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ABSTRACT Raw cow milk is one of the most complex and unpredictable food matrices
shaped by the interaction between biotic and abiotic factors. Changes in dairy farming
conditions impact the quality and safety of milk, which largely depend on seasonality.
Changes in microbiome composition and relative metabolic pathways are derived from
microbial interactions, as well as from seasonality, mammary, and extramammary conditions
(e.g., farm management and outdoor environment). Breeding data from >600 Apulian
farms were examined, and the associated physicochemical parameters were processed
by a reductionist approach to obtain a raw cow milk sample subset. We investigated
the microbiological variability in cultivable and 16S rRNA sequencing microbiota as
affected by seasonal fluctuations at two time points (winter and summer seasons). We
identified families (Xanthomonadaceae, Enterobacteriaceae, and Pseudomonadaceae)
whose increased abundance during winter may cause a shift toward a pathobiont mi-
crobial niche that leads to lower milk quality. Apulian summer season conditions were
advantageous to the presence of specific taxa, i.e., Streptococcaceae (i.e., Lactococcus)
and Limosilactobacillus fermentum, which in turn may favor better milk preservation.

IMPORTANCE The strength of this study lies in the microbiological characterization of a
wide range of farm management data to achieve a more comprehensive framework of
Apulian milk. Specific regional pedoclimatic and management conditions impact the taxa
present and their abundances within this ecological food niche. The obtained results lay
the groundwork for comparison with other worldwide extensive farming areas.

KEYWORDS raw cow milk, 16S rRNA gene-based metataxonomic, seasonal microbiota,
dairy farm management, microbiota metabolic predictions, metabolic predictions

aw milk is a complex substrate enriched in four key components, specifically, water, fats,

proteins, and lactose, along with a multitude of other minor constituents related to miner-
als and vitamins (1). This peculiar chemical composition is essential for the nutritional needs of
both human and animal offspring (2).

At the same time, the macro- and micronutrient composition represents an optimal
substrate for the growth of a wide consortium spectrum in which bacteria, yeasts, and molds
coexist (1). This microbial community contributes both to animal physiology and health status
and, by exploiting its protechnological features, impacts the quality and preservation of dairy
products. In contrast, deterioration and spoilage processes are linked to the dysbiotic and
pathological sphere with related implications for consumers.

Milk microbiota is the result of a cumulative effect of variables that can be distinguished
overall in mammary and extramammary tissues (2, 3). The variables in mammary tissue
depend on the cow udder and teat surface microbial community, whose dynamic composition
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affects the breast tissue health status (2, 4). In contrast, extramammary variables are related
to dairy farm environmental factors, including air, dust, feces, water, feed, milking stables, bio-
film presence on milking tools, and cross-contamination effectors carried by dairy operators
(3, 5-7). In this light, milk microbiota play a key role in determining and maintaining dairy pro-
cess quality and reproducibility (8). More specifically, the metabolism resulting from microbial
activity impacts the safety, organoleptic, and nutritional qualities of dairy products (4).

Changes in milk microbial taxa ratios include enrichment in psychrophilic species (e.g.,
Pseudomonas, Aeromonas, Listeria, Staphylococcus, Enterococcus, and Enterobacteriaceae) as
well as in spore-forming species (e.g., the Clostridium species C. butyricum, C. tyrobutyricum,
C. bejierinckii, C. sporogenes, and C. bifermentans). These taxa with higher abundances have
been linked to increased spoilage and also occurrence of defects in later milk processing,
principally due to proteinase and lipase activities leading to gas-forming fermentations (9-15).
On the other hand, the presence of protechnological bacteria, mainly lactic acid bacteria (LAB),
improve biopreservation (e.g. via bacteriocin production) and thus impact cheese safety qual-
ities (16-19).

In addition to these factors, temperature and environmental moisture are the main
parameters shaping microbial ecosystems. In fact, fluctuations in taxa abundances must be
carefully screened based on seasonality. Environmental factors can influence the breast tissue
microbiota which, in turn, can directly affect the microbial community of raw milk. Specifically,
among these drivers, the ratio between grazing and housing times is used to quantify animal
exposure to different environmental niches enriched in distinct microorganism communities
that may be delivered to raw milk.

A more in-depth characterization of milk focused on understanding whether microbial
profiles and related metabolic pathways are subjected to seasonal changes that can drive
the quality of dairy products. Notably, the present study is aimed at profiling bovine raw
milk microbiota as they are affected by seasonality in the specific southern Italian region of
Apulia, featured for its own pedoclimatic conditions. Although the overall Apulian milk pro-
duction is not comparable with other more competitive Italian and worldwide distribution
areas, the production of protected designation of origin and protected geographic identifi-
cation cheeses is pivotal in sustaining the local economy, where raw milk is often implied
for high-quality production. Management profiles were obtained for a total of 638 Apulian
dairy farms and restricted to a reduced subset of them (n = 23). In summary, we inspected
physicochemical properties and the cultivable microbiota composition of milk, together
with 16S rRNA taxa profiles and the related metabolic pathway predictions.

RESULTS

Dairy farm management data. Based on an administered questionnaire, 638 dairy
farms from Apulia were profiled for farming management, animal feeding, hygiene and
milking practices, milk storage, and collecting conditions prior to processing (see Table S1 in
the supplemental material). The great majority (95%) of the interviewed dairy farms adopted
conventional management, whereas the remaining 5% were certified as organic. The major-
ity of included farms (51%) had cattle herds composed of more than 100 cows, whereas the
remainder harbored between 50 and 100 (25%) or fewer than 50 units (24%). Overall, the
principal breeding types were Holstein Friesian (45%), Brown Swiss (32%), and Simmenthal
(10%). The remaining 13% of farms reported more than one breeding type. Outdoor hous-
ing was prevalent in more than half of the farms (61%), whereas a mixed approach of indoor
and outdoor housing was found for 33%. Year-round indoor housing was adopted by 6% of
the interviewed farms. Ninety-four percent of farms allowed the cows to roam freely during
the day (see Table S1). All farms provided ventilation throughout the year. With respect to
feeding of calves, colostrum was administered in 22% of farms, and the same percentage
was fed milk substitutes during weaning. For feeding management after weaning, pasture
feed accounted for 26% during the winter, while hay and grains accounted for 39% and
35%, respectively. During the summer, a reduced pasture time (18%) and a relative increase
in hay and grain feeding (41%) were reported. Notably, 61% of farmers allowed cows to
graze during the lactation phase. Pre- and postdipping udder cleaning was adopted daily by
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92% of farms. Automatic and robotized milking systems were present in 95% and 5% of
farms, respectively (see Table S1). The overall farm per-day average quantity was over 100
quintals (56%; i.e., 10,000 kg, as 1 quintal is equivalent to 100 kg), with fewer than 5,000 kg
in 39% of cases. Approximately 5% of farms declared milk production ranging between
5,000 and 10,000 kg/day. Considering these Apulian breeding system features, we also
investigated specific strategies for management and feeding used during the warm season
to reduce the impact of heat stress (see Table S2). These practices are related to coping strat-
egies for heat stress, including fan and cooling system activation, frequency of and changes
in the daily total mixed ration, and modification of the daily pasture program.

