
UC Davis
UC Davis Previously Published Works

Title
Viable and Total Bacterial Populations Undergo Equipment- and Time-Dependent Shifts 
during Milk Processing.

Permalink
https://escholarship.org/uc/item/6jt4m9z9

Journal
Applied and Environmental Microbiology, 85(13)

ISSN
0099-2240

Authors
Kable, Mary E
Srisengfa, Yanin
Xue, Zhengyao
et al.

Publication Date
2019-07-01

DOI
10.1128/aem.00270-19
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6jt4m9z9
https://escholarship.org/uc/item/6jt4m9z9#author
https://escholarship.org
http://www.cdlib.org/


Viable and Total Bacterial Populations Undergo Equipment-
and Time-Dependent Shifts during Milk Processing

Mary E. Kable,a,b Yanin Srisengfa,a Zhengyao Xue,a Laurynne C. Coates,a Maria L. Marcoa

aDepartment of Food Science and Technology, University of California—Davis, Davis, California, USA
bUSDA, Agricultural Research Service, Western Human Nutrition Research Center, Immunity and Disease Prevention, Davis, California, USA

ABSTRACT We set out to identify the viable and total bacterial content in milk as it
passes through a large-scale, dairy product manufacturing plant for pasteurization,
concentration, separation, blending, and storage prior to cheese manufacture. A to-
tal of 142 milk samples were collected from up to 10 pieces of equipment for a pe-
riod spanning 21 h on two collection dates in the spring and late summer of 2014.
Bacterial composition in the milk was determined by 16S rRNA marker gene, high-
throughput DNA sequencing. Milk samples from the late summer were paired such
that half were treated with propidium monoazide (PMA) to enrich for viable cells
prior to quantification by PCR and identification by DNA sequence analysis. Strepto-
coccus had the highest median relative abundance across all sampling sites within
the facility on both sampling dates. The proportions of Anoxybacillus, Thermus, Lacto-
coccus, Lactobacillus, Micrococcaceae, and Pseudomonas were also elevated in some
samples. Viable cells detected by PMA treatment showed that Turicibacter was
enriched after high-temperature short-time pasteurization, whereas proportions
of Staphylococcus were significantly reduced. Using clean-in-place (CIP) times as
a reference point, Bacillus, Pseudomonas, and Anoxybacillus were found in high
relative proportions in several recently cleaned silos (�19 h since CIP). At later
times (�19 h after CIP), 10 of 11 silos containing elevated viable cell numbers
were enriched in Acinetobacter and/or Lactococcus. These results show the tre-
mendous point-to-point and sample-dependent variations in bacterial composi-
tion in milk during processing.

IMPORTANCE Milk undergoes sustained contact with the built environment during
processing into finished dairy products. This contact has the potential to influence
the introduction, viability, and growth of microorganisms within the milk. Currently,
the population dynamics of bacteria in milk undergoing processing are not well un-
derstood. Therefore, we measured for total and viable bacterial composition and cell
numbers in milk over time and at different processing points in a cheese manufac-
turing facility in California. Our results provide new perspectives on the dramatic
variations in microbial populations in milk during processing even over short
amounts of time. Although some of the changes in the milk microbiota were pre-
dictable (e.g., reduced viable cell numbers after pasteurization), other findings could
not be easily foreseen based on knowledge of bacteria contained in raw milk or
when the equipment was last cleaned. This information is important for predicting
and controlling microbial spoilage contaminants in dairy products.

KEYWORDS bovine milk, built environment, cheese, dairy, fermentation, microbiota,
processing

Modern agricultural methods and food processing facilities are under increasing
pressure to provide enough food for the world’s population, which is expected to

reach as many as 9.9 billion people by 2050 (1). Although processing methods have
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undergone significant improvements such that food can be prepared in higher quan-
tities and with greater levels of safety and quality, foodborne illness is still a significant
public health threat, and approximately one-third of all food is lost to waste and
spoilage defects (2). The microbial contents of foods prepared in small volumes can be
informative (3–9); however, there remains the need to accurately monitor and control
spoilage microbes in facilities designed for large-scale processing (10–13). This is
evident in dairy processing, which results in numerous food products that are highly
vulnerable to quality defects and spoilage.

The culturable microbes in raw (unpasteurized) bovine milk have been intensively
studied in efforts to understand and control the quality and safety of fluid milk and
dairy products (14, 15). However, culture-based methods are limited in their capacity to
identify and quantify different bacterial taxa, in part because not all microorganisms are
easily cultivable. With the emergence of techniques targeting nucleic acids, the micro-
bial composition in raw milk was found to be more complex than was previously
understood (13). On the other hand, an important drawback of using molecular
methods is that they do not typically discriminate between viable and dead cells. This
issue is particularly relevant to foods like milk that are pasteurized and where the
majority of microorganisms are either injured or dead. To selectively detect living cells,
DNA cross-linking agents such as propidium monoazide (PMA) have been applied
(16–19).

