bp or primer mismatches were
excluded. Amplicon Sequence Variants (ASVs) were inferred using DADAZ2 [27] with 100% sequence
homology. ASVs not observed at least twice in the same sample were removed. Taxonomic
classification was performed with QIIME2 [19,26] using the SILVA reference database [28].

Alpha diversity was calculated using Observed ASVs, Chaol, and Shannon indices; beta
diversity was assessed using weighted UniFrac distances and visualized via Principal Coordinates
Analysis (PCoA).

2.4. Culture-Based Analysis

Culture-based analysis of the four cheese samples for which metagenomic profiling was also
performed (Brie, Camembert, Reblochon, Smoked Drumlin) was undertaken by establishing the
viable plate counts of total bacteria on tryptic soy agar (TSA; Sigma-Aldrich, Germany); lactobacilli,
lactococci and Leuconostoc spp. on de Man-Rogosa-Sharpe agar (MRS — Oxoid Ltd, UK); thermophilic
coccoid lactic acid bacteria on S. thermophilus isolation agar (HiMedia Ltd, India). For the remaining
eight cheese samples, the culture-based analysis was confined to presumptive LAB counts on S.
thermophilus agar and M17 agar supplemented with 0.5% lactose [29]. (Sigma-Aldrich)

5 g of each cheese was aseptically transferred into a sterile stomacher bag using a sterile spatula.
45 ml of ¥4 Ringer’s solution (Merck, Germany) was added to the cheese and homogenized for one
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minute using a stomacher (Stomacher Circular 400; Seward, UK). Serial dilutions (10"eto 10™) of the
cheese homogenates were then prepared in % strength Ringer’s solution. 100 ul of each dilution
sample was spread plated on respective agar plates with different media per selection and incubated
overnight anaerobically or aerobically at 30 °C, 37 °C and 42 °C for the selection of bacterial isolates.

Viable counts were recorded after 24 hours except for counts of isolates on MRS agar plates
which were recorded after 48 hours incubation. Single representative colony isolates from each cheese
product were streaked on LM17 agar (or other media on which the organisms were originally
isolated) to purify the isolates prior to glycerol stock preparation (20% glycerol (Fisher.CO.UK) and
storage at -70 °C.

2.5. Species Identification of Bacterial Isolates Using 16S rRNA Gene Sequencing

Bacterial isolates were maintained using the same medium and incubation conditions used for
their isolation. Colonies of the isolates were used as template for 16S rRNA gene amplification. For
the Polymerase Chain Reaction (PCR), Lucfw (tgcctaatacatgcaagt) and LucRv (cttgttacgacttcaccc)
primers (which amplifies the entire gene), one tag polymerase master mix (BioLabs) and nuclease-
free water (Thermo Scientific) were mixed and amplified under conditions of 94 °C for 3 minutes,
followed by 30 cycles of 94 °C for 30 seconds, 50 °C for 30 seconds and 68 °C for 1 minute and 30
seconds and a final extension of 68 °C for 7 minutes. The amplicons were purified using GenElute
PCR Clean-up Kit (Sigma Aldrich) according to manufacturer’s instructions.

Gel electrophoresis was carried out on a 1% agarose gel diluted in Tris-Acetate-EDTA (TAE)
buffer with 2.5ul SYBR Safe DNA gel stain (RayBiotech) added [23]. The amplicons were visualized
using UV transillumination. PCR products were purified according to the PureLink® PCR
Purification Kit (Invitrogen by Life technologies) manufacture’s instructions. Sanger sequencing of
PCR products was performed by Genewiz Inc. (Germany). Results from the generated sequences
were analyzed using BLASTN analysis against available sequence data on National Centre for
Biotechnology Information (NCBI) database (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.7. Characterisation of Hafnia Isolates
2.7.1. Gas production Evaluation

Twelve 1 ml sterile durum tubes were each placed in sterile test tubes containing 10 ml LM17
broth. These were then inoculated with 100 pl of fresh overnight cultures of each of the isolated Hafnia
strains (strains were named CO1 to CO12) and incubated overnight at different temperatures of 4 °C,
room temperature (RT), 30 °C, 37 °C and 42 °C to establish if the strains produce gas. All tests were
performed in triplicate.

