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Abstract
Background: Spoilage microbes remain a signi�cant economic burden for the dairy industry. Validated
approaches are needed to identify microbes present in low numbers in those foods and starting
ingredients prior to spoilage. Therefore, we applied a combination of propidium monoazide treatment
combined with 16S rRNA gene amplicon DNA sequencing for viable cell detection, qPCR for bacterial
enumeration, and laboratory culture, isolate identi�cation, and pilot-scale cheese production to identify
the causative bacterial agents of slit defects in industrially-produced Cheddar cheese. Because spoilage
cannot be predicted in advance, the bacterial composition in milk was measured immediately before and
after High Temperature Short Time (HTST) pasteurization over time and on multiple days and in resulting
cheese blocks.

Results: Milk was sampled over 10 h periods on ten days immediately before and after the �nal HTST
pasteurization step prior to the initiation of cheese fermentations. HTST reduced the alpha-diversity of
the viable, but not total, bacterial contents in milk and increased the proportions of thermoduric and
endospore-forming bacterial taxa. There was a signi�cant increase in viable bacterial cell numbers over
the 10-h run times of the pasteurizer, including 68-fold higher numbers of Thermus. Between 0.22% to
10.9% of the bacteria in cheese were non-starter contaminants comprised mainly of Lactobacillus and
Streptococcus, however, only Lactobacillus proportions increased during cheese aging. Lactobacillus, and
Lactobacillus fermentum in particular, was also enriched in slit-containing cheeses and in the pre-HTST
and post-HTST milk used to make them. Although some endospore-forming bacteria were associated
with slits and could be isolated from milk and cheese, none were consistently associated with slit
development. Pilot-scale cheeses developed slits when inoculated with L. fermentum, other
heterofermentative lactic acid bacteria isolates, or with uncultured bacterial consortia collected from the
pre-HTST or post-HTST milk, thus con�rming that low abundance taxa in milk can negatively affect
cheese quality. 

Conclusions: We identi�ed and veri�ed that certain low-abundance, bacterial taxa in milk are responsible
for causing slit defects in Cheddar cheese. The likelihood for microorganisms in milk to cause defects
could be predicted based on comparisons of the bacteria present in the pre- and post-HTST milk used for
cheesemaking.

Background
Unpasteurized milk contains a large diversity of bacteria originating from animal, human, and
environmental sources [1–3]. The abundance and proportions of those microbes change depending on
how milk is handled and from contact with storage, transport, and processing equipment [4–6].
Ultimately, the bacteria in milk, including those that survive pasteurization, impact the quality and safety
of the resulting dairy products [7–9].
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Cheese is a fermented dairy food that is vulnerable to variations in milk microbiota composition.
Although certain bacteria are necessary for cheese manufacture, cheese is also highly susceptible to
unwanted bacterial growth and enzymatic activity resulting in defects (e.g. discoloration, bitterness, open
texture) even when those microbes are not highly abundant [8–10]. In Cheddar cheese, slits are one of the
most common problems and are de�ned by open texture cracks. It is estimated that slit defects cause
180 million dollars in losses each year in the United States alone [11, 12]. Slit development is currently
unpredictable and occurs even when high-quality, low-microbial count milk is used. The presence of
cracks can lead to consumer rejection and additional labor, equipment maintenance, and packaging
costs when the cheese is sliced or shredded.

Prior studies examining the causes of Cheddar cheese slit defects have shown that slits are caused by
unwanted bacterial growth and are hypothesized to be the result of excessive gas production by several
Clostridium species and heterofermentative lactic acid bacteria (LAB) [13–16]. However, those studies
relied on culture-based, enrichment methods, which are now known to be insu�cient for identifying the
total bacterial contents of milk and other foods [17–20]. As a result, those methods also do not provide
comprehensive avenues to locate the spoilage microbes.

Culture-independent approaches, such as 16S rRNA gene amplicon DNA sequencing and metagenomics
methods, can enable more high-throughput and comprehensive assessments of complex microbial
communities. These methods have shown that the bacterial contents of bovine milk vary signi�cantly
depending on the season and regional climate when the milk is produced as well as during pasteurization
and ultra�ltration processing steps [4, 17, 21]. However, nucleic-acid based approaches tend to rely on
correlative analysis to infer associations between microbes, and subsequent hypothesis testing with taxa
present in complex microbial communities is frequently not possible. Therefore, combining laboratory
culture isolation and DNA sequencing methods are complementary measures to study milk and cheese
microbiota.

We applied culture-dependent and culture-independent methods to investigate the bacterial contents in
Cheddar cheese and the raw and pasteurized milk used to make it in order to identify and verify the
capacity of individual isolates and milk-associated bacterial consortia to cause slits. Because slit
development is currently unpredictable, we repeatedly sampled milk and cheese at a cheese
manufacturer by using extensive day-to-day sampling over a three-month period and for cheese blocks
during 120 days of aging. Assessments included both the use of propidium monoazide (PMA) prior to
16S rRNA gene sequencing in order to detect viable cells [17, 22] and the isolation and identi�cation of
thermoduric bacteria and LAB from the milk and cheese. Pilot-scale Cheddar cheese fermentations were
used to test the hypothesis that individual bacterial isolates and complete bacterial consortia from milk,
predicted to cause slit defects based on 16S rRNA gene sequencing, were indeed necessary and su�cient
to cause slits.

Methods
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Milk and cheese sample collection for microbiota assessments. Milk and cheese samples were collected
on ten days distributed over four months in 2015. Milk was obtained from raw milk storage silos, the inlet
to the continuous-�ow pasteurizer at the �nal High Temperature Short Time (HTST) step (pre-HTST), the
outlet from that pasteurizer (post-HTST), and from cheese blocks made with the post-HTST milk (Fig. 1).
Four storage silos were randomly sampled on 7/7/2015, 7/15/2015, 7/20/2015, 7/29/2015, 8/18/2015,
10/6/2015 and 10/15/2015 at 12:00 (noon), on 8/25/2015 at 14:00, and on 9/29/2015 and
10/19/2015 at 11:00. On those same dates, seven sets of pre-HTST and post-HTST milk samples were
collected after cleaning-in-place (CIP) protocols were completed for the HTST pasteurizer. The sets were
collected at approximately 0 h (collected at 8:00 and 20:00), 3 h (collected at 11:00 and 23:00), 6 h
(collected at 14:00 and 2:00), and 9 h (17:00) after pasteurizer CIP on all dates except for 7/29/2015. On
7/29/2015, milk was collected at only 8:00, 11:00, 14:00 and 17:00. Because the length of time needed
for milk to pass through the pasteurizer was known, the pre- and post-HTST samples were paired such
that the milk entering the pasteurizer was collected as it exited after HTST treatment. Raw milk from the
storage silos was not paired with the pre- and post-HTST samples. Cheese blocks included in the analysis
were made on those same dates between 15:00 and 16:00, corresponding to pre- and post-HTST milk
collected at 11:00. The cheese was sampled immediately after it was made (0 days) and after aging at
4 °C for 30, 90 and 120 days. Cheese produced on 7/15/15, 8/18/15, 9/29/15, and 10/6/15 developed
slits within 90 days of aging.

All samples were shipped to the Marco lab (UC Davis) overnight on ice and were immediately processed
upon arrival. We previously determined that transport in that manner did not signi�cantly affect bacterial
composition [4, 17]. Milk samples were processed as previously described [4]. For cheese samples, 30 g
segments were cut randomly from 500 g blocks using a sterile knife. The segments were then placed in
Whirl-Pak �lter bags (Nasco, GA, US) with 270 mL 2% w/v Na3C6H5O7 solution and homogenized using a
stomacher (Weber Scienti�c, NJ, US) at high speed for 10 min. Bacterial cells were separated from 25 mL
milk or the cheese-Na3C6H5O7 homogenate by centrifuging at 13,000 g for 5 min at 4 °C. The cell pellets
were washed with Phosphate Buffered Saline (PBS) pH 7.4 [4]. The cell pellets were then either directly
frozen at -20 °C or were �rst incubated with 50 µM propidium monoazide (PMA. Biotium, CA, US) as
previously described [17].