We previously reported that milk produced and transported in tanker trucks in
central California contains a highly diverse assemblage of bacteria that is subject to
modification over relatively short periods of time in storage silos at dairy processing
facilities (20). Here, we characterized the bacterial diversity in milk as it passes through
different processing stages at a large-scale dairy facility prior to the final pasteurization
step used in cheese manufacture. These stages encompass the pasteurization, concen-
tration, separation, blending, and storage steps that occur prior to the initiation of
cheese fermentations (Fig. 1). Changes in total and viable (PMA-treated) bacterial
composition were measured over time in individual pieces of equipment on different
sampling dates.

FIG 1 Diagram of milk sample collection. Milk was collected from actively operating equipment over a
21-h period at the indicated times. Concentration step 3 was not sampled during the spring dates.
Arrows indicate the direction that milk was transported through the processing facility. Conc.,
concentration.
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RESULTS
Predominant bacteria in milk during processing. Members of the Streptococcus

genus were present in the highest median relative abundance in milk collected in both
spring (April 2014) and late summer (September 2014) dates (Fig. 2). This genus was
found in milk at each of the processing steps. It also comprised more than 10% of the
milk microbiota for the majority of the samples from both spring (see Fig. S1 in the
supplemental material) and late summer (Fig. 3). The representative sequence from
the most abundant Streptococcus OTU shared 100% nucleotide identity with Strepto-
coccus thermophilus and Streptococcus salivarius. A conclusive species-level assignment
was not possible because of the high level of 16S rRNA gene nucleotide conservation
(�99.9% percent) between these two species.

Bacteria present in �1% mean relative abundance, designated the “other” category,
also comprised a large fraction of the total microbiota (Fig. 2), a result that is indicative
of the diverse microbial composition of milk. Among the taxa that were present in at
least a 1% mean relative abundance, certain bacteria were more ubiquitously present,
while others were enriched in particular pieces of equipment (see Fig. S1 [spring] in the
supplemental material and Fig. 3 [late summer]). Comparisons between the different
collection dates also showed that Acinetobacter (linear discriminant analysis [LDA]
effect size � 2.84, P � 5.13 � 10�7) and Lactococcus (LDA effect size � 2.57,
P � 6.40 � 10�7) were significantly more abundant in milk from the late summer
compared to the spring (Fig. 2).

Conditionally rare taxa are those organisms that are typically rare but occasionally
become highly abundant and contribute a greater amount to microbial community
dynamics than is apparent from their overall low proportional abundance (21). Al-
though our data set was not perfectly appropriate for the calculation of binomial
distributions of taxa over time (21), several genera followed this trend. Anoxybacillus

FIG 2 Bacteria present in milk during processing. Box plots of taxa detected at �0.01 average relative abundance during milk storage,
pasteurization, concentration, and separation processing steps are shown for two sampling dates in 2014 (“Spring” indicates sampling
performed on 1 and 2 April 2014 and “Late Summer” indicates 29 and 30 September 2014). These samples were not PMA treated prior
to analysis. Milk microbiota from concentration step 3 were not included here because they were not tested in the spring. Proportions
were estimated from an OTU table rarefied at 9,000 sequences per sample. The “Other” category represents taxa that were present at
�0.01 mean relative abundance in the data set. LefSe analysis was performed with season as class and equipment type as subclass. Boxes
define the interquartile range of taxonomic abundance and the individual points are outliers. Significant differences in taxa between
seasons are indicated by an asterisk. Taxonomic levels are abbreviated in the x axis according to the following: “o” � order, “f” � family,
and “g” � genus.
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was present at a very low median relative abundance within the facility (an average of
1.6% in spring and 0.8% in late summer [Fig. 2]) but represented more than 40% of total
bacteria detected in four milk samples from the late summer. These samples were
collected downstream of pasteurization after equipment had been running for more
than 7 h and included milk from the following: concentration step 3 after that piece of
equipment had been running for 10 h (10:00 in the morning), a concentration silo after
operating for 22.5 h (also at 10:00 in the morning), a blended silo sampled after 7.2 h

FIG 3 Dominant bacterial taxa in milk during the late summer sampling date. Bacterial taxa present at �0.01 average relative abundance within the data set
after rarefaction to 9,000 sequences per sample are shown. Taxa present at �0.01 average relative abundance were grouped into the category “Other”. Each
bar graph is labeled with the piece of equipment that samples were collected from. The number of hours that each piece of equipment had been running prior
to sample collection is shown on the x axis. Arrows indicate the direction that the milk moves through the facility.
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(20:03 in the evening), and a blended silo after 14.2 h (21:23 in the evening) of
operation (Fig. 3 and see Fig. S2 in the supplemental material). Equipment upstream of
concentration step 3, including the high-temperature short-time (HTST) feed tank, and
concentration step 1 also harbored a �10% relative abundance of Anoxybacillus after
10 h of operation (at 10:00 in the morning).