2.7.2. Organic Acid Production

Hafnia isolates were grown overnight in LM17 broth and the culture was then centrifuged at
1409 x g for 10 mins. The resulting supernatant was filter-sterilized twice using 0.22 um filters
(Sarstedt, Germany). 750 pl of each filtered supernatant was transferred in triplicate into pre-labeled
HPLC vials. 750 pl of uninoculated LM17 broth was used as a negative control for the assay. The
supernatants of three independent biological replicates of each strain were analyzed.

2.7.3. Growth Temperature Range Evaluation

Overnight cultures of Hafnia strains were prepared in both LM17 and LB broth and incubated at
4 °C, room temperature (RT ~20 °C), 30 °C, 37 °C and 42 °C. Fresh overnight cultures were diluted in
Ringer’s solution and plated on LM17 and LB agar for each of the following temperatures: 42 °C, 37
°C, 30 °C 4 °C and at Room Temperature (RT ~20 °C). Plates were incubated overnight at the above-
mentioned temperatures. Viable counts and colony morphologies were recorded after 24 hours
incubation. All assays were performed in triplicate.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0501.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2026 d0i:10.20944/preprints202601.0501.v1

5 of 18

Simultaneously, 100 ul of a fresh culture of the twelve Hafnia strains were inoculated into 10 ml
LM17 broth and incubated over a 24-hour period at 4 °C, RT, 30 °C, 37 °C and 42 °C. OD600 nm
readings at each temperature were recorded every two hours for the first 8 hours and then a final
reading was taken at 24 hours. All assays were performed in triplicate.

2.7.4. Salt Tolerance

LB broth was prepared with a final concentration of 3, 4 and 5% NaCl, respectively. Tubes
containing 10 ml of each of the salt-containing LB or LM17 broth were inoculated with 100 pul of fresh
overnight cultures of the twelve Hafnia isolates and were then incubated for 24 hours at 37 °C, after
which the optical density at 600 nm (OD600) was recorded. The salt tolerance tests were performed
in triplicate.

2.7.5. Microscopic Evaluation

The Gram staining technique using crystal violet, Gram’s iodine, alcohol and safranin was
performed to evaluate the morphology of the Hafnia cells to evaluate aggregation activity and any
differences imposed by growth in LM17 and LB growth media. A single colony from each strain
grown in LM17 or LB agar was picked with a loop and placed on a glass slide with a drop of water
prior to staining. Samples were imaged on a light microscope at 40X magnification (Figure S1).

2.7.6. Motility Assays

Motility assays for the Hafnia strains were performed using both LB and LM17 media. 15 ml of
1.2% technical agar was used as base agar for all motility assay plates. The agar base was overlaid
with 0.3% LB or LM17 soft agar, respectively. Using filter tips, 2 ul a fresh culture of each Hafnia
isolate (emanating from an overnight culture grown on the same medium) was carefully applied to
the center of the soft agar. The plates were then incubated upright at 37 °C, and the plates were
visually inspected, and phenotypes recorded at 24 and 48 hours.

Eiken agar motility assays were also performed to assess swarming and swimming phenotypes
for each of the twelve Hafnia isolates. A solution of 0.8% Eiken broth and 0.6% Eiken agar (Eiken
Chemical Ltd. E-MC35) with 0.5% glucose was prepared to which NaCl was added at a final
concentration of 3, 4 and 5% to establish the impact of the added salt/osmotic pressure on motility in
comparison to a negative control without added salt. Using sterile 1 ul loops, a single colony of each
freshly grown Hafnia strain was transferred from overnight LM17 agar plates. A single colony of each
strain was tapped in the center onto the top layer of the Eiken agar. The plates were incubated upright
on a flat tray without agitation at 37°C. The strains were visually inspected after 24 hours, and the
phenotypes were recorded (Gutiérrez-Barranquero, at el., 2019). All assays were performed as
independent biological triplicate assays.