Compositional properties of milk and clustering. A total of 638 raw cow milks were
analyzed in terms of physicochemical composition, nutritional components, and dairy
technological parameters (see Table S3). The main milk components, i.e., the lactose,
proteins, and fat, represented 4.73% = 0.10%, 3.5% * 0.24%, and 3.93% * 0.67%, respec-
tively (means = standard deviations [SD]). Moreover, mean pH was 6.55 = 0.03 and somatic
cell (SC) counts per milliliter were 261.76 = 45.30 SC/mL. In terms of dairy technological traits,
the consistency of coagulum (the A30, i.e, the amplitude [in millimeters] of curd firmness 30
min after enzyme addition), firming time (the K20, i.e, the time [in minutes] for the amplitude
to increase from 1.5 to 20 mm), and coagulation time (R, i.e., the time [in minutes] between
enzyme addition and attainment of the 1.5-mm amplitude) were 23.55 * 6.63 mm,
8.55 = 1.26 min, and 30.22 * 3.36 min, respectively.

The overall annual trend of compositional results related to physicochemical and biologi-
cal markers (pH, somatic cells score, and acetone, B-hydroxybutyric acid [BHBA], urea, and
citric acid levels) and macronutrients (lactose, proteins, caseins, and fat and its constituents)
combined with farm management data were inspected using boxplot distributions (see Fig.
S1). The interquartile ranges showed that acetone, urea, and citric acid had greater variabili-
ty. Concerning the macronutrient constituent class, fats and proteins together with trans
fatty acids and caseins exhibited the highest variability. The per-season physicochemical pa-
rameters of Apulian dairy milk production are reported as median values (see Table S4).

The complete panel of physicochemical parameters related to the overall annual
production were considered descriptive variables and were included in a multivariate
analysis, i.e,, a discriminant principal component analysis (DPCA). The output of the
find.clusters function within the adegenet R package was the Bayesian information crite-
rion (BIC) curve obtained without superimposing any a priori group that showed how
the 638 milk samples (from as many farms) could be clustered into seven clouds (see Fig.
S2). Specifically, after evaluating the DPCA plot, we selected at least three groups in the
nonoverlapping centroid areas from each of the clusters (five samples belonged to clus-
ter 1, which was divergent from the other clouds and showed a much more scattered
point distribution). Consequently, the physicochemical and microbiological characteriza-
tions (cultivable microbiota and 16S rRNA sequencing) for each sample were performed
at two different time points corresponding to the winter and summer seasons. Based on
this analysis, we selected 23 dairy farms for which specific per-company farming prac-
tices and herd characteristics have been reported (see Table S5).

Winter versus summer milk compositional analysis. The milk sample subset from
the 23 dairy companies was evaluated in terms of physicochemical parameters (Table 1).
Notably, the winter samples were significantly enriched (P < 0.001) for somatic cells
(485.38 = 299.58 SC/mL), BHBA (0.06 = 0.02 mmol/liter), and citric acid (0.12% = 0.01%)
compared with the summer samples (114.89 = 60.90 SC/mL, 0.02 = 0.01 mmol/liter, and
0.10% = 0.01%, respectively). Among the macronutrients, seasonality did not affect the pro-
tein and casein distributions at the two sampling points. In contrast, lactose was slightly
higher in summer (4.77% = 0.07%) than in winter (4.67% = 0.10%); fat content had an op-
posite trend (4.04% = 0.31% and 3.73% = 0.53% in winter and summer, respectively).
Moreover, winter samples were enriched in the following fatty acids: (i) myristic acids
(0.37% = 0.031% versus 0.34% = 0.04%); (ii) palmitic acid (1.01% = 0.08% versus
0.92% = 0.13%); (iii) short-chain fatty acids (0.53 = 0.05 versus 0.48 = 0.08 g/100 g
fat); (iv) medium chain fatty acids (1.57 * 0.14 versus 1.48 = 0.19 g/100 g fat); (v)
monounsaturated fatty acids (1.14 = 0.1 versus 1.05 = 0.15 g/100 g); (vi) saturated
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TABLE 1 Somatic cell composition and content relative to cow raw milks belonging to dairy
farms during winter and summer

Seasonal value (mean % SD)

Property/characteristic Winter Summer P value?
Physicochemical and biological markers
pH (unit) 6.62 = 0.03 6.69 = 0.03 <0.001
Somatic cells (SC/mL) 485.38 + 299.58 114.89 * 60.90 <0.001
Acetone (mmol/liter) 0.03 +00.02 0.04 = 0.03 0.028
BHBA (mmol/liter) 0.06 = 0.02 0.02 £ 0.01 <0.001
Urea (mg/dL) 24.21 + 6.01 22.78 +5.36 NS
Citric acid (%) 0.12 £ 0.01 0.10 £ 0.01 0.046
Electrical conductivity 862.61 = 42.07 871 £33.03 NS
Crio —527.33 £9.03 —528.64 = 4.35 NS
Carbohydrates
Lactose (%) 4.67 = 0.10 4.77 = 0.07 <0.001
Proteins
Protein (%) 3.58 £0.20 3.53£0.18 NS
Casein (%) 2.85 +0.18 2.78 £ 0.15 NS
Fats
Fat (%) 4,04 = 0.31 3.73 +0.53 0.024
Myristic acid (%) 0.37 £0.03 0.34 £ 0.04 0.017
Oleic acid (%) 1.19 = 0.11 1.10 = 0.16 NS
Stearic Acid (%) 0.35 = 0.04 0.34 = 0.06 NS
Palmitic acid (%) 1.01 = 0.08 0.92 £0.13 0.004
SCFA (C,~C,) (g/100 g milk) 0.53 * 0.05 0.48 * 0.08 0.012
MCFA (C4-C,5) (9/100 g milk) 1.57 =0.14 1.48 = 0.19 0.041
LCFA (C,4-C,5) (9/100 g milk) 148 +£0.16 137 £0.22 NS
MUFA (C,.,) (9/100 g milk) 1.14 +0.10 1.05 + 0.15 0.035
PUFA (g/100 g milk) 0.12 £ 0.02 0.11 £0.01 NS
Saturated FA (g/100 g milk) 2.66 +0.21 245 *+ 0.36 0.018
Unsaturated FA (g/100 g milk) 1.4 +0.183 1.09 = 0.16 <0.001
Trans FA (g/100 g milk) 0.07 £ 0.023 0.03 £ 0.02 <0.001
Solids
Total solids (%) 12.97 £ 0.50 12.68 £ 0.57 NS
Solids nonfat (%) 8.83 = 0.27 8.95 + 0.24 0.047
Clotting characteristics
Consistency of coagulum A30 (mm) 21.86 £ 4.12 30.38 £3.74 <0.001
Firming time K20 (min) 7.95 + 0.97 6.55 + 0.95 <0.001
Coagulation time R (min) 28.9 *+ 240 2298 +1.93 <0.001

9BHBA, B-hydroxybutyric acid; SCFA, short-chain fatty acids; MCFA, medium-chain fatty acids; LCFA, long-chain
fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids. NS, not
statistically significant (P > 0.05).

fatty acids (2.66 = 0.21 versus 2.45 = 0.36 g/100 g fat); (vii) unsaturated fatty acids
(1.4 = 0.18 versus 1.09 = 0.16 g/100 g fat); and (viii) trans fatty acids (0.07 = 0.02 ver-
sus 0.03 = 0.02 g/100 g fat). Bearing in mind the assessment of dairy technological
traits, winter milk samples showed higher values of H index (0.78 = 0.032 versus
0.68 = 0.03 ;m), firming time (K20 of 21.86 * 4.199 versus 6.55 = 0.95 min) and coagulation
time (R of 289 = 240 versus 22.98 = 1.93 min), while summer samples performed better in
terms of the consistency of coagulum (A30 of 30.38 * 3.74 versus 21.86 * 4.19 mm)
(Table 1).