Other conditionally rare taxa included Thermus, Lactococcus, Lactobacillus, Micrococ-
caceae, and Pseudomonas (Fig. 2, Fig. 3, and Fig. S1). In the late summer, Thermus was
enriched in milk from concentration step 1, a processing point that occurs immediately
after HTST pasteurization. Lactobacillus was enriched at concentration step 2 on both
collection dates and in skim milk in the separator in late summer. Lactococcus levels,
on the other hand, were highest in raw milk and blended silos on both dates. A high
level of Micrococcaceae was observed in a raw milk silo in the spring, whereas the
highest relative abundances of Pseudomonas were observed in the concentration
steps (a concentration silo in spring and concentration step 1 in late summer) (Fig.
3 and Fig. S1).

The predominance of Pseudomonas so soon after pasteurization merited further
investigation. The majority (82.4%) of pseudomonads identified in concentration step
1 in the summer were defined by a single operational taxonomic unit (OTU). The
representative sequence from this OTU shared 99% DN sequence identity with Pseu-
domonas thermotolerans and Pseudomonas jinjuensis (Fig. S3). Interestingly, Pseudomo-
nas OTUs from the blended silos shared 100% sequence identity with other Pseudomo-
nas species (Fig. S3).

Viable bacterial cell number and diversity changes postpasteurization accord-
ing to PMA treatment. To optimize the PMA protocol for detection of viable bacteria

recovered from milk, living and heat-killed L. casei BL23 cells were suspended in
ultra-high-temperature (UHT)-treated milk, washed with phosphate-buffered saline
(PBS), and subjected to different PMA concentrations and incubation times. Exposure
for 5 min to a concentration of 25 �M PMA was selected for use because this protocol
was sufficient to render the dead cells to be minimally detectable (2.23 � 107 total cell
reduction, representing approximately 99.9% of the untreated control cells) while
retaining the maximum number of living cells (Fig. S4).

All milk samples collected in the late summer were measured for both viable
(PMA-treated) and total (no-PMA treatment) bacterial cell numbers by quantitative PCR
(qPCR). These results showed that milk treated with PMA contained between 29
cells/ml and 4.3 � 105 cells/ml (average � 1.6 � 104 cells/ml; median � 1.2 � 103

cells/ml) (Fig. S5A). The total bacterial cell numbers were similar, with a range of 52
cells/ml to 4.7 � 105 cells/ml (average � 1.4 � 104 cells/ml; median � 1.9 � 103).
PMA-enriched and total bacterial cell counts were highly positively correlated (Pearson
r � 0.9814) (Fig. S5B).

We next compared viable (PMA-treated) and total (no-PMA treatment) cell numbers
and beta-diversities for milk collected pre- and postpasteurization. For the raw, unpas-
teurized milk, the estimates of viable and total bacterial cell numbers were equivalent
(Fig. 4A). This result was consistent with the lack of any detectable differences in
bacterial diversity, according to the weighted UniFrac distance metric, between the
viable and total cell fractions of each milk sample (Fig. 4B).

After pasteurization, the viable and total bacterial populations were distinct (Fig. 4).
For milk collected from most pieces of equipment after pasteurization (concentration
step 1 to the concentration silos), the qPCR estimates of the viable bacterial cell
numbers were lower than found for total cell counts, thereby indicating high propor-
tions of dead cells (Fig. 4A). Higher median UniFrac distances were also found between
the bacteria in pasteurized milk from concentration step 1, concentration step 3, and
concentration silos (Fig. 4B). Concentration step 2 differed from the others because it
contained higher cell numbers, even after the exclusion of dead cells by PMA (Fig. 4).
The bacterial diversities at concentration step 2 were also more similar between the
viable and total cell fractions (Fig. 4B). Lastly, although the blended silos had signifi-
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cantly lower bacterial cell counts after PMA treatment, the viable cell community
composition was similar to the total (Fig. 4).

Pasteurization enriches for certain bacteria in the Firmicutes phylum. Turicibac-
ter, a genus in the Firmicutes phylum, was significantly enriched (LDA effect size � 2.57,
P � 0.01406) among the viable cells found in pasteurized milk (concentration steps 1,
2, and 3 and concentration silo) (Fig. 5). This result was confirmed by Turicibacter
genus-specific qPCR (Fig. S6). Although Turicibacter was the only taxon that reached
statistical significance for enrichment after PMA treatment, Firmicutes in the Peptostrep-
tococcaceae and Clostridiaceae families, as well as other members of the Clostridia class,
also showed a trend toward enrichment. Notably, proportions of endospore-forming
bacteria such as Anoxybacillus, Bacillus, and Thermus exhibited very little change with
PMA exposure, indicating that they were viable at the time of sampling. Certain Bacilli
that do not produce endospores also retained viability, including Streptococcus and
Lactobacillus, two genera that also dominated the bacterial communities in samples
from concentration step 2 (Fig. 3 and 5).