2.7.7. Hafnia and LAB Interaction Assays

10 pl of fresh overnight cultures of either S. thermophilus CO-5t16 or L. lactis LL1 and H. paralvei
CO12 was spotted on two LM17 agar plates respectively. The LAB cultures were each spotted 0.5 cm
apart from the Hafnia cultures and incubated overnight for 24 hours. One agar plate spotted with L.
lactis, and H. paralvei was incubated aerobically at 30 °C for one day to enable the L. lactis strain to
grow optimally. S. thermophilus and the H. paralvei strains were incubated anaerobically at 42 °C to
accommodate CO-St16. Plates were removed and incubated at RT (~20 °C) for five days. Interactions
between the two LAB isolates and the Hafnia isolates were observed for growth, compatibility and/or
antagonism over a week period.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Results
3.1. Metagenomic and Culture-Based Analysis of Four Raw-Milk Derived Cheeses

To establish the total viable bacterial counts (on TSA) and the subpopulations of LAB (LM17 &
MRS agar) and coliforms (MacConkey agar), four raw milk cheese samples were evaluated by
cultivation at 30 °C and 37 °C. Total counts ranged between 10¢-107 cfu/ml (Table 2). Presumed LAB
counts were observed to constitute the majority of the total population with high counts (~10%-10°
cfu/ml) being observed for three of the four cheese samples (the exception being Smoked Drumlin
where there were no detectable coliforms). The numbers of culturable LAB were similar across all
four samples (~106-107 cfu/ml) (Table 2).

To establish the dominant culturable species across the four assessed cheeses, 16S rRNA gene
sequencing was performed for 17 presumptive LAB (Brie n=5; Smoked Drumlin n=4; Camembert n=4;
Reblochon n=4) and six isolates from the total counts on TSA (Brie n=2; Smoked Drumlin n=2;
Reblochon n=2).

Among the presumptive LAB isolates derived from counts on LM17 agar, only three isolates
were validated as LAB (one Enterococcus spp., one Leuconostoc (Lc)mesenteroides and one Lactococcus
(L.) lactis isolate), while the remaining five isolates were represented by H. alvei (n=2), H. paralvei (n=
1), Staphylococcus equorum (n= 2). With the exception of one isolate, the selected isolates from MRS
agar (n=9 total) were identified as LAB members, i.e. five L. lactis isolates (from Brie n=3, Camembert
n=1 and Reblochon n=1), one Lactiplantibacillus plantarum isolate (from Smoked Drumlin), one
Levilactobacillus brevis (from Camembert) and one Lc. mesenteroides (from Reblochon).

The sole non-LAB isolate was identified as Staphylococcus casei. Among the six isolates derived
from counts on TSA, H. alvei and H. paralvei were dominant (n=2 and n=3, respectively) while one
Enterobacter spp. isolate was also identified.

Table 2. Viable counts of the four raw-milk cheeses selected for metagenomic and culture-dependent analysis.

Medium TSA (cfu/ml) LM17 (cfu/ml) MRS (cfu/ml) MacConkey
(cfu/ml)
Temperature 30°C 37 °C 30°C 37°C 30°C 37°C 37°C
Cheese (cfu/ml) (cfu/ml) (cfu/ml) (cfu/ml)
Brie 2.2x107  2x107  2.32x107  2.07x107 1.45x10¢  6.5x10¢ 7.3x106
Camembert 2.3x106  3.9x106  59x10¢  4.9x106  6.1x106  5.8x10¢ 4x105
Smoked 54x106  4.4x106 2.95x107 1.53x107  4.5x106  2.8x10¢ 0
Drumlin
Reblochon 3.7x107  1.4x107 3.13x107 2.9x107  1.73x107  1.14x107 8.4x105