Cultivable microbiota from winter and summer milk samples. The 23 raw milk sam-
ples analyzed once in summer and once in winter were inspected for their cultivable micro-
biota content (Table 2). In detail, the total mesophilic aerobic microorganism cell densities
were higher (P < 0.001) in winter (5.99 = 1.60 log CFU/g) than in summer (4.55 = 0.77 log
CFU/qg). Presumptive mesophilic and thermophilic lactobacilli cell densities in winter were
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TABLE 2 Cell densities compared to the principal microbial group evaluated in winter and
summer Apulian raw milks

Log CFU/mL
Microbial group Winter Summer P value“
Total mesophilic aerobic microorganisms 5.99 = 1.60 4.55 = 0.77 <0.001
Mesophilic lactobacilli 3.02 =0.73 233 = 0.64 <0.001
Thermophilic lactobacilli 243 £ 0.54 1.61 =033 <0.001
Mesophilic cocci 3.96 = 0.59 417 £ 0.87 NS
Thermophilic cocci 3.74 = 0.67 373 +0.73 NS
Total coliforms 245 +1.01 2.06 += 0.98 NS
Escherichia coli 0.54 = 0.87 043 £ 0.74 NS
Enterobacteriaceae 3.15*=1.04 2.27 = 0.89 0.001
Staphylococcus 1.38 = 1.13 0.80 =1.23 NS
Pseudomonas spp. 241 £2.10 2.14 = 1.48 NS
Yeasts 1.25*1.16 1.84 = 0.99 NS

aNs, not statistically significant (P > 0.05).

3.02 = 0.73 and 243 * 0.54 log CFU/g, respectively. In summer, cell densities for both of
these bacterial groups significantly decreased (P < 0.001) until reaching cell densities
of 2.33 = 0.64 and 1.61 = 0.33 log CFU/g, respectively. No significant differences were
retrieved for culturable presumptive mesophilic and thermophilic cocci, total coliforms,
Staphylococcus, Pseudomonas, and yeasts. Additionally, sample cell densities relative to
Enterobacteriaceae were higher in winter samples (3.15 = 1.04 log CFU/g) than in those
collected during the summer (2.27 = 0.89 log CFU/g).

Microbiota characterization by 16S rRNA gene high-throughput amplicon sequenc-
ing. To deeply inspect milk microbiota, a targeted high-throughput sequencing analysis
based on the V1-V3 hypervariable regions of the 165 rRNA gene was carried out on 23
raw cow milk samples, in both the winter and summer seasons. Demukx filtering statistics
showed that the number of total input reads ranged from 17,000 to 112,000, whereas
the total denoised deblur reads ranged from 7,000 to 46,000 (data not shown). Chimeric,
hit-artifact, and missed-reference reads were negligible. Neither Shannon nor Faith’s phy-
logenetic diversity (PD) indices revealed statistically significant differences in alpha diver-
sity values for winter versus summer milk samples, whereas the beta diversity computed
by using the dedicated Emperor plugin within the QIIME2 pipeline allowed us to distin-
guish them in two different and only partially overlapping clouds (see Fig. S3a in the sup-
plemental material). The relative pairwise permutational multivariate analysis of variance
(ANOVA) test indicated that the two groups significantly differed (see Fig. S3b to d).

Winter core microbiome. A derived microbiota taxa matrix was obtained by main-
taining those taxa with a relative abundance of >0.1% and a prevalence of >50%. As a result,
the taxonomic investigation highlighted how 5 out of 18 assigned phyla were harbored
by the constitutive core microbiota of winter milk samples (Fig. 1A). More specifically,
Proteobacteria (60.9%) and Firmicutes (31.1%) dominated the winter microbiota, whereas
Actinobacteria (3.8%), Bacteroidetes (2.9%), and Cyanobacteria (0.9%) accounted for a relative
abundance of <10%. According to the fixed criteria, winter samples were populated by 18
families of core microbiota (Fig. 1B). Five bacterial families showed an average relative abun-
dance of >10%: Xanthomonadaceae (22.67%), Streptococcaceae (21.2%), Enterobacteriaceae
(11.8%), Moraxellaceae (11.9%), and Pseudomonadaceae (10.4%). The remaining families, with a
relative abundance ranging from 0.1% to 2.02%, were classified as satellites instead (Fig. 1B).
At the genus and species levels, the abundance detection threshold that we used was lowered
to 0.001%, whereas the prevalence remained the same. Consequently, 47 bacterial genera
were included, 19 of which had a prevalence ranging between 80% and 100%. Notably, the
genera Stenotrophomonas (22.6%), Lactococcus (13.3%), Acinetobacter (11.4%), Pseudomonas
(104%), and Streptococcus (7.9%) had a relative abundance of >5% (Fig. 1C). At the species
level, 9 taxa comprised the core microbiome (Fig. 1D), where Acinetobacter proteobacterium
symbiont (7.7%), Streptococcus uberis (6.4%), and Lactococcus raffinolactis (2.9%) were the spe-
cies accounting for the highest relative abundances, while the other 6 identified species did
not reach the 1% relative abundance level (Fig. 1D).
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Summer core microbiota as estimated by high-throughput sequencing. The above-
described criteria were used to assess the core microbiota in milk collected during summer at
the phylum level. Firmicutes (42.9%), Proteobacteria (37%), and Actinobacteria (15.2%) exhibited
the highest abundances, whereas Bacteroidetes (2.8%) and Cyanobacteria (1.5%) abundances
were lower than the threshold of 10% (Fig. 1A). A total of 21 bacterial families were harbored by
the core microbiota, with Streptococcaceae (26.3%), Moraxellaceae (25.8%), Propionibacteriaceae
(9.8%), Staphylococcaceae (4.7%), and Burkholderiaceae (4%) having the highest percentage val-
ues (Fig. 1B). Forty-six genera comprised the core microbiota in summer samples (Fig. 1C).
Twenty-six of the 46 genera showed a prevalence higher than 80%. According to the 5%
threshold of relative abundance, Acinetobacter (24.1%), Lactococcus (18.3%), Cutibacterium
(9.0%), and Streptococcus (8.0%) were labeled the major contributing genera. At the species
level, the core microbiota included 5 dominant taxa, i.e., Acinetobacter proteobacterium sym-
biont, which is hierarchically assigned to the Acinetobacter genus (12.4%), Streptococcus
parauberis (2.60%), Acinetobacter endosymbiont (1.64%), Acinetobacter bereziniae (1.60%),
and Macrococcus caseolyticus (1.27%), whereas the remaining 7 satellite species did not
reach the fixed relative abundance threshold of 1% (Fig. 1D).