Conversely, the proportions of other Bacilli and Clostridia in pasteurized milk were
lower in the viable (PMA-treated) cell population than in the total (no-PMA) cell

FIG 4 PMA treatment results in significant effects on milk collected postpasteurization. (A) Weighted UniFrac distance between the PMA
treated and untreated milk samples. (B) Bacterial cell counts (log10 transformed) estimated by qPCR for PMA-treated (PMA) or untreated
(no PMA) milk collected during the late summer. Significant differences between cell count estimates for PMA-treated and untreated
samples were determined by the paired t test, assuming equal variance, and are indicated by asterisks. *, P � 0.05; **, P � 0.01.
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population. Staphylococcus (class Bacilli) cell proportions were among those taxa that
were significantly reduced (LDA effect size � 2.31, P � 0.00014) (Fig. 5). The relative
abundances of bacteria in the Ruminococcaceae family (class Clostridia) were also lower,
although not significantly. In addition, the proportions of Corynebacterium (class Acti-
nobacteria) were less, as were those for other bacteria in that class, leading to a
significant reduction at the class (LDA effect size � 2.27, P � 0.00036) and order
(Actinomycetales) levels (LDA effect size � 2.26, P � 0.00026).

Time since CIP results in variable outcomes in bacterial cell numbers and
diversity. Milk processing equipment is regularly cleaned. Clean-in-place (CIP) times for
different pieces of equipment (raw milk silo, separator feed, concentration silo, and
blended silo) were collected for the late summer sampling dates, thereby enabling
comparisons between CIP times and bacterial composition. To inform our understand-
ing of how viable bacterial communities might be impacted by CIP times, only
PMA-treated milk samples were used for this analysis. Similar conclusions were reached
when all (viable and dead) bacterial cells were examined (Fig. S7).

Comparisons of viable cell numbers to CIP times showed that silos and separator
feed equipment that had been cleaned within 19 h of sampling had �3,200 bacterial

FIG 5 Microbial taxa impacted by pasteurization as detected by PMA treatment. The fold change in the
proportions of bacterial taxa between PMA-treated and untreated milk collected from equipment after
pasteurization. Prior to the fold change calculations for each taxa (PMA-treated aliquot/untreated
aliquot), sequence counts of 0 were replaced with 1. Unchanged OTU counts from each sample were
analyzed using LefSe with PMA treatment set as class and the collection event (one PMA-treated aliquot
and one untreated aliquot from each sample were compared) set as subclass. Pairwise comparisons were
made only with subclasses of the same name. A significant difference (LDA effect size � 2, P � 0.005)
between the PMA-treated and untreated aliquots for all four pieces of equipment is indicated by an
asterisk.
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cells/ml (Fig. 6A). Dominant (viable) taxa from milk in processing equipment �19 h
postcleaning included Bacillus, Pseudomonas, and Anoxybacillus (Fig. 6B).

After 19 h since CIP, the milk samples could be divided into two groups: (i) milk in
which the bacterial load did not increase above 3,200 cells/ml even 54 h after CIP and
(ii) milk in which cell numbers increased over time after CIP (Fig. 6A). The bacteria in
milk at processing steps that maintained low cell numbers, even with long durations of
time since CIP (Fig. 6A and C), were diverse and contained numerous taxa. This milk was
also significantly enriched with Acinetobacter, Streptococcus, and Staphylococcus relative
to milk from recently cleaned equipment (�19 h prior) (Fig. 6B). In comparison, milk
that harbored increased quantities of bacteria was dominated by only a few taxa
(�70% of the total community). Both Acinetobacter and Lactococcus were highly
enriched compared to both recently cleaned equipment and equipment that main-
tained low cell numbers after CIP (Fig. 6, Fig. S8A). Further analysis showed that the
most abundant Lactococcus OTU (median 92% of the total Lactococcus OTUs) was
closely related to Lactococcus lactis and Lactococcus taiwanensis. The estimated cell
amounts of Bacillus and Anoxybacillus, two potential spoilage agents, were similar
between silos that had low and high total bacterial cell counts (Fig. S8).