Genomic DNA extraction, PCR ampli�cation, and DNA sequencing. Genomic DNA was extracted from the
frozen cell pellets using the MagMAX Total Nucleic Acid Isolation Kit (Thermo Fisher Scienti�c, MA, US)
according to the manufacturer’s protocol with the repeat bead beating method at 6.5 m/s for 2⋅1 min with
1 min interval on ice. PCR was performed as previously described with ExTaq polymerase (TaKaRa, Otsu,
Japan) and the F515 (GTGCCAGCMGCCGCGGTAA) and R806 (GGACTACHVGGGTWTCTAAT) primers
targeting the 16S rRNA gene V4 region with 8-bp random barcoded sequences on the 5’ end of the
forward primer [17]. For each DNA extraction kit used (six boxes in total), sham DNA extractions (negative
controls) were performed in triplicate for the subsequent PCR ampli�cation and DNA sequencing steps.
Equal quantities of PCR products were pooled and then gel puri�ed with the Wizard SV Gel and PCR
Clean-Up System (Promega, WI, US).



Page 5/27

Pooled and puri�ed 16S rRNA gene V4 products were sequenced with the Ion Torrent PGM sequencer as
previously described in �ve separate runs [23]. Milk and cheese samples from different collection
locations, dates, and time points were randomly selected for each run to minimize batch effects.
Additionally, in each run, a PCR amplicon mock community [23] was included in triplicate in order to
examine for batch effects.

16S rRNA gene sequence analysis. Ion Torrent output BAM �les were converted to FASTQ �les using
BEDTools [24]. Reads shorter than 200 bases were discarded. Barcode sequences were extracted by
QIIME 1.9.1 [25] extract_barcodes.py script with no barcode error allowed and were subsequently
analyzed in QIIME 2 version 2018.4 [26]. Speci�cally, sequence �les were demultiplexed using the demux
plugin with emp-single option. Feature table construction and chimera removal were performed for each
run using the DADA2 method [27] and the denoise-single option with default settings except that the �rst
29 bases and low-quality bases after position 260 were truncated. Batch effects between the �ve
sequencing runs were determined to be not signi�cant according to the gPCA R package (data not
shown) [28]. Therefore, feature tables and sequences were merged together with the feature-table merge
and feature-table merge-seqs plugins, followed by de novo read alignment with MAFFT [29]. Unconserved
and gapped alignments were �ltered by the alignment mask plugin with default parameters. A
phylogenetic tree was created with FastTree [30] using the �ltered alignment method. For taxonomy
assignment, a custom classi�er was trained based on the truncated sequence reads (231 bases) against
the Greengenes database version 13.8 [31].

The merged feature table, feature sequences, rooted phylogenetic tree, and sample information were
imported to phyloseq 1.22.3 [32] in R 3.4.2 [33] and visualized with ggplot2 [34] and Superheat [35]
packages. Archaea (0.04% of total sequence reads), mitochondria (0.0003% of total sequence reads), and
chloroplast (0.4% of total sequence reads) ASVs as well as ASVs that were unidenti�ed at the phylum
level (0.65% of total sequence reads) were removed. ASVs comprising less than 0.005% of reads from all
samples were also removed. For alpha and beta diversity analysis, DNA sequences were rare�ed to a
depth of 4,000 reads per sample. Signi�cant differences in alpha diversity and sample clustering were
determined as previously described [23].

Bacterial enumeration and identi�cation with qPCR. Bacterial cell numbers in pre- and post-HTST milk
were estimated by qPCR using the UniF (GTGSTGCAYGGYYGTCGTCA) and UniR
(ACGTCRTCCMCNCCTTCCTC) primers and compared to a Lactobacillus casei BL23 DNA standard curve
as previously described [4]. Turicibacter spp. numbers were estimated by qPCR targeting the genus-
speci�c 16S rRNA gene region using TuriciF (CAGACGGGGACAACGATTGGA) and TuriciR
(TACGCATCGTCGCCTTGGTA) primers [36] and a standard curve as previously described [17].
Lactobacillus helveticus and Lactobacillus fermentum numbers were determined by qPCR with species-
speci�c primers (LbhelvF1: AGGTTCAAAGCATCCAATCAATATT, LbhelvR1:
TCGGGACCTTGCACTACTTTATAAC, LfermF: GCACCTGATTGATTTTGGTCG, and LfermR:
GTCCATTGTGGAAGATTCCC) [37, 38] and standard curves constructed using DNA isolated from known
quantities of L. helveticus NRRL B-4526 and L. fermentum NRRL B-1840 cells grown in MRS (Becton,
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Dickinson and Company, NJ, US). L. helveticus NRRL B-4526 and L. fermentum NRRL B-1840 genomic
DNA was extracted following the same protocol used for milk and cheese DNA extractions. Reactions
were performed with the SsoFast Evagreen Supermix with Low ROX (Bio-Rad Laboratories, CA, US),
400 nM primer mixtures, and 2 µL template DNA. qPCR was performed in duplicate and those with a
stdev > 0.15 were repeated to con�rm accuracy.

Chemical analysis of Cheddar cheese. Cheddar cheese was sampled after aging at 4 °C for 5 days and 90
days. pH and percentages (w/w) of salt, moisture, and fat were determined using previously established
methods [39]. Concentrations (w/w) of galactose, lactose, L-lactate, D-lactate, and citrate were quanti�ed
using enzymatic methods with the Gallery Plus discrete photometric system following the manufacturer’s
protocol (Thermo Scienti�c, CA, USA).

Bacterial isolation and identi�cation. Milk and cheese sampled on several dates in 2017 (4/26/2017,
7/6/2017, 10/25/2017) and 2018 (2/15/2018, 3/22/2018, and 5/23/2018) were used for bacterial
isolation. Cheeses from 7/6/2017, 10/25/2017, 2/15/2018 and 5/23/2018 developed slits after aging at
4 °C for 90 days, whereas those from 4/26/2017 and 3/22/2018 did not. The cheeses were sampled after
5 and 90 days of aging. Samples were collected by randomly cutting the cheese with a sterile knife and
collecting 30 g for homogenization in 270 mL 2% w/v Na3C6H5O7 as described above. To select for LAB,
serial dilutions of the milk were plated onto MRS agar and incubated for 48 h at 30 °C under anaerobic
conditions in a GasPak jar (Becton, Dickinson and Company, NJ, US). To select for endospore-forming
and other thermoduric bacteria, milk and the cheese-Na3C6H5O7 homogenate samples were exposed to
80 °C for 20 min before plating serial dilutions on Brain Heart Infusion (BHI) agar (Thermo Scienti�c, MA,
US) and incubating for 48 h at 30 °C. These conditions were set because they were su�cient to inactivate
the high numbers of L. lactis cells (109 cells/mL) found in Cheddar cheese (data not shown). Bacterial
colonies with distinct morphologies were streaked for isolation twice on MRS or BHI agar before
preservation at -80 °C.

To identify the bacterial isolates, single colonies were transferred to sterile water and lysed in a
microwave at the highest setting for 3 min. PCR ampli�cation was performed with ExTaq DNA
polymerase and primers 27F (AGAGTTTGATCCTGGCTCAG) and 1492R (GGTTACCTTGTTACGACTT)
[40]. Amplicons were puri�ed on a Wizard SV Gel and PCR Clean-Up System to prepare for DNA
sequencing at Genewiz (https://www.genewiz.com). Species identity was determined using BLASTn [41]
based on 100% nucleotide alignment to the NCBI nr/nt database and con�rmed using the Ribosomal
Database Project (RDP) database [42].

For testing individual isolates in cheese fermentations, rifampicin-resistant mutants of L. fermentum,
Leuconostoc mesenteroides, and Leuconostoc lactis were obtained as previously described [43]. These
mutants and Lactobacillus plantarum NCIMB8826-R [44] were routinely grown at 30 °C in MRS
containing 50 ∝g/mL of Rifampicin (Thermo Fisher Scienti�c, MA, US).
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CO 2 production. Gas production was detected using Durham tubes [45]. LAB were incubated in MRS
broth, and thermoduric and endospore-forming bacterial isolates were incubated in both MRS and BHI
broth for 48 h at 30 °C before visual inspection for gas bubbles in the Durham tube.