Winter versus summer dominant and subdominant microbiomes. Milk microbiota
derived from the same Apulian farms can be distinguished based on seasonality. The winter
and summer samples differed in several genera, including Proteobacteria, Firmicutes, and
Actinobacteria (Fig. 2A). An abundance of Proteobacteria characterized the winter samples (g
value < 0.001). In contrast, Firmicutes and Actinobacteria were mainly associated with summer
(g value < 0.001). For deeper profiling, the enrichment of winter samples in Proteobacteria
was determined by a cumulative contribution of Xanthomonadaceae (22.6%),
Enterobacteriaceae (11.7%), and Pseudomonadaceae (10.37%). In fact, each of these
bacterial families had higher values (g value < 0.001) in winter than in the summer
season. The Proteobacteria phylum, mainly comprised of Moraxellaceae, was instead higher
in terms of abundance during the summer season (g value < 0.001). The noticed difference in
the Firmicutes percentage during summer was markedly determined by Staphylococcaceae (q
value = 0.007) and Streptococcaceae (g value < 0.001). Additionally, Propionibacteriaceae
increased (g value < 0.001) in the summer season, reflecting the same trend as Actinobacteria.
Among the genera, Pseudomonas and Stenotrophomonas had higher values (q value < 0.001)
in winter-collected milk. In contrast, Acinetobacter (24.13%), Lactococcus (18.31%),
Cutibacterium (9.08%), Ralstonia (3.08%), and Staphylococcus (2.8%) significantly increased
in summer (g value < 0.001). At the species taxonomic level, Streptococcus parauberis and
Lactococcus raffinolactis exhibited a statistically significant increase in winter (q value < 0.001).
The abundance of a species belonging to the genus Acinetobacter (classified as a
Acinetobacter proteobacterium symbiont) markedly characterized the summer samples (g
value < 0.001) (Fig. 2B). Additionally, owing to their absence in winter, the four other bacte-
rial species were higher in summer, specifically, Limosilactobacillus fermentum (P = 0.004),
Cutibacterium granulosum (P = 0.008), Staphylococcus hominis (P = 0.015), and Acinetobacter
ursingii (P = 0.017) (see Fig. S4).

Correlation between milk physicochemical properties and the microbiome.
Statistically significant differences in the compositional and microbiological profiles
depending on seasonality were obtained with a Pearson’s correlation test by comparing
winter versus summer samples. Overall, 123 statistically significant correlations were found.
Considering those correlations with an absolute r? value ranging from 0.3 to 0.5, 43 positive
and 32 negative correlations were detected (Fig. 3). A strong correlation was found between
Enterobacteriaceae and Xanthomonadaceae and between these two taxa and the bovine
ketosis marker B-hydroxybutyric acid (2 > 0.5). Moreover, Xanthomonadaceae was posi-
tively correlated with the Stenotrophomonas genus. Positive correlations were also detected
between various taxa, i.e., Propionibacteriaceae, Cutibacterium granulosum, Staphylococcus
hominis, Acinetobacter ursingii, and Limosilactobacillus fermentum. A strong negative correla-
tion value was found for two comparisons: (i) lactose versus B-hydroxybutyric acid and (ii)
pH versus Stenotrophomonas, [B3-hydroxybutyric acid, Enterobacteriaceae, Xanthomonadaceae,
and somatic cells (? < —0.5). Finally, Cutibacterium was negatively correlated with many fat
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constituents, such as long-chain fatty acids (LCFAs), medium unsaturated fatty acids (MUFAs),
short-chain fatty acids (SCFAs), fats, and saturated fatty acids (SFAs).

Differences in metabolic predicted pathways by PICRUSt analysis. Starting from
16S rRNA taxa abundances, we predicted the metabolic pathways by using the PICRUSt2
pipeline, and the resulting matrix was inspected to determine statistically significant differ-
ences in summer versus winter seasons. Then, to graphically render this high number of pre-
dicted pathways, we grouped them considering the second level of a metabolic pathway’s
architecture (Fig. 4). Summer samples were enriched in pathways belonging to alcohol deg-
radation, aromatic compound degradation, and C; compound utilization and assimilation. In
contrast, the relative frequencies of amine and polyamine biosynthesis and degradation, car-
bohydrate degradation, carboxylate degradation, detoxification, p-galactarate degradation |,
glycan biosynthesis, inorganic nutrient metabolism, phenolic compound degradation, and
secondary metabolite biosynthesis were higher in the winter season.
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The predicted pathway abundance matrix was used as input for a multivariate
statistical analysis (PCA) whose principal components were plotted, allowing us to
discriminate samples by seasonality. More specifically, the best cluster separation was
obtained by combining the contribution of the third principal component (Fig. 5),
which accounted for 13.1% of the total variance.

DISCUSSION

As the convergent result of a multitude of abiotic and biotic factors having a stochastic,
deterministic, and temporary impact on the microbiota (2, 3, 15, 20), milk has been recognized
as one of the most complex and unpredictable food matrices.
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to the lowest level of PICRUSt prediction is reported in Table S6 in the supplemental material.

Here, 638 Apulian dairy farms were profiled to collect information on breeding as
well as animal and milk management. These stochastic factors have been recognized
as drivers of milk microbiota (2, 3). Milk samples from the same farms were collected
and chemically characterized. This allowed us to obtain a wide perspective on the variability
characterizing the Apulian cow raw milks. The distribution for fat and protein class content
exhibited a high variability in terms of interquartile ranges (21), which may result from a
combined contribution of genetic differences and an equal sample number relative to the
three analyzed Apulian breeds (i.e, Holstein Friesians, Brown Swiss, Simmenthal). Without
superimposing any a priori clustering condition, we randomly selected a subset of 23 milk
samples from the BIC curve that we considered representative of the total of considered
Apulian farm production. This simplified and nonredundant subset allowed us to reduce the
differences determined by physicochemical variables, including protein and fat content, as
well as changes driven by animal feeding and breeding management. Considering those
variables that markedly influenced the environmental and breast microbiota, sampling was
performed in the two opposite seasons with the highest differences in terms of humidity
(water) and temperature. Pedoclimatic Apulian conditions with hot summers reduce the
availability of fresh grass used in dairy herd feeding and inevitably modify grazing habits
(22, 23). Therefore, the time spent by cows on pasture was generally higher (26%) during
winter than during summer (18%), with an augmented possibility of free grazing. In compar-
ison with extensive farming areas with economically relevant productions, the Apulian
region is marked by temperate seasons, typical of the Mediterranean region, fostering the
grazing possibility during the cold season. In contrast, the high summer temperatures are
contrasted with specific strategies used to reduce the impact of heat stress.

Our data revealed how these habits in turn impact summer and winter milk sample
microbiota, which are different in terms of composition and relative abundances. Although
Proteobacteria and Firmicutes dominated the microbiota of milk in both seasons, the former
phylum was significantly increased during the winter season. The 16S rRNA gene-based
metataxonomic analysis showed that the families Xanthomonadaceae, Enterobacteriaceae,
and Pseudomonadaceae constituted the winter milk core microbiota. Genera and species
belonging to Stenotrophomonas sp., Escherichia coli, Klebsiella pneumoniae, Klebsiella oxytoca,
Enterobacter aerogenes, and Pseudomonas aeruginosa are commonly recognized as
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FIG 5 Principal component analysis of winter (blue) versus summer (orange) sample metabolic pathways.