DISCUSSION

Initial dairy processing steps frequently involve milk pasteurization, separation, and
concentration, followed by blending to reach specific ratios of fat and protein (22). In
this study, we identified the consistently present, as well as the more variable, bacterial
taxa found in bovine milk during processing intended for cheese manufacture. We also
showed how the bacterial content in milk at each of those processing steps changes
over short periods of time within and between individual pieces of equipment. Iden-
tification and quantification of the viable bacteria confirmed the impacts of pasteuri-
zation at the level of individual processing steps and for specific taxa. This variation in
bacterial diversity has important consequences for predicting how the microorganisms
in milk affect product quality.

Streptococcus was the most abundant bacterial genus in the milk on both sampling
dates, as was previously observed for raw milk in tanker trucks delivered to the same
facility (20). Because this genus was consistently found in milk from all pieces of
equipment, including among the viable cells measured after pasteurization, our find-
ings support the work of others showing the persistence of this genus in milk during
the manufacture of cheese and other dairy products (13, 23).

Also consistent with prior findings (20) was the large fraction of bacteria that were
rare (�1% relative abundance) (“other” in Fig. 1). Other bacteria were conditionally rare,
such that they were only sporadically dominant. Those taxa included the dairy-relevant
genera Thermus, Anoxybacillus, Lactococcus, Lactobacillus, Micrococcaceae, and Pseu-
domonas. The high proportions of these bacteria could be due to their predominance
in some shipments of raw milk, their enrichment or introduction in particular pieces of
equipment, or a combination of these factors. This “conditionally rare” phenomenon
was observed previously in other environments, including air, large bodies of water,
human skin and gastrointestinal tract, and brewery wastewater treatment facilities (21).

In the milk examined here, Thermus was enriched in milk at concentration step 1 at
10 h of operation. Concentration step 1 is the step that immediately follows pasteur-
ization. Irrespective of the entry point of this organism into the milk, this finding is
consistent with the thermotolerant properties of the Thermus species. Thermus is
important in dairy processing because it was shown to cause pink discoloration in
cheese (24, 25). Although the enrichment of Thermus could be a cause for concern, our
data indicate that this genus is likely controlled by current cleaning protocols or is only
an occasional contaminant, because it was not present throughout the sample collec-
tion period. Instead, Thermus proportions constituted only 0.03% of the total bacterial
population in milk from concentration step 1 a couple of hours later (16:00 in the
afternoon), after a CIP on the same day.

Anoxybacillus was also a conditionally rare member of the milk microbiota. This
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FIG 6 Comparison of CIP and bacterial cell numbers and diversity. PMA-treated milk collected from silos on the late summer collection
dates are shown. (A) Estimated viable bacterial cell counts compared to the number of hours since clean in place (CIP) for each milk
sample. A vertical line at 3,200 cells/ml and a horizontal line at 19 h since CIP delineate the cutoff for low and high bacterial loads in
silos, respectively. (B) Microbial community structure of individual milk samples collected from silos with �19 h since CIP. (C) Microbial
community structure of individual milk samples collected from silos with �19 h since CIP and low (left panel) or high (right panel)
bacterial loads. A black asterisk indicates significant (LDA effect size � 2, P � 0.05) enrichment in both low- and high-cell-number
groups relative to recently cleaned silos (�19 h CIP). Green and red asterisks indicate enrichment in milk containing low and high
numbers of cells relative to recently cleaned silos, respectively.
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genus was enriched in milk sampled at the same time and on the same day from
concentration steps 2 and 3 and the concentration silo, along with a couple of other
time points in blended silos. Anoxybacillus has been frequently found as a contaminant
of dairy processing facilities (26) and particularly in milk powders (27, 28). High
endospore counts caused by this genus can lead to rejection of milk powder due to
presumed poor hygiene (27). Thermophiles such as Anoxybacillus in general can cause
product spoilage (29–31). Like Thermus, Anoxybacillus seems to be relatively well
controlled as the relative abundance of this genus was at �0.8% by 16:00 in all
concentration steps, after CIP occurred. However, because the proportions of Anoxy-
bacillus and Thermus were not significantly reduced by PMA treatment, even immedi-
ately after pasteurization, the results suggest that these taxa, when present, were likely
viable.

Pseudomonas was sporadically enriched in the viable and total cell fractions of milk
collected from the concentration steps following pasteurization, as well as from
blended silos. The presence of Pseudomonas postpasteurization is a concern in dairy
processing plants because of the proteases, lipases, and lecithinases produced by these
bacteria, which are responsible for decreased shelf life and spoilage of fluid milk (32)
and cheese (33) even after cell death has occurred. Pseudomonas is generally under-
stood to be sensitive to standard milk pasteurization protocols (34, 35). Therefore, the
(re)introduction of Pseudomonas might have also occurred, considering that pasteur-
ized milk is vulnerable to microbial contamination. Such a possibility is consistent with
prior studies (13, 35–37), including reports wherein Pseudomonas was found in water
used throughout the plant (35, 37). Although the most abundant Pseudomonas OTUs in
pasteurized milk were highly similar to the thermotolerant species P. thermotolerans
(38), confirmation requires further investigation.