Heat tolerance. LAB strains were suspended in ultra high temperature (UHT) pasteurized milk (Gossner
Foods, Inc., UT, CA) in levels ranging from 1.3 ⋅ 105 to 8.9 ⋅ 105 cells/mL. The cell suspensions were then
exposed to 72 °C for either 15 sec, 1 min, or 5 min. Thermal tolerance was determined by plating serial
dilutions of the cell suspensions onto MRS agar for incubation at 30 °C for 48 h prior to colony
enumeration.

Pilot-scale Cheddar cheese. Fresh cheese curds made using Lactococcus lactis (109 CFU/g) and rennet
were taken directly from the production line. One batch of cheese curds was used to make pilot-scale
cheeses inoculated with milk consortia and the bacterial strains inoculated at a level of 109 CFU/g.
Another batch of curds produced in the same facility was used to make pilot-scale cheeses inoculated
with individual strains at a level of 107 CFU/g. For testing individual strains, L. plantarum NCIMB8826-R
[44] and rifampicin-resistant mutants of three isolates of L. fermentum, Ln. mesenteroides, and L. lactis
(Table 1) were grown overnight in MRS at 30 °C. Cells were collected by centrifugation at 13,000 g for
5 min at 4 °C, washed twice with PBS, and suspended in 5 mL sterile physiologic saline (0.85% NaCl).
Bacterial numbers were quanti�ed by microscopy and veri�ed by colony enumeration. The suspension
was mixed into 260 g cheese curds to reach a �nal cell number of either 107 or 109 CFU/g. Cheese curds
inoculated with 5 mL saline were used as controls.
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Table 1
Strains and cell consortia used for pilot-scale, Cheddar cheese production.

  Origin Collection date Collection time

L. fermentum 3494-1LAB-R Post-HTST 7/6/17 21:36

L. fermentum 3500-3LAB-R Post-HTST 7/7/17 04:20

L. fermentum 3854-3LAB-R Post-HTST 5/23/18 20:20

Ln.mesenteroides 3490-3LAB-R Pre-HTST 7/6/17 12:10

Ln.mesenteroides 3502-1LAB-R Pre-HTST 7/6/17 21:36

Ln.mesenteroides 3504-3LAB-R Pre-HTST 7/7/17 04:20

Ln.lactis 3498-2LAB-R Pre-HTST 7/6/17 21:36

Ln.lactis 3850-1LAB-R Pre-HTST 5/23/18 13:00

Ln. lactis 3860-1LAB-R Pre-HTST 5/24/18 07:00

Milk_No slits Post-HTST 7/7/15 11:00

Milk_No slits Post-HTST 7/20/15 11:00

Milk_No slits Post-HTST 8/25/15 11:00

Milk_Slits Post-HTST 8/18/15 11:00

Milk_Slits Post-HTST 9/29/15 11:00

Milk_Slits Post-HTST 10/6/15 11:00

Milk_Slits Post-HTST 7/15/15 11:00

For testing cryopreserved bacterial cell pellets from post-HTST milk, four cell pellets from milk associated
with cheese slits and three cells pellets associated with cheese that did not contain slits (Table 1) were
suspended in 1 mL sterile physiologic saline (0.85% NaCl) and mixed with 260 g cheese curds. Cheese
curds inoculated with 1 mL saline were used as controls.

After the inoculum was added, the cheese curds were mixed, transferred to cheese molds lined with two
layers of cheesecloth, and pressed for 15 min using a vertical cheese press to remove extra whey and
form the cheese wheel. Cheese wheels were then vacuum packed and aged at 30 °C to expedite ripening.
Cheeses inoculated with bacterial cells at a level of 109 CFU/g were incubated for 5 d, and cheeses
inoculated with 107 CFU/g or cryopreserved milk cell were incubated for 11 d.

Bacterial enumeration and slits quanti�cation of pilot scale cheese. After aging, pilot cheeses were cut
randomly with a sterile knife to collect 3 g of cheese for homogenization in 27 mL 2% w/v Na3C6H5O7 as
described above. Serial dilutions of the cheese homogenates were prepared in PBS prior to plating onto
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Tryptic Soy Agar (Becton, Dickinson and Company, NJ, US), MRS agar, and MRS agar containing
50 µg/mL rifampicin, for detection of the culturable bacteria, LAB, and rifampicin-resistant LAB strains,
respectively. Colony enumeration was performed after incubating the plates at 30 °C for 48 h. For image
quanti�cation, three images of the randomly cut cheese cross-sections were analyzed by ImageJ [46]. Slit
area was calculated as a percentage of the cheese cross-sectional slice as follows

Statistics For the 16S rRNA gene DNA sequencing results, differential taxa abundance between sample
groups was determined between unrare�ed samples using DESeq2 version 1.18.1 [47] and was
considered signi�cant when the p value after Benjamini-Hochberg correction was less than 0.1 and fold
change was more than 1.5. For taxa with geometric means equal to zero, the geometric mean was
replaced by pseudo counts (1) before the DESeq() function.

To determine signi�cance differences between bacterial alpha diversity, qPCR estimated cell numbers,
and slit area, Mann-Whitney test (p < 0.05) was used for pairwise comparison and Kruskal-Wallis with
Dunn test (p < 0.05) was used for multiple comparisons. Odds ratio analysis was performed using the R
package questionr [48].Power analysis was performed using the R package pwr [49] with 0.05 as the
signi�cance level for a single-tailed comparison (“greater”) and varying effect sizes, sample sizes, and
power values.

Results
HTST pasteurization alters the proportions of viable bacteria in milk. The bacterial composition in milk
contained in storage silos and transported into (pre-HTST) and out (post-HTST) of the HTST pasteurizer
immediately prior to Cheddar cheese manufacture was measured on ten separate days distributed over
four months (Fig. 1). Besides determining the composition of the total bacterial contents of the milk, a
fraction of each milk sample was used to identify viable cells with PMA, a DNA-intercalating dye that
hinders PCR ampli�cation from bacteria with a damaged cell membrane [50]. As expected, HTST altered
the milk microbiota composition (Fig. 2 and Fig. S1). Even though milk collected pre-HTST had
undergone several blending and �ltration steps known to cause signi�cant changes in bacterial
composition [17], the diversity of viable bacteria in milk pre-HTST was more similar to the raw,
unprocessed milk in storage silos than in milk collected moments later post-HTST (Fig. 2A-C). Milk
collected from storage silos and pre-HTST was enriched in Staphylococcus, Pseudomonas, Lactococcus,
Enterobacteriaceae, and Bacillaceae (Fig. 3). Milk collected after pasteurization contained higher
proportions of viable Clostridiales, Streptococcus, Thermus, and Turicibacter (Fig. 3). Notably, the
differences in the silo, pre-HTST, and post-HTST milk microbiota were limited to the viable (PMA-treated)
cell fractions. There were only slight changes in bacterial composition and no signi�cant differences in
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alpha-diversity when all bacteria (no PMA-treatment) from the three collection points were compared
(Additional �le 1).

Thermus cell numbers increase in milk post-HTST over pasteurizer run time. We next assessed the
composition of the milk microbiota pre-HTST and post-HTST in 10-h time courses starting immediately
after clean-in-place (CIP) procedures for the pasteurizer. On each of the ten production days tested, the
numbers of viable bacteria in milk post-HTST increased from an average of 4.6 ⋅ 103 cells/mL after
pasteurizer cleaning to 1.3 ⋅ 104 cells/mL (p < 0.05) 6 h later (Fig. 4A). The increase in cell numbers post-
HTST was not due to higher numbers of bacteria in milk entering the pasteurizer (pre-HTST), because
those quantities did not change over time (average of 3.2 ⋅ 104 cells/mL) (Fig. 4A). Instead, the higher cell
numbers post-HTST coincided with elevated amounts of members of the Thermus genus (Fig. 4B). This
taxon was present in very low quantities in milk entering the pasteurizer (average 12 cells/mL). After
pasteurization, Thermus was present at a level of approximately 20 cells/mL at the start of the
production period (t = 0 h). This number increased to an average of 850 and 1500 cells/mL when milk
was sampled 6 and 9 h later on all production dates. Conversely, Clostridiaceae and other members of
Clostridiales were present in similar amounts in milk pre-HTST and post-HTST at an average of 250
cells/mL (Clostridiaceae) and 720 cells/mL (Clostridiales) at all time points (Fig. 4C and Fig. 4D).
Additionally, fewer viable Bacillus, Brevibacillus, and Enterobacteriaceae were present in milk post-HTST
compared to pre-HTST and their numbers continued to decline during pasteurizer run times each of the
production days (Fig. 4E-H).