environmental (e.g., from grazing, bedding, flooring, and stable sources) mastitis
pathogens (24-30). Not surprisingly, these three families were positively correlated
with somatic cell counts, suggesting potential pathobiont activity. A higher incidence
of potential mastitis during winter was associated with climate conditions (31, 32).
With this in mind, we can hypothesize that the higher abundance of these patho-
bionts during winter is linked to the possible onset of mastitis. From this perspective,
water and medium-low temperatures that specifically characterize Apulian winter cli-
matic conditions would favor their growth. These findings are in line with previously
published studies arguing that mean temperatures ranging from T,,,, 5°C to T,,,, 11°C
(with @ minimum and maximum registered peak temperature of 0°C and 20°C,
respectively) (33) and constant rainfall (increased humidity) during the cold season
favor the growth of pathobionts (34-37). Additionally, the outdoor system (61% of
interviewed farms) and pasture time during the cold season may drive the microbial
taxa balancing on cow teats, milking parlors, and bedding surfaces (8, 20).
Specifically, while grazing, cattle may come into contact with microorganisms that
typically belong with soil and plants, i.e., Xanthomonadaceae, Pseudomonadaceae,
and Enterobacteriaceae (38-40), which may be later transferred to bedding surfaces.
The higher abundances of these taxa were in agreement with the inspected meta-
bolic pathways of fatty acid (FA) and lipid biosynthesis, which were higher during the
winter season. The increased expression of unsaturated FAs, such as oleate, dodec-5-enoate,
and palmitoleate and its derived cis-vaccenate biosynthesis pathway, highlighted the potential
role of homeoviscous adaptation of the above-mentioned taxa to colder temperatures (41,
42). It follows that the presence of Enterobacteriaceae may counteract the indigenous milk
antimicrobial agent lactoferrin, which reduces iron bioavailability by increasing chorismate
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biosynthesis (43). This molecule acts as a precursor for the biosynthesis of the siderophore
enterobactin (44, 45), which was significantly higher, together with chorismate, in our win-
ter milk samples. In a dependent manner, the synergistic Pseudomonadaceae proteolytic
activity increased when iron was at a growth-limiting concentration (46). Altogether,
many superpathways related to carbohydrate, carboxylate, amino acid, amine, and poly-
amine degradation were also found to be more abundant in winter raw milk. This evidence
suggested a greater predisposition of milk to spoilage induced by Xanthomonadaceae,
Enterobacteriaceae, and Pseudomonadaceae, whereas their presence negatively affected the
derived dairy qualities (38). Due to the discoloration they cause and the proteinase and
lipase activities, many species within the Pseudomonadaceae family, i.e,, Pseudomonas fluores-
cens, Pseudomonas fragi, Pseudomonas putida, and Pseudomonas ludensis, have been recog-
nized to be the most bitter enemies of milk hygiene and safety and the primary cause of
milk alteration (47, 48). Moreover, due to their fermentative activities and the resulting gas
and biogenic amine production (13-15, 49), other genera (i.e,, Acinetobacter, Listeria, Serratia,
Clostridium, and Chryseobacterium) are also known for their negative effects on raw milk-
derived dairy products (13-15).

In contrast, the shift toward a higher presence of Firmicutes and Actinobacteria in the
summer season is in line with the increased abundances that we found for the dominant core
families of Moraxellaceae, Streptococcaceae, Propionibacteriaceae, and Staphylococcaceae.
Although the higher temperatures during the summer season would favor the growth of
Moraxellaceae and Staphylococcaceae (50, 51), the species belonging to these taxa account-
ing for Acinetobacter proteobacterium symbiont and Staphylococcus hominis do not constitute
cause of concern toward dairy quality because of pasteurization and good hygiene manu-
facturing practices (2, 52). Instead, the Propionibacteriaceae and especially Streptococcaceae
families include, at lower taxonomic levels, many genera and species that are important to
maintain quality. In line with this, our data revealed a significantly higher content of
Lactococcus during summer. According to our results, Garroni and colleagues hypothesized
that LAB may benefit from the higher temperatures in warmer seasons (53). In addition, our
data showed a significantly higher abundance of Limosilactobacillus fermentum in summer
milk. In agreement, other studies have reported an enrichment of LAB genera during the hot
season (15, 20, 54).

An increase in pathways related to amino acid biosynthesis and fermentation may be
related to a greater presence of LAB that are commonly used to provide the typical cheese
flavor (2, 20). Indeed, Lactococcus and L. fermentum constitute the core microbiota of many
natural starters and cheeses (2) and are important producers of many sensorial compounds
that ensure cheese qualities. L. fermentum typifies the main composition of natural whey cul-
tures used to produce many traditional cheeses in southern ltaly, such as Caciocavallo
Pugliese (55), Caciocavallo Silano (56), and Caciotta (57). On the other hand, a limited role
has been attributed to the presence of this obligately heterofermentative LAB in Grana pro-
duction (Parmigiano Reggiano and Grana Padano). Its presence could interfere with a grainy
texture by forming microholes. Nevertheless, molecular methods have demonstrated the
presence of lysed cells of this LAB species in Grana, leading to the release and activation of
intracellular enzymes (58). As a consequence, the effect of this process may affect cheese
texture and flavor (59). Moreover, the hot season enhances the greater presence of these
pro-technological microorganisms linked to milk preservation (9). Indeed, many LABs may
induce the production of bacteriocin, organic acids, diacetyl, and hydrogen peroxide, which
counteract spoilage through the inhibition of many food-spoiling microorganisms (16-19).
Given the importance of milk hygiene and its preservation, an increased presence of LAB is
considered of relevant interest for cheesemakers, whereas many autochthonous LAB and
non-starter LAB may compensate or complement the use of primary starters, ensuring diver-
sity among cheese varieties and enhancing dairy biodiversity (5, 15, 60).

In this study, we carefully inspected the main biotic and abiotic variables impacting
Apulian raw milk. Despite the fragmentation in terms of herd numbers, the Apulian dairy
farm management results are homogeneous for many factors that act by reducing the pos-
sible cross-contamination within farm indoor activities (e.g., milking). On the other hand,
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microbiological variability due to seasonal fluctuations was observed as the result of differ-
ent microbial growth conditions (e.g., humidity, rain activity, and temperature) and finally
dependent on some managerial choices, such as grazing, feeding, outdoor versus indoor
time, and seasonal pattern birthing. In this sense, the winter raw cow milk harbored many
microorganisms, such as Xanthomonadaceae, Enterobacteriaceae, and Pseudomonadaceae,
whose presence may have led to a pathobiont microbial niche, worsening the udder and
teat tissue conditions and potentially weakening the raw cow milk quality over time for fur-
ther processing. In contrast, the summer season seemed to provide advantages related to
growth of microorganisms of veterinary interest (Moraxellaceae and Staphylococcaceae). The
higher presence of Streptococcaceae (i.e., Lactococcus) and Limosilactobacillus fermentum
(core dominant microbiota) in summer milk could be potential positive agents useful in better
biopreserving raw milk quality but, on the other hand, constitute a reservoir of pro-technologi-
cal LAB for further dairy processing.

MATERIALS AND METHODS

Questionnaire and dairy farm profiling. Questionnaire forms were structured with the purpose of
collecting the greatest profiling of dairy farms (20); they were delivered to 1,535 dairy farms in the Apulian terri-
tory. The questionnaire, with binary answer choices (i.e,, 1 for yes and 0 for no), included a total of 16 questions
(Q1 to Q16) and collected information about farm management (farm size, number of cattle, hygiene condi-
tions, milking practices, and environment type), breeding type (traditional or organic), animal conditions (breed
type, health, animal welfare, housing type), feeding (fodder, pasture, etc.), weaning (e.g., powdered milk), milk-
ing, and milk manipulation after collection. By considering only those Apulian farms that fully completed the
questionnaire, the total set composed of 1,535 possible farms was restricted to 638 farms.