Based on 16S rRNA based metagenomic analysis, the microbiota of the analyzed Camembert
and Reblochon cheeses were dominated by Streptococcus salivarius and Lactobacillus delbrueckii, while
those of the Brie and Smoked Drumlin cheeses were dominated by L. lactis (Figure 1). The mesophilic
production system applied to Brie and Smoked Drumlin is consistent with the finding of mesophilic
lactococci and Leuconostoc spp. as major components of their microbiota. Similarly, since Reblochon
is typically produced using a mixture of mesophilic and thermophilic production steps, the high
abundance of S. salivarius (which may likely be represented by S. thermophilus) is consistent with the
production regime. Conversely, since Camembert is usually produced under mesophilic conditions,
the microbiota composition was noteworthy (Figure 1). Furthermore, Lb. plantarum and
Lacticaseibacillus casei were present in low abundance in all four cheeses and may comprise part of the
non-starter LAB microbiota. Notably, there appeared to be an abundance of Hafnia reads in the Brie
sample when compared to those representing the other cheeses, being consistent with the isolation
of Hafnia strains from this cheese sample (Figure 1 & Table S1).
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Figure 1. Microbiota composition representation at species level for the four raw milk cheeses (Brie,
Camembert, Reblochon, Smoked Drumlin) based on 16S rRNA metagenome sequencing outputs. Each species

is colour-coded according to the legend below the chart.

3.2. Thermophilic Culture-Based Analysis Increases Selection for Lactic Acid Bacteria

The culture-based analysis of the four raw milk cheeses described above revealed a diversity of
non-LAB isolates, particularly on LM17 agar at 30 °C. Therefore, to establish if higher temperatures
would yield a more selective LAB composition on media that is designed to enrich for LAB, we
analyzed the LAB culturable counts of eight additional raw milk and pasteurized milk cheeses on
LM17 agar at 42 °C. Thermophilic counts across all eight cheeses were approximately 10° cfu/ml
(Table S2). Subsequently, 22 representative colonies were picked and purified from the eight
additional cheese samples for speciation using 16S rRNA gene sequencing revealing a more selective
enrichment for LAB species including S. thermophilus, L. lactis, E. faecalis, E. faecium, Pediococcus
acidilactici, Lacticaseibacillus paracasei (19 of 22 isolates were identified as LAB; Figure 52). Interestingly,
three isolates were identified as H. alvei/paralvei from the second Brie and Camembert samples being
consistent with the cultivation-based analysis of the first four raw milk samples. The isolates derived
specifically from the pasteurized milk cheeses were all identified as LAB (Table 1 and Figure S3).

3.3. Hafnia Are Prevalent in Raw Milk Cheeses & Produce Gas from Lactose Metabolism

Hafnia strains were isolated exclusively from raw milk cheeses evaluated in this study i.e. Brie,
Camembert and Reblochon cheese samples i.e. Hafnia was absent in pasteurised milk-derived cheeses
evaluated in this study. In total, twelve H. alvei/paralvei strains were isolated and 16S rRNA gene
sequence analysis established that among these were ten H. paralvei strains (five of which were
isolated from the two Brie samples, three from the two Camembert sample and two from Reblochon
and named CO1 through to CO9 and CO12) and two H. alvei strains (both isolated from the Reblochon
sample and named CO10, CO11). The Hafnia isolates were evaluated for their growth capability in
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different media and were shown to reach higher optical densities in LM17 broth than in LB broth
after 24 hours incubation at 37 °C (Figure 4 and Figure 54).

The colony morphologies of all strains at 30 °C and 37 °C on LM17 agar were observed to be
large, glossy and creamy white in appearance (Figure S5). Hafnia strains produce gas in LM17 broth
(Figure S6) due to the metabolism of the available lactose, while in LB broth, gas production is not
observed. Furthermore, the ability to utilize lactose and subsequent conversion into organic acids
was evaluated using high-performance liquid chromatography (HPLC) (Figure 3) and phenotypic
evaluation on MacConkey agar (Figure S7). H. alvei strains CO10 and CO11 did not appear to
metabolize lactose on MacConkey agar (this being consistent with a lack of gas production in broth
assays), whereas the H. paralvei isolates produced pink colonies indicating that lactose utilization had

occurred (Figure S7).
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co1o- |m I P
» CO9— I — == Acetate
c
= - T I
© cos 1 Formate
+ CO7- b =
8 CO6— - I mes=  Lactate
S
% CO5- H s ] == Glucose
I COo4- JE
CO3— I . Laclose
CcO2- I
CO1 - =

Concentration (mmol/L)

Figure 3. The concentration of organic acids (mmol/L) produced by Hafnia spp. isolates grown in LM17 broth
(relative to a media control) revealed the production of lactic acid, acetic acid, formic acid as well as a low
concentration of propionic acid by all strains apart from CO11 in addition to ethanol. CO11 was not observed to

produce formate.