Non-starter Lactobacillus cell numbers increase over time during Cheddar cheese aging. The microbial
contents of Cheddar cheese made from milk that was pasteurized 3 h after HTST pasteurizer cleaning
was monitored for 120 days (Fig. 5A). As expected, L. lactis, the organism used as the cheese starter
culture, was very abundant and comprised, on average, 96% of the viable bacteria present in the aged
cheese according to DNA sequence analysis. The non-starter, viable bacterial contaminants in the cheese
constituted the remaining 0.22–10.09% of all DNA sequence reads. The non-starter bacteria were
predominantly Lactobacillus (44.3% ± 31.1%), Streptococcus (29.2% ± 15.8%) and Staphylococcus
(10.4% ± 9.8%) (Fig. 5B). The levels of Streptococcus declined overtime, whereas Staphylococcus
populations did not change. Only the proportions of Lactobacillus increased over the 120 days of aging
(Fig. 5B).

Lactobacillus and Turicibacter are associated with Cheddar cheese slit defects. Within 90 days of aging,
four out of the ten cheese blocks developed slits. The other six blocks did not develop slits. The cheeses
were similar according to the general quality characteristics of pH (average pH of 5.12), fat content
(33.2%), moisture (38.1%), lactose (0.19%), and L-lactate (1.01%) (Additional �le 2). An exception to this
�nding was that cheeses which developed slits contained modest but signi�cant reductions in salt
content after 5 days (1.81% ± 0.09% in normal cheese vs. 1.74% ± 0.09% in cheese with slits, p value = 
0.015) and 90 days of aging (1.79% ± 0.07% in normal cheese vs. 1.70% ± 0.09% in cheese with slits, p
value = 0.017) (Additional �le 2).
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Cheeses that developed slits contained an altered non-starter microbiota. Comparisons of the non-starter
bacteria in the cheese blocks during aging showed that blocks with slits contained higher proportions of
viable Lactobacillus and Turicibacter after 30 days of aging (Fig. 5C). Lactobacillus and Turicibacter were
also enriched at either 90 or 120 days of aging, respectively (Fig. 5C). The trend towards higher numbers
of Turicibacter spp. in cheese with slits was con�rmed by qPCR (Additional �le 3A). The same was found
for L. fermentum, the species identi�ed as the dominant Lactobacillus ASV in the cheese (Additional �le
3B).

Lactobacillus in milk pre-HTST and post-HTST correspond with Cheddar cheese slit defects. The pre-
HTST and post-HTST milk used to make the cheese blocks that developed slits contained a different
microbial composition compared to milk that resulted in good quality cheese (Fig. 6A and B). These
differences accounted for most of the variation observed between milk samples (pre-HTST milk, Adonis
R2 = 0.29, p-value = 0.018; post-HTST milk, Adonis R2 = 0.21, p-value = 0.046). The Shannon index of the
viable bacteria was signi�cantly higher in post-HTST milk associated with slits in cheese (Fig. 6C), and
those milk samples tended to have lower cell numbers (p = 0.087) (Fig. 6D). Lactobacillus, Brevibacillus,
and Bacillus were signi�cantly enriched in pre- and post-HTST milk associated with cheese slits (Fig. 6E).
Clostridium was also similarly enriched but only in milk samples collected post-HTST (Fig. 6E).

Lactobacillus was the only member of the milk microbiota that was consistently enriched in both slit-
containing cheese (Fig. 5) and the pre- and post-HTST milk used to make it (Fig. 6E). Odds ratio analysis
also supported this result (Additional �le 4). At the species level, L. fermentum was the most abundant
Lactobacillus ASV in milk both pre- and post-HTST, and this species was enriched in milk resulting in slit-
containing cheese blocks (Additional �le 3C). Power analysis showed that based on an 0.92 effect size of
L. fermentum populations (estimated by qPCR) in slit-associated, post-HTST milk, 100 milk samples
would be needed to use L. fermentum numbers to predict slit formation in cheese at an accuracy of 95%
(Additional �le 5).

Diverse LAB and thermoduric bacteria are present in pasteurized milk and cheese. Milk collected pre-
HTST and post-HTST on several dates in 2017 and 2018 and the resulting corresponding Cheddar cheese
blocks were used to isolate culturable bacteria. As found in 2015, several of the cheese blocks tested
developed slits (Additional �le 6). Because of the association of LAB and endospore-forming and other
thermoduric bacteria with slits, those groups of bacteria were the focus of culture-based enrichments. A
total of 69 LAB were isolated including L. plantarum (16 isolates), L. fermentum (11 isolates).
Leuconostoc lactis (6 isolates), and Ln. mesenteroides (6 isolates) (Additional �le 6). Bacteria able to
survive at 80 °C for 20 min encompassed 207 isolates belonging to 43 different bacterial species
(Additional �le 6). Most of the isolates were identi�ed as members of the Bacillus genus and included
high numbers of representatives from the Bacillus licheniformis (41 isolates) and Bacillus
paralicheniformis (30 isolates) species. Besides Bacillus, other endospore-forming bacteria were isolated
including Paenibacillus sp. and Brevibacillus brevis. Several species from the Proteobacteria phylum
including Serratia liquefaciens, Pseudomonas fragi, and Pseudomonas psychrophila were also isolated
from milk pre-HTST but not from milk post-HTST or from cheese.
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Because slit formation is caused by the accumulation of gas (CO2) in cheese, the capacity of the
bacterial isolates to produce gas during growth was measured. The heterofermentative LAB, L.
fermentum, Ln. mesenteroides, and Ln. lactis, produced gas during growth in MRS broth containing
Durham tubes. Gas production was not visible for homofermentative Lactobacillus species L. delbrueckii
subsp. lactis, L. paracasei, L. paraplantarum, L. plantarum, L. rhamnosus as well as thermoduric bacteria
(data not shown). Additionally, L. fermentum survived HTST simulated conditions for 15 sec at 72 °C
(Additional �le 7, three isolates tested). By comparison, none of the Ln. mesenteroides and only one of
the three Ln. lactis isolates survived for that length of time (Additional �le 7).

Heterofermentative LAB and milk consortia cause slit formation in Cheddar cheese. L. fermentum, Ln.
mesenteroides, and Ln. lactis isolates (n = 3 isolates of each species) were tested for their role in the
development of Cheddar cheese slit defects. Rifampicin-resistant variants of each of the isolates along
with L. plantarum NCIMB8826-R were separately inoculated at either moderate (107 CFU/g) or high (109

CFU/g) levels into freshly made cheese curds prior to pressing and aging. The lower cell quantities are in
the range of Lactobacillus cell numbers found in Cheddar cheese (2.5% ± 1.2% out of the 109 CFU/g
viable bacteria in the 2015 samples).