Milk sample collection and physicochemical analysis. During the complete solar year 2019 to 2020
and following the guidelines defined by the Associazione Regionale Allevatori Puglia, we collected raw cow milks
from the set of 638 profiled dairy farms. Bulk milk, under constant stirring and maintained at refrigerated condi-
tions (=4°C), was immediately processed or alternatively stored at —80°C for further analyses. Chemical analyses
of milks concerned total proteins, caseins, fats, lactose, urea, acetone, BHBA, solids nonfat, citric acid, saturated
FAs (short, medium, and long chain), monounsaturated FA, polyunsaturated FA, and trans FA. Freezing point
depression, pH, H index, and electrical conductivity were also measured. Milks were thawed at room temperature
(20 to 24°C) and vortexed for 10 s to ensure adequate homogeneity. A volume of 5 mL of sample was warmed
at 40°C in a water bath and analyzed by MilkoScan 7 RM (ltalian Foss Electric, Padova, Italy) based on Fourier
transform infrared spectroscopy technology (2 to 10 wm) (61). To optimize the robustness and accuracy of the
analysis, multiple wavelengths selected from the entire mid-infrared spectrum were used for calibration. The
MilkoScan 7 RM technique complies with ISO 9622/IDF 141:2013 (62) and Association of Official Analytical
Chemists 972.1 official method. The analysis of milk coagulation properties was performed by using the
Formagraph instrument (Foss Electric A/S, Hillered, Denmark) (63). The following three parameters were recorded:
curd firmness at 30 min (A30, in millimeters), curd-firming time (K20, in minutes), and rennet coagulation time (R,
in minutes). Somatic cell counts (SCC, as SCC per milliliter) were determined with BacSomatic system (Italian Foss
Electric, Padova, Italy). To obtain a unique profile for each sample, three biological replicates from each milk were
analyzed. The obtained profiles were used to categorize milks. According to the resulting milk profiles, discrimi-
nant analysis of principal components (DAPC) was used to evaluate variable contributions to sample clustering.
Specifically, the find.clusters function (https://www.rdocumentation.org/packages/adegenet/versions/2.0.1/topics/
find.clusters) within the adegenet R package, which offers a robust alternative to Bayesian clustering, was used to
subsample the number of screened milks without reducing the variance among samples. In detail, to identify the
optimal number of clusters, k-means were sequentially run at increasing values of k. As a result, different cluster-
ing options were evaluated by inspecting the Bayesian information criterion (BIC) curve.

Cultivable microbiota. Milk microbiological analyses were performed in agreement with specific
standardized methods by an accredited laboratory (Studio Summit Sr.l, Avellino, Italy). The total aerobic
counts based on the pour plate technique at 30°C were carried out according to UNI EN 1SO 4833-1:2013 (64).
The evaluation of total coliforms and B-glucuronidase™ E. coli counts was carried out according to AFNOR BIO
12/20-12/06 (65). Staphylococcus coagulase-positive strains and Enterobacteriaceae were directly quantified af-
ter enrichment by following the respective official methods, ISO 6888-1:2021 (66) and 1SO 21528-2:2017 (67).
Presumptive Pseudomonas counts were determined by applying ISO/TS 11059:2009 (68). Presumptive lactic
acid bacteria were prepared by serial dilutions in Ringer solution and plated on different culture media pur-
chased from Oxoid (Basingstoke, United Kingdom). In detail, presumptive mesophilic lactobacilli and cocci
were enumerated using de Man, Rogosa, and Sharpe (MRS) medium and lactose M17 agar plates, respectively.
Both media were supplemented with cycloheximide (0.1% [wt/vol]) and incubated at 30°C. Presumptive ther-
mophilic lactobacilli and streptococci were enumerated on MRS and lactose M17 agar media, respectively.
Both media were supplemented with cycloheximide (0.1% [wt/vol]) after incubation at 45°C (69). Enumeration
of yeasts and molds was assessed by means of the selective medium Dichloran Rose-Bengal chloramphenicol
agar (Biolife) in accordance with ISO 21527-1:2008 (70).

Extraction and sequencing of total bacterial DNA. Milk DNA was extracted using the FastDNA spin
kit (MP Biomedicals, Solon, OH, USA) following the manufacturer’s instructions. A negative control for DNA extrac-
tion was also included to guarantee the identification of potential kit contamination (71). The quality and concen-
tration of total extracted DNA were evaluated spectrophotometrically (NanoDrop ND-1000; Thermo Fisher
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Scientific, Inc.). 165 rRNA metagenomic sequencing was carried out by Genomix4life (a spinoff of the University
of Salerno, Fisciano, Italy) on an lllumina MiSeq platform. In detail, the primers used for the target sequence were
28F (forward, 5'-GAGTTTGATCNTGGCTCAG-3’) and 519R (reverse, 5'-TGCTGCCTCCCGTAGGAGT-3'), allowing the
amplification of the V1-V3 hypervariable region of the 165 rRNA marker gene, according to the Genomix4life in-
ternal protocols (https://www.genomix4life.com/en/sequencing.html). A negative control for sequencing was also
included in the workflow of 16S amplification and library preparation, consisting of all the reagents included in
the sample processing and without the sample, to ensure that no contamination took place. Libraries were quan-
tified using a Qubit fluorometer (Invitrogen Co., Carlsbad, CA, USA) and pooled, including the Phix control library,
to an equimolar amount (4 nM final concentration). FastQ file quality was assessed by using FastQC software (72)
and analyzed by using the QIIME2 dedicated pipeline (https:/giime2.org) microbiome platform (version 2020.8).
Denoising was computed with the g2-deblur QIME plugin (https://github.com/qiime2/g2-deblur). Taxonomy
was inferred with the QIIME-compatible database Silva v.138 SSU, using an amplicon sequence variant (ASV) table
based on error-corrected reads. Alpha diversity metrics, including Shannon entropy and Faith’s PD, were also
computed by using QIIME2 nested plugins (73).
PICRUSt. Functional metabolic profile prediction was carried out by using the Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States (PICRUSt2) pipeline, version 2.0 (74). Pathway prediction
was based on QIIME2 16S rRNA gene meta-barcoding-derived taxonomy in the form of a raw matrix (biom file).
Further clustering of the metabolic pathways was carried out by using Biocyc database pathway assignation.

Statistical analyses. The obtained data are expressed as means * SD, medians with interquartile
ranges (IQR; i.e., 25th to 75th percentiles), or percentages, as appropriate. Continuous variables were
subjected to one-way ANOVA. In contrast, nonparametric data were analyzed by the rank test using the
Wilcoxon Mann-Whitney test corrected for multiple comparisons by the Sidak-Bonferroni method using
GraphPad Prism (v. 8.4.0). Metabolic predicted pathways were compared by using a two-sided Welch
test corrected for multiple comparisons with the Benjamini-Hochberg correction. Only statistically signif-
icant values corrected by multiple tests were considered and discussed.
Data availability. All relevant data are included in the main body or the supplemental material asso-
ciated with the article. 16S rRNA raw data from the study were deposited in the NCBI Sequence Read
Archive (SRA; https://www.ncbi.nIm.nih.gov/sra) under accession code PRINA807332.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 7.6 MB.

ACKNOWLEDGMENTS
The study was funded by NATCASEI, “Management of breeding systems and environmental

factors for the production and enhancement of natural starters in the cheesemaking processes’

(MIPAAFT DMN 27443-25, September 2018).
M.D.A., M.G,, and M.C. designed and supervised the study. F.M.C, M.V., G.Co., and
G.Ce. wrote and drafted the paper and performed the experiments. F. M. Calabrese
performed the bioinformatics analyses. M.D.A. and M.G. acquired the funding.

We declare no conflict of interest.

REFERENCES

1.

Frank FJ. 2007. Milk and dairy products, p 141-155. In Doyle MP, Beuchat
LR (ed), Food microbiology: fundamentals and frontiers, 3rd ed. ASM
Press, Washington, DC.

. Fox PF, Guinee TP, Cogan TM, McSweeney PLH (ed). 2017. Fundamentals

of cheese science, 2nd ed. Springer, New York, NY.