Ethanol was produced by all strains in addition to formate, acetate and lactate (Figure 3). Beyond
lactose utilization, it was unclear if the Hafnia isolates could grow in milk through the metabolism of
milk proteins, for example. Therefore, we evaluated the ability of the twelve Hafnia strains to grow
in milk and their acidification capacity. The initial pH of the milk was 6.5 while the pH of the milk
inoculated with Hafnia isolates dropped by at least one pH unit after 24 hours (Table 3). Two LAB
strains isolated in this study (S. thermophilus COSt11 and L. lactis L.L1) were used as positive controls
for the assay and were also shown to fully coagulate and acidify the milk within 24 hours of the assay
as expected.

Table 3. Hafnia acidification of milk after 24 hours.

Hafnia strain pH (24 hours)
Cco1 53+0.1
CcO2 52+0.23
CO3 54+0.17
CO4 54+0.12
CO5 5.3+0.20
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CO6 53+0.15
Ccorz 54+0.12
COos8 53+0.10
CO9 52+0.23
CO12 52+0.15
S. thermophilus pH (24 hours)
COSstl1 4+0
L. lactis PH (24 hours)
L.L1 3.8+0.12

3.4. Hafnia Strains Are Tolerant to a Wide Range of Growth Conditions

All Hafnia strains were capable of growth across the range of temperatures evaluated in this
study (4 - 42°C) in both LM17 and LB broth (Figure 4&S54). H. alvei strains, however, grew relatively
slower than the ten H. paralvei strains while they are also capable of growth in both LB and LM17
broth. Notably, the strains were observed to achieve higher optical densities in LM17 than in LB
broth, which may be reflective of the apparent exopolysaccharide production in LM17 broth. This
higher optical density in LM17 broth coincided with the presence of a thick pellicle on the surface of
the LM17 broth that was not observed in LB broth. It is noteworthy that the extent and timing of
observed pellicle formation is strain-dependent.

A CO1LMm17 B co1LB

- 4°C ’ - 4°C
20°C 20°C
2.0
30°C —A— 30°C
7o ¥ 37°
E 37°C E i5- 37°C
o 42°Cc g - 42°C
=3 =3
© ©o
a Q
o o
1 1 I 1 1 I 1 1 1 1 1 I 1 1 I 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
Time (hours) Time (hours)

Figure 4. Representative growth profile of H. paralvei CO1 at different temperatures (4, 20, 30, 37 and 42°C) in
both LM17 (A) and LB (B) broth. Notably, higher optical densities are achieved in LM17 broth than in LB broth,

which is observed for all evaluated Hafnia strains (Figure 54).
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Figure 5. Graph depicting the optical density after 24 hours incubation of the twelve H. paralvei and H. alvei
strains in LB broth supplemented with 3-5% salt. All strains were observed to tolerate all salt concentrations

although with reduced optical density with increasing salt concentrations.

3.5. Hafnia Strains Do Not Exhibit Antagonistic Interactions with Lactic Acid Bacteria

Hafnia strains are known to be motile. In the present study, the Hafnia isolates displayed different
extents of motility on LB and LM17 agar, respectively (Figure 6A&B). Greater motility was observed
on LM17 (Figure 6B) relative to LB (Figure 6A). Eiken agar motility assays were also conducted on
all 12 H. paralvei/alvei strains to define the type of motility. Three H. paralvei strains display swarming
motility type (Figure 6C), while seven H. paralvei and H. alvei strains display swimming motility type
(Figure 6D), and two H. paralvei strains display both swarming and swimming motility capabilities,
respectively.
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Figure 6. Representative images of three H. paralvei strains (CO1, CO2 , CO3) following incubation in motility
assays. Panels A and B (48 hours) display strain CO3 motility on LB (panel A) and LM17 (panel B) agar. Panels
C (swarming motility) and D (swimming motility) display the motility profiles of strain CO2 (panel C) and
strain CO1 (panel D) after 24 hours on Eiken agar. The type of motility displayed on eiken agar; swimming
(panel D) or swarming (panel C) is strain dependent irrespective of species.