After aging, culturable bacterial cell numbers decreased from 109 CFU/g to 108 CFU/g (Additional �le 8–
10). The quantities of the rifampicin-resistant LAB inoculants remained unchanged in cheese inoculated
with 107 CFU/g) and decreased by 10-fold in cheese into which 109 CFU/g were added (Additional �le 8–
10). Slits were found in all cheese blocks inoculated with either L. fermentum, Ln. mesenteroides, or Ln.
lactis (Fig. 7A-B, 8A-B). Cheese containing the L. fermentum isolates exhibited the highest levels of slit
damage. The surface area of those cheeses contained 4- to 5-fold higher levels of slits compared to the
controls (Fig. 7A-B, 8A-B). A dose-dependent effect was also observed such that cheese inoculated with L.
fermentum at a level of 109 CFU/g contained more slits (2.5% ± 0.6% cheese area) than cheese
inoculated with 107 CFU/g (1.1% ± 0.4% cheese area) (Fig. 7A and 7B). Culture-independent assessments
of the cheese microbiota by DNA sequencing showed that L. fermentum was the dominant ASV
(Additional �le 11 A and B). Notably, cheese blocks inoculated with the Ln. mesenteroides and Ln. lactis
isolates also contained elevated levels of in non-starter L. fermentum (Additional �le 11 A and B),
potentially indicating that those bacteria altered the cheese in a manner that promoted L. fermentum
growth.

We also tested whether the inoculation of cryopreserved bacterial consortia collected from milk post-
HTST and not cultured in laboratory medium could cause slit defects. Consortia were selected because
they were either associated with good quality cheese (no slits) or cheese with slit defects. Adding those
bacteria to cheese curds and then pressing and aging con�rmed that slit-associated milk consortia are
su�cient to cause slits (Fig. 7C and Fig. 8C). Importantly, because the inocula consisted of only
approximately 1.8 ⋅ 104 cells, this �nding showed that slit-production was reproducible and only low
numbers of contaminating bacteria are needed to cause this defect. DNA sequencing con�rmed that the
proportions of L. fermentum ASVs were higher in cheese made using slit-associated milk consortia,
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compared to cheese inoculated with bacteria from milk that yielded good quality cheese (Additional �le
11 C).

Discussion
Food quality defects are signi�cant contributors to the global problem of food waste. This issue is
particularly problematic for fermented foods. Detecting the cause of a microbial-induced, fermented food
defect is particularly challenging because of the expected large number and frequently diverse
microorganisms present. Herein, we showed that culture-independent microbiota assessments with 16S
rRNA gene sequencing are useful for the identi�cation of low-abundance taxa responsible for slit-defects
in Cheddar cheese and that thermotolerant bacterial contaminants in milk used to make that cheese are
responsible for those �aws. These �ndings demonstrate that although there are signi�cant challenges to
the consistent manufacture of high-quality cheeses, microbiome-based assessments of fermented food
products have both predictive and diagnostic value.

HTST pasteurization results in reductions in viable cell numbers and bacterial diversity as well as
changes to the proportions of individual bacterial taxa. Notably, these changes were limited to the PMA-
treated milk, a result that was consistent with our prior observation that pasteurization does not change
the total bacterial DNA contents of milk but rather alters the proportions of the remaining surviving cells
[17]. Also as found previously, pasteurization resulted in reduced proportions of Staphylococcus and
Pseudomonas and higher levels of endospore-forming bacteria including Turicibacter and Clostridiales
[17].

Bacterial populations change rapidly and repeatedly in milk upon transfer from tanker trucks to storage
silos and in milk undergoing initial pasteurization and blending steps for cheese production, even in
individual pieces of equipment [4, 17]. Focusing on the �nal HTST pasteurizer step prior to cheese
manufacture here, we showed that the viable cell numbers and individual taxa cell quantities changed in
milk post-HTST, but not pre-HTST, over pasteurizer run times. These changes were consistently detected
even when the milk was sampled on different days spanning a time-period of four months. This result
might have been due to either the retention or growth of certain taxa in the pasteurizer or clearance due to
changing conditions in that piece of equipment. The most notable change was the increase in members
of the Thermus genus during the production periods. Thermus, a member of the Deinococcus-Thermus
phylum, was previously found in milk [51, 52], and at least one species, Thermus thermophilus, is a
thermophile that can grow between 47 °C to 85 °C with an optimum growth range between 65 °C and 72
°C [53]. Because the HTST temperature was at 71.7 °C (161 °F) (personal communication), it is possible
that Thermus grow inside the pasteurizer. However, this should be con�rmed by testing the surfaces in
that piece of equipment. Previous studies con�rmed that the microbial populations on processing
equipment surfaces are highly correlated with the microorganisms present in the �nal food contents [5, 6,
54]. Because T. thermophilus can cause a pink discoloring defect [14], such testing could be useful for
preventing other types of cheese spoilage.
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However, Thermus was not associated Cheddar cheese slit-defects. Cheese blocks with those defects
were enriched in Lactobacillus and Turicibacter within 90 days. Importantly, the milk used to make that
cheese already showed differences in bacterial contents prior to cheese production. These differences
were even found for milk pre-HTST, suggesting that the spoilage bacteria were not effectively inactivated
by HTST nor were they introduced after the pasteurization step. In particular, Lactobacillus, Brevibacillus,
Bacillus, and Clostridium were detected in higher numbers in pre- and/or post-HTST milk associated with
slits. Although clostridia like Clostridium tyrobutyricum are known to cause slits [55, 56], only
Lactobacillus was enriched in both slit containing cheese and the milk used to make it. The lack of an
undesired odor or �avor from butyric acid, an end-product of C. tyrobutyricum growth [16, 55, 57], is
further support that C. tyrobutyricum was not the spoilage agent of the cheese studied here.

We also isolated LAB, endospore forming bacteria and other thermoduric bacteria from milk and cheese.
These bacteria were collected during sampling performed in 2017 and 2018, as opposed to the prior
culture-independent, collection points in 2015. Importantly, several of the cheese blocks collected during
those later time points also developed slits, a result that is indicative of how slits are a very common
problem in Cheddar cheese production. The isolates included a variety Bacillales including members of
the Bacillus, Brevibacillus, and Paenibacillus genera which have been frequently detected in milk, dairy
processing plants, and cheese [58–60]. Included were B. licheniformis, Bacillus subtilis, and Bacillus
amyloliquefaciens, among which are strains known to produce biogenic amines [61, 62] and cause off-
�avors due to lipolysis or proteolysis [59, 63, 64]. Other recovered Bacillales were Ornithinibacillus
scapharcae, Paucisalibacillus globulus and Sporosarcina soli species,previously only isolated from only
soil and marine environments [65–67]. Although Turicibacter was enriched in slit containing cheese
produced in 2015, members of this genus were not isolated under the growth conditions used here,
potentially because strict anaerobic conditions were not applied [68]. Although members of this genus
have yet to be isolated from milk and only three isolates from human and mice intestinal contents are
known [68], Turicibacter appear to be pervasive in milk and have been detected in proportions over 1% in
numerous studies investigating the microbiota of bovine milk and dairy products [4, 69–72].

Lactobacillus, primarily represented by heterofermentative LAB and speci�cally L. fermentum, were the
only members of the milk and cheese microbiota that were consistently associated with slit defects.
Therefore, pilot cheeses were inoculated with isolates of heterofermentative LAB isolated from pre-HTST
and post-HTST milk. Between the three species tested (L. fermentum, Ln. mesenteroides, and Ln. lactis),
L. fermentum resulted in cheese with the most slit damage. The likelihood that L. fermentum was the
primary spoilage agent is supported by the high thermal tolerance levels observed for the strains tested
here, thereby indicating their potential to survive HTST pasteurization. L. fermentum was also present at
higher proportions in slit-containing, pilot cheese inoculated with the cryopreserved bacterial consortia.
Those consortia were collected from milk used to make Cheddar that showed slit defects during aging.
Remarkably, those pilot-scale cheeses developed slits even though the consortia contained low numbers
of bacterial cells (104 cells per milk consortia).
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Lastly, although most of the general quality characteristics of the commercial cheeses were
indistinguishable, there was a modest but signi�cant reduction in the salt content of cheeses that
developed slits. This result indicates that L. fermentum might be controlled by maintaining an adequate
salt level above 1.8% at the beginning of cheese fermentations. This possibility is consistent with prior
reports that L. fermentum is sensitive to NaCl concentrations above 2% [73, 74]. Hence, targeted detection
of heterofermentative LAB combined with heightened scrutiny over salt content could be useful to reduce
the incidence of the pervasive slit defect in Cheddar cheese.