. Gobbetti M, Di Cagno R, Calasso M, Neviani E, Fox PF, De Angelis M. 2018. Driv-

ers that establish and assembly the lactic acid bacteria biota in cheeses. Trends
Food Sci Technol 78:244-254. https://doi.org/10.1016/j.tifs.2018.06.010.

. Parente E, Ricciardi A, Zotta T. 2020. The microbiota of dairy milk: a review. Int

Dairy J 107:104714. https://doi.org/10.1016/jidairyj.2020.104714.

. Montel MC, Buchin S, Mallet A, Delbes-Paus C, Vuitton DA, Desmasures N,

Berthier F. 2014. Traditional cheeses: rich and diverse microbiota with
associated benefits. Int J Food Microbiol 177:136-154. https://doi.org/10
.1016/j.ijfoodmicro.2014.02.019.

. Marchand S, De Block J, De Jonghe V, Coorevits A, Heyndrickx M, Herman

L. 2012. Biofilm formation in milk production and processing environ-
ments; influence on milk quality and safety. Compr Rev Food Sci Food Saf
11:133-147. https://doi.org/10.1111/j.1541-4337.2011.00183 x.

. Bava L, Zucali M, Tamburini A, Morandi S, Brasca M. 2021. Effect of differ-

ent farming practices on lactic acid bacteria content in cow milk. Animals
(Basel) 11:522. https://doi.org/10.3390/ani11020522.

. Doyle CJ, Gleeson D, O'Toole PW, Cotter PD. 2017. High-throughput meta-

taxonomic characterization of the raw milk microbiota identifies changes

September/October 2022 Volume 10 Issue 5

4

reflecting lactation stage and storage conditions. Int J Food Microbiol
255:1-6. https://doi.org/10.1016/j.ijfoodmicro.2017.05.019.

. O’Sullivan O, Cotter PD. 2017. Microbiota of raw milk and raw milk cheeses,

p 301-316. In McSweeney PLH, Fox PF, Cotter PD, Everett DW, Cheese, 4th
ed. Elsevier, New York, NY.

. De Jonghe V, Coorevits A, Van Hoorde K, Messens W, Van Landschoot A,

De Vos P, Heyndrickx M. 2011. Influence of storage conditions on the
growth of Pseudomonas species in refrigerated raw milk. Appl Environ
Microbiol 77:460-470. https://doi.org/10.1128/AEM.00521-10.

. Agarwal A, Awasthi V, Dua A, Ganguly S, Garg V, Marwaha SS. 2012. Micro-

biological profile of milk: impact of household practices. Indian J Public
Health 56:88-94. https://doi.org/10.4103/0019-557X.96984.

. Chauhan K, Dhakal R, Seale RB, Deeth HC, Pillidge CJ, Powell IB, Craven H,

Turner MS. 2013. Rapid identification of dairy mesophilic and thermo-
philic sporeforming bacteria using DNA high resolution melt analysis of
variable 16S rDNA regions. Int J Food Microbiol 165:175-183. https://doi
.org/10.1016/j.iffoodmicro.2013.05.007.

. Ercolini D, Russo F, Ferrocino |, Villani F. 2009. Molecular identification of

mesophilic and psychrotrophic bacteria from raw cow’s milk. Food Micro-
biol 26:228-231. https://doi.org/10.1016/j.fm.2008.09.005.

. Machado SG, da Silva FL, Bazzolli DMS, Heyndrickx M, Costa PMA, Vanetti

MCD. 2015. Pseudomonas spp. and Serratia liquefaciens as predominant

10.1128/spectrum.00514-22 14


https://www.genomix4life.com/en/sequencing.html
https://qiime2.org
https://github.com/qiime2/q2-deblur
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA807332
https://doi.org/10.1016/j.tifs.2018.06.010
https://doi.org/10.1016/j.idairyj.2020.104714
https://doi.org/10.1016/j.ijfoodmicro.2014.02.019
https://doi.org/10.1016/j.ijfoodmicro.2014.02.019
https://doi.org/10.1111/j.1541-4337.2011.00183.x
https://doi.org/10.3390/ani11020522
https://doi.org/10.1016/j.ijfoodmicro.2017.05.019
https://doi.org/10.1128/AEM.00521-10
https://doi.org/10.4103/0019-557X.96984
https://doi.org/10.1016/j.ijfoodmicro.2013.05.007
https://doi.org/10.1016/j.ijfoodmicro.2013.05.007
https://doi.org/10.1016/j.fm.2008.09.005
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00514-22

Raw Cow Milk Quality in Apulian Farms

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

spoilers in cold raw milk. J Food Sci 80:M1842-M1849. https://doi.org/10
.1111/1750-3841.12957.

. Quigley L, O'Sullivan O, Stanton C, Beresford TP, Ross RP, Fitzgerald GF,

Cotter PD. 2013. The complex microbiota of raw milk. FEMS Microbiol Rev
37:664-698. https://doi.org/10.1111/1574-6976.12030.

. Batdorj B, Trinetta V, Dalgalarrondo M, Prévost H, Dousset X, lvanova |,

Haertle T, Chobert JM. 2007. Isolation, taxonomic identification and
hydrogen peroxide production by Lactobacillus delbrueckii subsp. lactis
T31, isolated from Mongolian yoghurt: inhibitory activity on food-borne
pathogens. J Appl Microbiol 103:584-593. https://doi.org/10.1111/j.1365
-2672.2007.03279.x.

. Delavenne E, Mounier J, Asmani K, Jany JL, Barbier G, Le Blay G. 2011. Fun-

gal diversity in cow, goat and ewe milk. Int J Food Microbiol 151:247-251.
https://doi.org/10.1016/j.ijffoodmicro.2011.08.029.

. Cotter PD, Hill C, Ross RP. 2005. Bacteriocins: developing innate immunity for

food. Nat Rev Microbiol 3:777-788. https://doi.org/10.1038/nrmicro1273.

. Mills S, Stanton C, Hill C, Ross RP. 2011. New developments and applica-

tions of bacteriocins and peptides in foods. Annu Rev Food Sci Technol 2:
299-329. https://doi.org/10.1146/annurev-food-022510-133721.
Nikoloudaki O, Lemos Junior WJF, Borruso L, Campanaro S, De Angelis M,
Vogel RF, Di Cagno R, Gobbetti M. 2021. How multiple farming conditions cor-
relate with the composition of the raw cow’s milk lactic microbiome. Environ
Microbiol 23:1702-1716. https://doi.org/10.1111/1462-2920.15407.
Associazione Italiana Allevatori. 2020. Controlli sulla Produttivita del Latte.
http://bollettino.aia.it/Contenuti.aspx?CD_GruppoStampe=RS&CD_Specie=C4.
Accessed on 27 January 2022.

Cammerino AR, Biscotti S, De lulio R, Monteleone M. 2018. The sheep tracks of
transhumance in the Apulia region (South Italy): steps to a strategy of agricul-
tural landscape conservation. Appl Ecol Environ Res 16:6977-7000.

Semple EC. 1922. The influence of geographic conditions upon ancient
Mediterranean stock-raising. Ann Assoc Am Geogr 12:3-38. https://doi
.org/10.1080/00045602209356937.

Cannas EA, Dore S, Lollai S, Liciardi M (ed). 2019. Mastitis in small rumi-
nants, p 23-27. In Dego OK (ed), Mastitis in dairy cattle, sheep and goats.
Intech Open, London, England.

Liciardi M. 2008. Controllo e prevenzione delle mastiti da Pseudomonas
negli allevamenti ovicaprini. Quaderni Istituto Zooprofilattico Sperimentale della
Sardegna. https://www.izs-sardegna.it/quaderni/Opuscolo%20Pseudomonas.pdf.
Accessed 16 April 2022.