Because dead or inactive bacteria can be detected by standard 16S rRNA gene
sequencing methods, we also applied PMA to enrich for living, or viable, cells in the
milk. PMA-based detection relies on the presence of an intact cell membrane to prevent
binding to genomic DNA. PMA treatment was especially appropriate for detection of
live bacterial cells after pasteurization given that this compound was shown to be
particularly effective for differentiating living from dead cells when cell death was
caused by heat stress (39). A limitation of this approach is the tendency for increased
or decreased diffusion of PMA through the bacterial cell membrane, depending on the
general physiological state and extracellular properties of the organism (e.g., exopoly-
saccharide, peptidoglycan, etc.) (18, 40). Moreover, in the presence of high numbers of
living cells, PMA can result in overestimates in viable cell numbers. However, the high
correlation between estimated bacterial cell counts before and after PMA treatment
and the lack of enrichment of only a few taxonomic groups suggest that the selected
protocol, at worst, reduced the living fraction proportionally relative to the total
community. At best, and consistent with the enrichment of thermodurics in pasteurized
milk after PMA treatment, the PMA method allowed a good approximation of bacterial
taxa that were viable both pre- and postpasteurization.

The largest changes in both total cell counts and overall microbial community
structure with PMA treatment occurred in samples downstream of pasteurization. This
was expected because pasteurization is likely to kill the majority of bacteria present.
Several, primarily endospore-forming, members of the Firmicutes phylum were en-
riched among the viable cells following HTST treatment. Bacteria in the Turicibacter
genus, an endospore-forming member of the class Erysipelotrichia (41), were signifi-
cantly higher in all subsequent treatment steps measured. Although Turicibacter was
previously detected in pasteurized milk (13, 42), the impact of this organism on dairy
product quality is not known. On the other hand, the proportions of other Firmicutes,
including members of the Staphylococcus genus, were significantly reduced in milk
after pasteurization. Other Firmicutes and Actinobacteria were only modestly (nonsig-
nificantly and sometimes negatively) affected.

Milk in concentration step 2 was an outlier in our comparisons, and the microbiota
in that piece of equipment did not exhibit a substantial change in microbial community
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structure or a significant decrease in estimated bacterial cell counts following PMA
exposure. Instead, these milk samples contained a slight increase in cell numbers and
a different community structure, enriched in Streptococcus and Lactobacillus compared
to the surrounding equipment. Although the reason for this is not clear, it is possible
that these two genera were concentrated in concentration step 2 but were not retained
or were significantly diluted at subsequent steps.

Because CIP times were available for equipment sampled on the late summer
collection dates, we were able to make direct comparisons between the time since
cleaning and bacterial populations present in the milk. The milk generally contained
low bacterial cell numbers (�3.5 log10 cells/ml), independent of CIP. However, cell
numbers were increased in several samples retrieved more than 19 h after CIP. Acin-
etobacter and/or Lactococcus comprised the majority of viable bacteria in most of those
samples. Because both of these genera were also enriched in raw milk silos tested on
other dates (20), it is possible that a high abundance of Acinetobacter and Lactococcus
is a facility-specific characteristic. Because the predominance of these organisms could
not be directly linked to time since CIP, these bacteria might reside in biofilms which
cannot be completely removed by cleaning.

Our findings suggest that equipment-specific trends in microbial composition
should be identified and closely monitored when the time after CIP exceeds 19 h.
However, it should be noted that elevated bacterial numbers might not necessarily be
associated with spoilage. Instead, the presence of Lactococcus might contribute posi-
tively to cheese development given that the DNA sequences in this data set share a
high level of nucleotide identity with L. lactis. Moreover, bacteria more commonly
recognized as spoilage agents (e.g., Bacillus or Anoxybacillus) were proportionally more
abundant, with estimated cell numbers unchanged, in milk containing low total
quantities of bacteria.

In conclusion, we found that bacterial populations are highly dynamic over spatial
and temporal scales in milk undergoing common processing steps. Although some of
the changes in the milk microbiota are predictable (e.g., reduced viable cell numbers
after pasteurization), other differences would not be easily estimated based on knowl-
edge of the bacteria contained in raw milk or CIPs. These other differences may be due
to facility- or equipment-specific bacterial communities that should be identified within
individual manufacturing facilities to allow location-specific monitoring for spoilage-
associated organisms. Because 16S rRNA marker gene surveys are limited by their
capacity to identify some bacteria to the species level (e.g., Streptococcus, Pseudomonas,
and Lactococcus), this limitation should be taken into account. Although we were able
to rule out some species among these genera, other primer sets or surveys targeting
protein-encoding genes might provide additional resolution. However, even with these
limitations, the findings here provide targets within the facility (e.g., blended silos)
where more strain level/species level monitoring could potentially be used to predict
product spoilage. Further studies, including culture-based studies, are needed within
this and other dairy processing facilities to determine the cause of this microbial
variation and ultimately establish the relative impact of different milk-associated mi-
crobiomes on product quality.