Conclusions
Food production involves numerous control points for microorganisms to ensure both food quality and
safety. These control points (e.g. HTST pasteurization) are especially challenging for fermented foods
wherein the microbial contents are also expected to provide positive contributions to the �nal food
product. By examining the non-starter bacteria in Cheddar cheese, we showed that bacterial identi�cation
by marker gene sequencing to identify spoilage microorganisms was successful even when those
spoilage contaminants constituted less than 0.8% of the total bacteria present. The inoculation of
heterofermentative LAB and total consortia from milk post-HTST were su�cient to cause slit formation in
cheese, validating that DNA sequencing of viable cell fractions is a useful approach for determining
whether there are certain microorganisms present in the food ingredients (e.g. milk) that may increase the
risk for quality defects. In order to prevent slit-defects, screening methods such as qPCR or targeted DNA
sequencing methods for L. fermentum and other heterofermentative LAB should be incorporated in
quality control protocols for milk to exclude or modify that milk during cheese-making. Evaluating this
approach for other cheese types and spoilage defects should result in robust methods for the
identi�cation of microbial-associated, spoilage risk factors and new opportunities for controlling those
microorganisms in food.

Declarations
Availability of data and materials. DNA sequences were deposited in the Qiita database [75] under study
ID 12366 (https://qiita.ucsd.edu/study/description/12366#) and in the European Nucleotide Archive
(ENA) under accession number ERP114733 (https://www.ebi.ac.uk/ena/data/view/PRJEB32097).

 

Competing interests. JH and JM are employed by Hilmar cheese company.

 

Funding. The California Dairy Research Foundation grant “Microbial source tracking and endospores in
milk” funded this study. The funding agency did not participate in study design, data collection, or
interpretation of the data.



Page 16/27

 

Authors’ contributions. ZX, MEK, JH, JM, and MLM designed the study and sampling plans. ZX, JTB, ZQ,
ETS, and JH collected and processed samples. ZX and ZQ performed DNA extraction, PCR, and
sequencing of all samples. JTB and ETS cultured and isolated bacteria from milk and cheese. ZX, JTB,
and JH made pilot-scale Cheddar cheese. ZX performed bioinformatics and statistical analyses. ZX and
MLM interpreted the data and wrote the manuscript. All authors edited and approved the �nal
manuscript.

 

Acknowledgements. The authors would like to thank QiQi Peng for conducting the chemical analyses of
cheese and the production staff at Hilmar cheese company for their assistance in sampling.

 

Ethics approval and consent to participate

Not applicable.

 

Consent for publication

Not applicable.

References
1. Quigley L, O'Sullivan O, Stanton C, Beresford TP, Ross RP, Fitzgerald GF, Cotter PD: The complex
microbiota of raw milk. FEMS Microbiol Rev 2013, 37:664–698.
2. Doyle CJ, Gleeson D, O'Toole PW, Cotter PD: Impacts of seasonal housing and teat preparation on raw
milk microbiota: a high-throughput sequencing study. Appl Environ Microbiol 2017, 83:12.
3. Vacheyrou M, Normand AC, Guyot P, Cassagne C, Piarroux R, Bouton Y: Cultivable microbial
communities in raw cow milk and potential transfers from stables of sixteen French farms. Int J Food
Microbiol 2011, 146:253–262.
4. Kable ME, Srisengfa Y, Laird M, Zaragoza J, McLeod J, Heidenreich J, Marco ML: The core and
seasonal microbiota of raw bovine milk in tanker trucks and the impact of transfer to a milk processing
facility. mBio 2016, 7.
5. Bokulich NA, Mills DA: Facility-speci�c "house" microbiome drives microbial landscapes of artisan
cheesemaking plants. Appl Environ Microbiol 2013, 79:5214–5223.
6. Stellato G, De Filippis F, La Storia A, Ercolini D: Coexistence of lactic acid bacteria and potential
spoilage microbiota in a dairy processing environment. Appl Environ Microbiol 2015, 81:7893–7904.



Page 17/27

7. Ndoye B, Rasolofo EA, LaPointe G, Roy D: A review of the molecular approaches to investigate the
diversity and activity of cheese microbiota. Dairy Sci Technol 2011, 91:495–524.
8. Quigley L, O'Sullivan DJ, Daly D, O'Sullivan O, Burdikova Z, Vana R, Beresford TP, Ross RP, Fitzgerald GF,
McSweeney PL, et al: Thermus and the pink discoloration defect in cheese. mSystems 2016, 1.
9. O'Sullivan DJ, Giblin L, McSweeney PLH, Sheehan JJ, Cotter PD: Nucleic acid-based approaches to
investigate microbial-related cheese quality defects. Front Microbiol 2013, 4.
10. Lemieux L, Simard RE: Bitter �avor in dairy-products: a review of the factors likely to in�uence its
development, mainly in cheese manufacture. Lait 1991, 71:599–636.
11. National Agricultural Statistics Service, USDA, 2018.
https://www.nass.usda.gov/Statistics_by_Subject/. Accessed 21 March 2018.
12. Smukowski M, Ping,Y., Wendorff, W. L., Rao, R. D.: Cheese defects in US graded cheeses. Dairy
Pipeline 2003, 15:1–7.
13. Mullan WMA: Causes and control of early gas production in cheddar cheese. Int J Dairy Tech 2000,
53:63–68.
14. Laleye LC, Simard RE, Lee BH, Holley RA: Quality attributes of Cheddar cheese containing added
lactobacilli. J Food Sci 1990, 55:114–118.
15. Ortakci F, Broadbent JR, Oberg CJ, McMahon DJ: Late blowing of Cheddar cheese induced by
accelerated ripening and ribose and galactose supplementation in presence of a novel obligatory
heterofermentative nonstarter Lactobacillus wasatchensis. J Dairy Sci 2015, 98:7460–7472.
16. Martley FG, Crow VL: Open texture in cheese: The contributions of gas production by microorganisms
and cheese manufacturing practices. J Dairy Res 1996, 63:489–507.
17. Kable ME, Srisengfa Y, Xue Z, Coates LC, Marco ML: Viable and total bacterial populations undergo
equipment- and time-dependent shifts during milk processing. Appl Environ Microbiol 2019. 85 (13)
e00270-19.
18. Yeluri Jonnala BR, McSweeney PLH, Sheehan JJ, Cotter PD: Sequencing of the cheese microbiome
and its relevance to industry. Front Microbiol 2018, 9:1020.
19. Haastrup MK, Johansen P, Malskaer AH, Castro-Mejia JL, Kot W, Krych L, Arneborg N, Jespersen L:
Cheese brines from Danish dairies reveal a complex microbiota comprising several halotolerant bacteria
and yeasts. Int J Food Microbiol 2018, 285:173–187.
20. Addis MF, Tanca A, Uzzau S, Oikonomou G, Bicalho RC, Moroni P: The bovine milk microbiota:
insights and perspectives from -omics studies. Mol Biosyst 2016, 12:2359–2372.
21. Li N, Wang Y, You C, Ren J, Chen W, Zheng H, Liu Z: Variation in raw milk microbiota throughout 12
months and the impact of weather conditions. Sci Rep 2018, 8:2371.
22. Erkus O, de Jager VCL, Geene R, van Alen-Boerrigter I, Hazelwood L, van Hijum S, Kleerebezem M,
Smid EJ: Use of propidium monoazide for selective pro�ling of viable microbial cells during Gouda
cheese ripening. Int J Food Microbiol 2016, 228:1–9.
23. Xue Z, Kable ME, Marco ML: Impact of DNA sequencing and analysis methods on 16S rRNA gene
bacterial community analysis of dairy products. mSphere 2018, 3.
24. Quinlan AR, Hall IM: BEDTools: a �exible suite of utilities for comparing genomic features.
Bioinformatics 2010, 26:841–842.