The ability of the Hafnia isolates to grow on LM17 agar and their motility phenotype on this
medium prompted us to evaluate possible interaction (antagonistic or symbiotic) with lactic acid
bacteria derived from the raw milk cheeses. To explore this phenomenon, we co-inoculated (by spot
plating) the individual Hafnia isolates with two individual LAB isolates emanating from this study,
i.e. a S. thermophilus and a L. lactis isolate. Using H. paralvei CO12 as a representative, it was evident
that the LAB isolates did not antagonize the Hafnia isolate as the motile direction was such that the S.
thermophilus and L. lactis spot cultures were engulfed (Figure 7A-F). Therefore, it appears that there
is possible cooperation or at the least no obvious antagonism between the evaluated LAB and Hafnia
isolates.
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Figure 7. Representative images of motility assays of H. paralvei C012 in proximity to L. lactis and S. thermophilus
isolates grown on LM17 agar. Panels (A&B) show isolates of CO12 (H. paralvei — top isolates) and LL1 (L. lactis —
bottom isolate fig. A) and COSt11 (S. thermophilus — bottom fig. B) after 24 hours of incubation. Panels C&D show
the same isolates in the same order following 72 hours of incubation at room temperature with CO12 growing
towards the LAB isolates and panels E&F show figures of the isolates after six days of incubation at room

temperature and where the Hafnia isolates engulf the LAB isolates.

4. Discussion

The functional role of LAB and their contributions to dairy fermentations are well studied
[30,31]. In the context of raw milk-derived cheeses, the diversity and contributions of organisms
beyond the LAB are less well interrogated [11,20,21,32]. H. alvei has recently been linked to cheese
ripening and likely beneficial interaction with Debaromyces hansenii and Brevibacterium aurantiacum
with the three organisms described as a “ripening culture” in smear-ripened cheeses [33]. H. alvei and
B. aurantiacum were positively associated to the production of volatile sulfur compounds being
desirable for use in commercial cultures for aroma development in cheeses [33]. H. alvei was also
observed to vigorously stimulate growth of B. aurantiacum by eight to 10-fold within 28 days of cheese
manufacturing and was also shown to provide iron to B. aurantiacum (possibly by siderophore
production) [33]. However, further investigation is needed to validate the interaction of these two
species in cheese ripening. Conversely, strain H. alvei H4 (a wild-type species) has been associated
with spoilage of chilled aquatic foods [34,35]. It is mainly isolated from spoiled foods such as fish,
raw milk, chicken, ground beef with its spoilage properties being linked to quorum sensing (QS)
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through the production of N-(3-oxohexanoyl)homoserine lactone, N-butyryl-homoserine lactone and
N-hexanoyl-dl-homoserine lactone (types of acyl-homoserine lactone signaling molecules) that
stimulate biofilm formation [36]. Quorum sensing in H. alvei has also been linked to the regulation of
proteolytic pathways as well as the production of both acidic and alkaline metabolites in this species
[35], thus enabling it to better survive in stressful conditions [35]. In the current study, we present a
detailed analysis of the microbiota in raw and pasteurized milk cheeses (Table 1) using both culture-
dependent and independent approaches. We characterized Hafnia isolates and their seemingly non-
antagonistic relationship with LAB (L. lactis and S. thermophilus) and the precise nature and extent of
co-operation between strains of these organisms will be the subject of ongoing investigation (and is
therefore beyond the scope of this manuscript).

The microbiota of a handful of raw milk-derived cheeses has been analyzed using metagenomics
approaches including Pecorino, Caciocavallo and Mozzarella [11]. From these studies the dominant
identified species include S. thermophilus, L. lactis, Lb. plantarum and L. mesenteroides [20,37]. Culture-
dependent approaches have been applied in other studies to evaluate raw milk and pasteurized
cheese isolates, e.g. gouda, grana-like cheese, soft cheeses from bovine and ovine raw milk,
identifying LAB such as Lactococcus spp. and Leuconostoc spp. as the most dominant species [38—40].
Here, we have taken a combined approach to view the microbial complexity of four raw milk-derived
cheeses and established that in addition to the core LAB component, multiple other species were
present that may contribute to the organolepsis of the individual cheeses.