MATERIALS AND METHODS
Sample collection and processing. A total of 71 milk samples were collected on 1 and 2 April 2014

(referred to as the spring season dates), and another 71 samples were collected on 29 and 30 September
2014 (referred to as the late summer dates). Milk was collected directly from 8 (spring) to 10 (late
summer) types of equipment (Fig. 1). The equipment is used for pasteurization, concentration, separa-
tion, blending, and storage of milk prior to the final pasteurization step before curd production. Milk from
actively operating equipment was collected once every 1.5 to 4.5 h for a total of three to six collection
times for each piece of equipment. Blended silos were the exception and were randomly sampled throughout
21-h periods to obtain a total of 30 and 29 samples, respectively, on the spring and late summer collection
dates. Concentration step 3 was sampled during the late summer only. The amount of time that the
equipment had been operating prior to sampling varied from 0.8 to 54.2 h. To the best of our ability, we
attempted to collect the same batches of milk as it flowed through the facility; however, because of the scale
of the operation, it is likely that more than one batch was examined on each of the collection dates.
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Milk was collected from each piece of equipment as previously described (20) into 200- to 400-ml
food-grade or clinical-grade sterile bags and stored at 4°C until the end of the day. Samples were
transported overnight on ice in hard sided insulated containers and were received within 12 to 32 h after
collection. Upon receipt, each milk fraction for the late summer date was mixed by shaking and inversion
and divided into two 30-ml aliquots for measurement with or without PMA treatment. One 30-ml aliquot
was obtained for samples collected for the spring season. Each of the aliquots was centrifuged at
13,000 � g at 4°C for 5 min. Cream samples were mixed with an equal quantity of PBS (pH 7.2; 137 mM
NaCl, 2.68 mM KCl, 10.1 mM Na2HPO4, 1.76 mM KH2PO4) by vortexing prior to centrifugation. For all
samples, the fat layer and supernatant were removed. Cell pellets were then suspended in PBS and
centrifuged again prior to storage at – 80°C.

Propidium monoazide methods. The selective binding of propidium monoazide (PMA) to DNA of
dead rather than to living bacterial cell populations can be affected by the type of cells being assayed
and the matrix in which the cells are contained. Therefore, we optimized a propidium monoazide
protocol using Lactobacillus casei in UHT milk. L. casei BL23 (43) (provided by Vicente Mondero,
IATA-CSIC, Spain) was grown to exponential phase (108 cells/ml) in Lactobacilli MRS broth (Becton
Dickinson, Franklin Lakes, NJ). A fraction of the cells was heated to 80°C for 5 min for inactivation. Each
of the resulting cultures was washed with PBS and inoculated into UHT-treated milk at a 1:100 ratio for
a final concentration of 106 cells/ml. Serial dilutions of the suspensions were immediately plated on MRS
agar for enumeration of viable L. casei. The cells were then washed in PBS again and suspended in PBS
to mimic methods for collecting bacteria from milk as described above. Each washed culture was then
divided into 500-�l aliquots into which either PMA at a final concentration of 25 or 50 �M PMA or an
equal volume of water (untreated control) was added. The suspensions were incubated in duplicate in
the dark with shaking at 200 rpm on a gyratory shaker (model G2; New Brunswick Scientific Co., Inc.,
Edison, NJ) for 5, 15, or 30 min as previously described (19). Subsequently, the cells were exposed to a
500-W halogen light bulb held 20 cm away for 5 min. During that time, the cells were kept on ice and
rotated at 1-min intervals. Excess PMA was removed by centrifugation at 13,000 � g for 2 min, followed
by washing in PBS before the cells were collected again by centrifugation at 13,000 � g for 4 min.

For detection of the living fraction of bacteria in milk collected at the commercial processor, cell
pellets recovered from the late summer milk samples were exposed to PMA prior to freezing at – 80°C.
For PMA treatment, the cells were suspended in 500 �l of PBS, and 6.25 �l of a freshly prepared 2 mM
PMA stock solution was added to achieve a final concentration of 25 �M PMA. These suspensions were
treated as described above prior to DNA extraction.

DNA extraction. DNA was extracted from cells collected from milk using the PowerFood microbial
DNA isolation kit (Mo Bio Laboratories, Inc., Carlsbad, CA) as previously described (20).