Page 18/27

25. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer N, Pena AG,
Goodrich JK, Gordon JI, et al: QIIME allows analysis of high-throughput community sequencing data. Nat
Methods 2010, 7:335–336.
26. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, Alexander H, Alm EJ,
Arumugam M, Asnicar F, et al: Reproducible, interactive, scalable and extensible microbiome data science
using QIIME 2. Nat Biotechnol 2019.
27. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP: DADA2: High-resolution
sample inference from Illumina amplicon data. Nat Methods 2016, 13:581–583.
28. Reese SE, Archer KJ, Therneau TM, Atkinson EJ, Vachon CM, de Andrade M, Kocher JP, Eckel-Passow
JE: A new statistic for identifying batch effects in high-throughput genomic data that uses guided
principal component analysis. Bioinformatics 2013, 29:2877–2883.
29. Katoh K, Standley DM: MAFFT multiple sequence alignment software version 7: improvements in
performance and usability. Mol Biol Evol 2013, 30:772–780.
30. Price MN, Dehal PS, Arkin AP: FastTree 2–approximately maximum-likelihood trees for large
alignments. PLoS One 2010, 5:e9490.
31. McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst A, Andersen GL, Knight R,
Hugenholtz P: An improved Greengenes taxonomy with explicit ranks for ecological and evolutionary
analyses of bacteria and archaea. ISME J 2012, 6:610–618.
32. McMurdie PJ, Holmes S: phyloseq: an R package for reproducible interactive analysis and graphics of
microbiome census data. PLoS One 2013, 8:e61217.
33. Team RC: R: A language and environment for statistical computing. In R Foundation for Statistical
Computing. Vienna, Austria; 2017.
34. Wickham H: ggplot2: elegant graphics for data analysis. New York: Springer-Verlag; 2019.
35. Barter RL, Yu B: Superheat: an R package for creating beautiful and extendable heatmaps for
visualizing complex data. J Comput Graph Stat 2018, 27:910–922.
36. Suchodolski JS, Markel ME, Garcia-Mazcorro JF, Unterer S, Heilmann RM, Dowd SE, Kachroo P, Ivanov
I, Minamoto Y, Dillman EM, et al: The fecal microbiome in dogs with acute diarrhea and idiopathic
in�ammatory bowel disease. PLoS One 2012, 7:e51907.
37. Byun R, Nadkarni MA, Chhour KL, Martin FE, Jacques NA, Hunter N: Quantitative analysis of diverse
Lactobacillus species present in advanced dental caries. J Clin Microbiol 2004, 42:3128–3136.
38. Herbel SR, Lauzat B, von Nickisch-Rosenegk M, Kuhn M, Murugaiyan J, Wieler LH, Guenther S:
Species-speci�c quanti�cation of probiotic lactobacilli in yoghurt by quantitative real-time PCR. J Appl
Microbiol 2013, 115:1402–1410.
39. Hooi R, Barbano DM, Bradley RL, Budde D, Bulthaus M, Chettiar M, Lynch J, Reddy R: Chemical and
physical methods. In Standard Methods for the Examination of Dairy Products. 17 edition. Edited by Wehr
HM, Frank JF; 2004
40. Lane DJ: 16S/23S rRNA Sequencing. In Nucleic Acid Techniques in Bacterial Systematic. Edited by
Stackebrandt E, Goodfellow M. New York: John Wiley and SonsJohn Wiley and Sons; 1991: 115–175
41. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local alignment search tool. J Mol Biol
1990, 215:403–410.



Page 19/27

42. Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, Brown CT, Porras-Alfaro A, Kuske CR, Tiedje
JM: Ribosomal Database Project: data and tools for high throughput rRNA analysis. Nucleic Acids Res
2014, 42:D633-642.
43. Bron PA, Grangette C, Mercenier A, de Vos WM, Kleerebezem M: Identi�cation of Lactobacillus
plantarum genes that are induced in the gastrointestinal tract of mice. J Bacteriol 2004, 186:5721–5729.
44. Tachon S, Lee B, Marco ML: Diet alters probiotic Lactobacillus persistence and function in the
intestine. Environ Microbiol 2014, 16:2915–2926.
45. Durham HE: A simple method for demonstrating the production of gas by bacteria. Br Med J 1898,
1:1387.
46. Schneider CA, Rasband WS, Eliceiri KW: NIH Image to ImageJ: 25 years of image analysis. Nat
Methods 2012, 9:671–675.
47. Love MI, Huber W, Anders S: Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol 2014, 15:550.
48. Barnier J, Briatte F, Larmarange J: questionr: functions to make surveys processing easier. R package
version 070 2018.
49. Champely S: pwr: basic functions for power analysis. R package version 12 − 2 2018.
50. Nocker A, Sossa-Fernandez P, Burr MD, Camper AK: Use of propidium monoazide for live/dead
distinction in microbial ecology. App Environ Microbiol 2007, 73:5111–5117.
51. Delgado S, Rachid CT, Fernandez E, Rychlik T, Alegria A, Peixoto RS, Mayo B: Diversity of thermophilic
bacteria in raw, pasteurized and selectively-cultured milk, as assessed by culturing, PCR-DGGE and
pyrosequencing. Food Microbiol 2013, 36:103–111.
52. Zhang RY, Huo WJ, Zhu WY, Mao SY: Characterization of bacterial community of raw milk from dairy
cows during subacute ruminal acidosis challenge by high-throughput sequencing. J Sci Food Agric 2015,
95:1072–1079.
53. Oshima T, Imahori K: Description of Thermus thermophilus (Yoshida and Oshima) comb. nov., a
nonsporulating thermophilic bacterium from a Japanese thermal spa. Int J Syst Evol Microbiol 1974,
24:102–112.
54. Calasso M, Ercolini D, Mancini L, Stellato G, Minervini F, Di Cagno R, De Angelis M, Gobbetti M:
Relationships among house, rind and core microbiotas during manufacture of traditional Italian cheeses
at the same dairy plant. Food Microbiol 2016, 54:115–126.
55. Fox PF, Guinee TP, Cogan TM, McSweeney PLH: Starter cultures. In Fundamentals of Cheese Science.
Boston, MA: Springer US; 2017: 121–183
56. Garde S, Gaya P, Arias R, Nunez M: Enhanced PFGE protocol to study the genomic diversity of
Clostridium spp. isolated from Manchego cheeses with late blowing defect. Food Control 2012, 28:392–
399.
57. Klijn N, Nieuwenhof FFJ, Hollwerf JD, Vanderwaals CB, Weerkamp AH: Identi�cation of Clostridium
tyrobutyricum as the causative agent of late blowing in cheese by species-speci�c PCR ampli�cation.
Appl Environ Microbiol 1995, 61:2919–2924.
58. Gopal N, Hill C, Ross PR, Beresford TP, Fenelon MA, Cotter PD: The prevalence and control of Bacillus
and related spore-forming bacteria in the dairy industry. Front Microbiol 2015, 6:1418.