As the numbers of artisanal raw milk cheese producers appear to be increasing, in-depth
understanding of microbiota present in raw milk used to produce cheeses is needed. Only a small
number of studies have applied the combination of culture-dependent and independent approaches
to study these complex bacteria environments [41-43]. We propose that partnering metagenomics
with culture-dependent analysis in identifying species in raw milk is beneficial to define the true
complexity of these products and to understand how we may apply more deliberately strains of non-
LAB species for their functional properties in the future in precision fermentation approaches.

Hafnia spp. have been isolated from different environments including soil, food, human and
animal feces, and water [44]. They have been described as commensal organisms [45], while they
have also been reported to exhibit opportunistic pathogenic potential in some cases [46-51]. Several
studies [47,52-56] have identified infections in humans that have been associated with H. alvei,
including urinary tract infections (pyelonephritis); sinus tract infection in open fractures; hospital
acquired pneumonia; possible osteomyelitis; reactive arthritis; cholangitis; cholecystitis; appendicitis;
septicemia and three deaths reported as having been caused by H. alvei infections [47]. Patients were
mostly those receiving care in hospitals with underlying illnesses including diabetes, malignancy or
recently undergone surgery [52,55]. H. alvei species have also been associated with cheese spoilage at
ripening stages [14,34,57]. H. alvei species have been reported to have the ability to decarboxylate
lysine and ornithine in cheese [34], which is associated with the production of unpleasant odors and
undesirable flavors.

Two other studies have reported the isolation of Hafnia psychrotolerans from marine
environments and fish products where it is deemed a foodborne pathogen [58,59]. Conversely, H.
paralvei has not been well characterized in terms of its contribution to aroma, texture, ripening or
improving quality of cheese and other dairy products nor its impact on food deterioration/spoilage.
H. paralvei strains were shown to be the most frequently isolated bacteria in all cheese samples, with
a total of ten H. paralvei isolates compared to two H. alvei isolates in this study. Since H. paralvei species
have been less studied than H. alvei species, it is important to understand how they behave in food
matrices and most importantly how they interact with other microbes, especially LAB. Based on
evidence in the present study, H. paralvei strains have a broader temperature and salt tolerance than
H. alvei species. It would be beneficial to fully understand the mechanisms of each Hafnia species in
cheese productions.

If lactose has not been fully exploited by LAB in the initial fermentation, we propose that H.
paralvei may have the opportunity to “bloom” in the storage and ripening phases, although it should
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also be considered that they may produce gas that may be associated with product defects,
particularly in hard or semi-hard cheeses. Recently, H. alvei was identified as a dominant component
of the spoilage microbiota (72.1%) of a cheese derived from raw goat’s milk where early blowing was
observed [14]. Conversely, gas production (carbon dioxide) could have bio-preservative effects by
reducing the oxidation-reduction potential of the product that would impact the growth of aerobic
spoilage and pathogenic bacteria. Furthermore, H. paralvei isolates were observed to acidify milk
(Table 3), reducing the pH thereby contributing to the exclusion of spoilage/pathogenic organisms.
Future investigations will seek to understand the possible mutualism that exists between Hafnia and
LAB in the dairy niche and to define the specific role of Hafnia in cheese ripening and/or spoilage.
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microbiomes: a paradigm for interactions of lactic acid bacteria in food ecosystems Table S1: Culture-dependent

isolates of the four raw milk cheeses in comparison to culture-independent analysis.; Table S2: Viable counts on
LM17 agar from the eight additional cheeses for LAB species analysis.; Figure S1: Microscopic evaluation of
Hafnia cells, A-strain CO3 grown on LM17 agar, B-strain CO1 grown on LB agar.; Figure S2: Species identification
of the 22 isolates from eight cheeses based on 165 rRNA gene sequencing.; Figure 53: Comparison based on
culture-dependent and culture-independent analysis of the 12 analyzed cheeses.; Figure S4: Hafnia temperature
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