Estimation of total bacterial cell numbers and Turicibacter by quantitative real-time PCR.
Bacterial cell numbers were estimated using quantitative PCR (qPCR) targeting bacterial 16S rRNA genes
with primers UniF (GTGSTGCAYGGYYGTCGTCA) and UniR (ACGTCRTCCMCNCCTTCCTC) (44, 45) as pre-
viously described (20). Reactions were prepared with a 400 nM primer mixture and SsoFast Evagreen
Supermix with Low ROX (Bio-Rad Laboratories, Inc.). Thermocycling was performed in a 7500 Fast
real-time PCR system (Applied Biosystems, Foster City, CA). Paired t tests assuming equal variance were
performed in R (www.r-project.org) on log10-transformed values of cells/ml estimated using qPCR for milk
collected from within the dairy processing facility before and after PMA treatment.

Turicibacter cell numbers were estimated by qPCR using the primers TuriciF (CAGACGGGGACAACG
ATTGGA) and TuriciR (TACGCATCGTCGCCTTGGTA) targeting a conserved region in Turicibacter 16S rRNA
genes (46). The standard curve for Turicibacter quantification was from a PCR product that was gel
purified (Wizard SV gel and PCR cleanup system; Promega, Madison, WI). The PCR product was obtained
using the primers TuriciF and TuriciR and milk collected at concentration step 1 as the template. The PCR
amplicon DNA was quantified with a Qubit 3.0 fluorometer using a Qubit double-stranded DNA (dsDNA)
HS assay kit (Life Technologies, Eugene, OR) and sequenced to confirm that only Turicibacter DNA was
amplified (46). 16S rRNA gene copies determined by qPCR were divided by 3 to account for the three 16S
rRNA genes in the Turicibacter sanguinis genome, and this value was used to estimate Turicibacter cell
numbers.

For the development of the PMA assay, DNA was extracted from L. casei BL23 grown to stationary
phase at 37°C in MRS broth. The concentration of extracted DNA was determined using a Quant-iT
PicoGreen dsDNA assay kit (Molecular Probes) according to the manufacturer’s instructions. Dilutions of
the genomic DNA were used to construct a qPCR standard curve employed in the development of the
PMA treatment method. Estimates of the total number of L. casei genome copies/ml were based on the
known genome size of 3.1Mbp. The second standard curve, used for estimation of total cell number in
milk samples, was prepared from exponential-phase L. casei BL23 collected from the manufacturing
facility. For that standard curve, concurrent with DNA extraction, viable cell numbers of L. casei were
estimated by plating serial dilutions of the culture onto MRS agar for colony enumeration.

16S rRNA gene sequencing and analysis. DNA sequencing was performed as previously described
(20). Briefly, primers F515 and R806 were used to amplify the V4 region of 16S rRNA genes (47) with Ex
Taq DNA polymerase (TaKaRa, Otsu, Japan). Pooled PCR amplicons were sequenced by 250-bp paired-
end sequencing on an Illumina MiSeq at the University of California, Davis, CA (http://dnatech
.genomecenter.ucdavis.edu/). An 8-bp barcode present on the 5= end of primer F515 was used to
demultiplex the DNA sequence reads during analysis.

FASTQ files were analyzed with QIIME version 1.9.1 (48) as previously described (20). OTU counts
generated using QIIME were filtered to remove OTUs occurring at �0.005% relative abundance (49). OTU
counts were adjusted by rarefaction at a depth of 9,000 sequences per sample for further analysis. Fewer
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than 9,000 sequence reads were obtained for each cream sample, and therefore bacterial community
analysis was not performed on these samples. However, they were included in cell/ml estimations. To
determine statistically significant differences in taxonomic abundance between experimental groups,
rarefied OTU counts were summed by taxonomic level. Taxa present at less than 1% relative abundance
in all samples were combined into a category termed “Other.” Differential taxonomic abundances
between experimental groups were then analyzed using LefSe (50).

Because the spring and late summer samples were sequenced in different MiSeq runs, PCR amplicons
from five milk samples were included in each run to examine for batch effects. The gPCA.batchdetect
function in the gPCA package in R (51) showed no significant effect of sequencing run (1,000 permu-
tations, P � 0.719) between spring and late summer. Therefore, no batch correction was performed.
Moreover, storage at 4°C overnight prior to DNA extraction did not result significant changes to bacterial
composition. This was confirmed by a lack of effect size greater than 2 according to LefSe for 28 raw milk
samples processed immediately after collection compared to 54 samples, collected on the same date,
that were first placed at 4°C overnight prior to extraction.

Data availability. The DNA sequences for this study are publicly available through the Qiita database
(https://qiita.ucsd.edu) under study ID 10485 and in the European Nucleotide Archive under accession
number ERP015209.
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