Page 20/27

59. Postollec F, Mathot AG, Bernard M, Divanac'h ML, Pavan S, Sohier D: Tracking spore-forming bacteria
in food: from natural biodiversity to selection by processes. Int J Food Microbiol 2012, 158:1–8.
60. Scheldeman P, Goossens K, Rodriguez-Diaz M, Pil A, Goris J, Herman L, De Vos P, Logan NA,
Heyndrickx M: Paenibacillus lactis sp. nov., isolated from raw and heat-treated milk. Int J Syst Evol
Microbiol 2004, 54:885–891.
61. Chang M, Chang HC: Development of a screening method for biogenic amine producing Bacillus spp.
Int J Food Microbiol 2012, 153:269–274.
62. Al Bulushi IM, Poole S, Deeth HC, Dykes GA: Evaluation the spoilage and biogenic amines formation
potential of marine Gram-positive bacteria. Int Food Res J 2018, 25:2143–2148.
63. De Jonghe V, Coorevits A, De Block J, Van Coillie E, Grijspeerdt K, Herman L, De Vos P, Heyndrickx M:
Toxinogenic and spoilage potential of aerobic spore-formers isolated from raw milk. Int J Food Microbiol
2010, 136:318–325.
64. Lucking G, Stoeckel M, Atamer Z, Hinrichs J, Ehling-Schulz M: Characterization of aerobic spore-
forming bacteria associated with industrial dairy processing environments and product spoilage. Int J
Food Microbiol 2013, 166:270–279.
65. Nunes I, Tiago I, Pires AL, da Costa MS, Veríssimo A: Paucisalibacillus globulus gen. nov., sp. nov., a
Gram-positive bacterium isolated from potting soil. Int J Syst Evol Microbiol 2006, 56:1841–1845.
66. Shin N-R, Whon TW, Kim M-S, Roh SW, Jung M-J, Kim Y-O, Bae J-W: Ornithinibacillus scapharcae sp.
nov., isolated from a dead ark clam. Antonie van Leeuwenhoek 2012, 101:147–154.
67. Kwon S-W, Kim B-Y, Song J, Weon H-Y, Schumann P, Tindall BJ, Stackebrandt E, Fritze D: Sporosarcina
koreensis sp. nov. and Sporosarcina soli sp. nov., isolated from soil in Korea. Int J Syst Evol Microbiol
2007, 57:1694–1698.
68. Bosshard PP, Zbinden R, Altwegg M: Turicibacter sanguinis gen. nov., sp. nov., a novel anaerobic,
Gram-positive bacterium. Int J Syst Evol Microbiol 2002, 52:1263–1266.
69. Bokulich NA, Amiranashvili L, Chitchyan K, Ghazanchyan N, Darbinyan K, Gagelidze N, Sadunishvili T,
Goginyan V, Kvesitadze G, Torok T, Mills DA: Microbial biogeography of the transnational fermented milk
matsoni. Food Microbiol 2015, 50:12–19.
70. Falentin H, Rault L, Nicolas A, Bouchard DS, Lassalas J, Lamberton P, Aubry JM, Marnet PG, Le Loir Y,
Even S: Bovine teat microbiome analysis revealed reduced alpha diversity and signi�cant changes in
taxonomic pro�les in quarters with a history of mastitis. Front Microbiol 2016, 7:14.
71. Skeie SB, Haland M, Thorsen IM, Narvhus J, Porcellato D: Bulk tank raw milk microbiota differs within
and between farms: A moving goalpost challenging quality control. J Dairy Sci 2019.
72. Walsh AM, Crispie F, Kilcawley K, O'Sullivan O, O'Sullivan MG, Claesson MJ, Cotter PD: Microbial
succession and �avor production in the fermented dairy beverage ke�r. mSystems 2016, 1.
73. Rao MS, Pintado J, Stevens WF, Guyot JP: Kinetic growth parameters of different amylolytic and non-
amylolytic Lactobacillus strains under various salt and pH conditions. Bioresour Technol 2004, 94:331–
337.
74. Vrancken G, Rimaux T, Wouters D, Leroy F, De Vuyst L: The arginine deiminase pathway of
Lactobacillus fermentum IMDO 130101 responds to growth under stress conditions of both temperature
and salt. Food Microbiol 2009, 26:720–727.



Page 21/27

75. Gonzalez A, Navas-Molina JA, Kosciolek T, McDonald D, Vazquez-Baeza Y, Ackermann G, DeReus J,
Janssen S, Swafford AD, Orchanian SB, et al: Qiita: rapid, web-enabled microbiome meta-analysis. Nat
Methods 2018, 15:796–798.

Figures

Figure 1

Diagram of the sampling plan. Milk was sampled from storage silos and at the terminal HTST
pasteurization step. The microbial shifts that occur during milk mixing and standardization in separators
and concentration tanks were documented in a previous study [17]. Milk streams entering (pre-HTST) and
leaving (post-HTST) the pasteurizer were sampled multiple times throughout 10-h Cheddar production
periods and on multiple dates. Cheddar cheese blocks were made using the post-HTST milk and sampled
at 0, 30, 90 and 120 days of aging. Slits in cheese were visually examined after aging at 4 C.

Figure 2

Pasteurization alters the diversity of viable bacteria in milk. (A) Non-metric multidimensional scaling
analysis of individual milk samples. (B) Number of total observed ASVs and (C) Shannon diversity of
each milk type after PMA treatment. Signi�cant differences (Kruskal-Wallis with Dunn test, p < 0.05) are
indicated by the presence of different lower-case letters above the boxplots.
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Figure 3

Pasteurized milk is enriched in thermoduric and endospore-forming bacteria. The 16 most abundant
bacterial taxa identi�ed from PMA treated samples are shown. The heat map projects the average
proportions for 40 samples from silo, 67 samples from pre-HTST, and 67 samples from post-HTST.
Signi�cant differences in the proportions of taxa between collection points (silo, pre-HTST, and post-
HTST) are indicated by lower-case letters (DESeq2 adjusted p < 0.1 and log2 fold change > 1.5).
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Figure 4

Thermus populations increase over time after pasteurizer cleaning. (A) Total bacterial cell numbers
(log10 transformed) were determined by qPCR on DNA isolated from milk following PMA treatment. (B to
H). Cell quantities were estimated by relating the total viable bacterial cell numbers in a milk sample (A)
to the proportions of individual bacterial taxa determined by 16S rRNA gene sequencing. The taxa shown
were selected based on their total abundance in milk and variation in cell numbers over time. Lower-case
letters indicate signi�cant differences between pre-HTST or post-HTST milk samples according to
Kruskal-Wallis with Dunn test (p < 0.05).
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Figure 5

Lactobacillus cell numbers increase with cheese aging are associated with cheese slits. (A) Alpha
diversity, plotted as observed total ASVs and Shannon index, and (B and C) proportions of the viable
bacteria in Cheddar cheese during aging. Starter-culture Lactococcus DNA sequences were removed prior
to analysis. Bacteria in PMA treated cheese samples are shown. In B and C, the most abundant bacterial
taxa are named and all the other bacteria are grouped in the “other” category. Signi�cant differences are
indicated by the different lower-case letters or asterisks and determined by the (A) the Kruskal-Wallis with
Dunn test (p < 0.05) and (B and C) DESeq2 adjusted p < 0.1 and log2 fold change > 1.5.

Figure 6

Pre-HTST and post-HTST milk microbiota are associated with Cheddar cheese slit defects. (A and B) Non-
metric multidimensional scaling analysis, (C) Shannon diversity, (D) log10 transformed total bacterial
numbers, and (E) log10 transformed bacterial abundances of each taxon. PMA treated milk samples were
used for bacterial identi�cation. In (E), the 16 most abundant bacterial taxa are named and all the other
taxa are grouped under the “other” category. Asterisks (*) indicate signi�cant differences between milk
samples according to the (C and D) Mann-Whitney test (p < 0.05) and (E) DESeq2 adjusted p < 0.1 and
log2 fold change > 1.5 values. In pre-HTST and post-HTST milk not associated with cheese slits,
Pseudomonas (average of 10.15%) and Acinetobacter (average of 2.59%) were enriched, respectively. In
cheese slit-associated, pre-HTST milk, Bacillus (average of 6.22%), Lactobacillus (average of 0.26%), and
Brevibacillus (average of 0.69%) were enriched. In cheese slit-associated, post-HTST milk, Bacillus
(average of 3.92%), Clostridium (average of 0.56%), Lactobacillus (average of 0.87%), and Brevibacillus
(average of 0.32%) were enriched.
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Figure 7

Inoculation of heterofermentative LAB or slit-associated milk consortia results in Cheddar cheese with
slits. The percentage (%) of surface area containing slits is shown for cheese inoculated with either (A)
107 CFU/g or (B) 109 CFU/g of the indicated LAB species or with (C) cryopreserved milk bacterial
consortia. For each cheese sample, three cross-section surfaces were randomly selected for slit analysis.
The Kruskal-Wallis with Dunn test (p < 0.05) was used to assess for signi�cant differences in slit area
compared to controls with added saline (*) (A, B, and C), homofermentative LAB L. plantarum (#) (A and
B), or bacterial consortia from milk not associated with cheese slit formation (*) (C).



Page 26/27

Figure 8

Representative photos of pilot cheese cross-sections. Cheese was inoculated with (A) 107 CFU/g or (B)
109 CFU/g of the selected bacterial strains or (C) with cryopreserved milk consortia. Saline was added to
serve as an inoculum control.
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