Smith KL, Todhunter DA, Schoenberger PS. 1985. Environmental mastitis:
cause, prevalence, prevention. J Dairy Sci 68:1531-1553. https://doi.org/
10.3168/jds.50022-0302(85)80993-0.

Zehner MM, Farnsworth RJ, Appleman RD, Larntz K, Springer JA. 1986. Growth
of environmental mastitis pathogens in various bedding materials. J Dairy Sci
69:1932-1941. https://doi.org/10.3168/jds.50022-0302(86)80620-8.

Klaas IC, Zadoks RN. 2018. An update on environmental mastitis: chal-
lenging perceptions. Transbound Emerg Dis 65:166-185. https://doi.org/
10.1111/tbed.12704.

Banerjee S, Batabyal K, Joardar SN, Isore DP, Dey S, Samanta I, Samanta
TK, Murmu S. 2017. Detection and characterization of pathogenic Pseudo-
monas aeruginosa from bovine subclinical mastitis in West Bengal, India.
Vet World 10:738-742. https://doi.org/10.14202/vetworld.2017.738-742.
Smith KL, Hogan JS. 1993. Environmental mastitis. Vet Clin North Am Food
Anim Pract 9:489-498. https://doi.org/10.1016/s0749-0720(15)30616-2.
Albenzio M, Taibi L, Muscio A, Sevi A. 2002. Prevalence and etiology of
subclinical mastitis in intensively managed flocks and related changes in
the yield and quality of ewe milk. Small Rumin Res 43:219-226. https://
doi.org/10.1016/50921-4488(02)00022-6.

Olde Riekerink RGM, Barkema HW, Stryhn H. 2007. The effect of season on
somatic cell count and the incidence of clinical mastitis. J Dairy Sci 90:
1704-1715. https://doi.org/10.3168/jds.2006-567.

Lionello P, Congedi L, Reale M, Scarascia L, Tanzarella A. 2014. Sensitivity
of typical Mediterranean crops to past and future evolution of seasonal
temperature and precipitation in Apulia. Reg Environ Change 14:2025-2038.
https://doi.org/10.1007/510113-013-0482-y.

De Palo P, Tateo A, Zezza F, Corrente M, Centoducati P. 2006. Influence of
free-stall flooring on comfort and hygiene of dairy cows during warm cli-
matic conditions. J Dairy Sci 89:4583-4595. https://doi.org/10.3168/jds
.50022-0302(06)72508-5.

Vithanage NR, Dissanayake M, Bolge G, Palombo EA, Yeager TR, Datta N.
2016. Biodiversity of culturable psychrotrophic microbiota in raw milk attribut-
able to refrigeration conditions, seasonality and their spoilage potential. Int
Dairy J 57:80-90. https://doi.org/10.1016/jidairyj.2016.02.042.

September/October 2022 Volume 10 Issue 5

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Microbiology Spectrum

Hiitié H, Vakkamaki J, Simojoki H, Autio T, Junnila J, Pelkonen S, Pyorala S.
2017. Prevalence of subclinical mastitis in Finnish dairy cows: changes
during recent decades and impact of cow and herd factors. Acta Vet
Scand 59. https://doi.org/10.1186/513028-017-0288-x.

El Zubeir IE, Ahmed MI. 2007. The hygienic quality of raw milk produced
by some dairy farms in Khartoum State, Sudan. Res J Microbiology 2:
988-991. https://doi.org/10.3923/jm.2007.988.991.

Cousin MA. 1982. Presence and activity of psychrotrophic microorgan-
isms in milk and dairy products: a review. J Food Prot 45:172-207. https://
doi.org/10.4315/0362-028X-45.2.172.

Thomas SB. 1966. Sources, incidence and significance of psychrotrophic
bacteria in milk. Milchwissenschaft 21:270-275.

Ryan RP, Monchy S, Cardinale M, Taghavi S, Crossman L, Avison MB, Berg
G, van der Lelie D, Dow JM. 2009. The versatility and adaptation of bacte-
ria from the genus Stenotrophomonas. Nat Rev Microbiol 7:514-525.
https://doi.org/10.1038/nrmicro2163.

Hazel JR. 1995. Thermal adaptation in biological membranes: is homeo-
viscous adaptation the explanation? Annu Rev Physiol 57:19-42. https://
doi.org/10.1146/annurev.ph.57.030195.000315.

Fulco AJ. 1983. Fatty acid metabolism in bacteria. Prog Lipid Res 22:
133-160. https://doi.org/10.1016/0163-7827(83)90005-x.

Carpenter C, Payne SM. 2014. Regulation of iron transport systems in
Enterobacteriaceae in response to oxygen and iron availability. J Inorg Bio-
chem 133:110-117. https://doi.org/10.1016/j.jinorgbio.2014.01.007.
O'Brien IG, Cox GB, Gibson F. 1970. Biologically active compounds containing
2,3-dihydroxybenzoic acid and serine formed by Escherichia coli. Biochim Bio-
phys Acta 201:453-460. https://doi.org/10.1016/0304-4165(70)90165-0.
Pollack JR, Neilands JB. 1970. Enterobactin, an iron transport compound from
Salmonella typhimurium. Biochem Biophys Res Commun 38:989-992. https://
doi.org/10.1016/0006-291x(70)90819-3.

Fernandez L, Jaspe A, Alvarez A, Palacios P, Sanjose C. 1992. Proteolytic
and lipolytic activities of Pseudomonas fluorescens grown in raw milk with
variable iron content. Milchwissenschaft 47:160-163.

Ewings NK, O'Conner RE, Mitchell GE. 1984. Proteolytic microflora of refriger-
ated raw milk in south east Queensland. Aust J Dairy Technol 39:3275-3283.
Ternstrom A, Lindberg AM, Molin G. 1993. Classification of the spoilage
flora of raw and pasteurized bovine milk, with special reference to Pseu-
domonas and Bacillus. J Appl Bacteriol 75:25-34. https://doi.org/10.1111/j
.1365-2672.1993.tb03403 x.

Le Bourhis AG, Saunier K, Doré J, Carlier JP, Chamba JF, Popoff MR, Tholozan
JL. 2005. Development and validation of PCR primers to assess the diversity
of Clostridium spp. in cheese by temporal temperature gradient gel electro-
phoresis. Appl Environ Microbiol 71:29-38. https://doi.org/10.1128/AEM.71.1
.29-38.2005.

Postma GC, Carfagnini JC, Minatel L. 2008. Moraxella bovis pathogenicity:
an update. Comp Immunol Microbiol Infect Dis 31:449-458. https://doi
.org/10.1016/j.cimid.2008.04.001.

Dickey AM, Loy JD, Bono JL, Smith TPL, Apley MD, Lubbers BV, DeDonder
KD, Capik SF, Larson RL, White BJ, Blom J, Chitko-McKown CG, Clawson
ML. 2016. Large genomic differences between Moraxella bovoculi isolates
acquired from the eyes of cattle with infectious bovine keratoconjunctivi-
tis versus the deep nasopharynx of asymptomatic cattle. Vet Res 47:31.
https://doi.org/10.1186/513567-016-0316-2.

Dumalisile P, Witthuhn RC, Britz TJ. 2005. Impact of different pasteuriza-
tion temperatures on the survival of microbial contaminants isolated
from pasteurized milk. Int J Dairy Technol 58:74-82. https://doi.org/10
.1111/j.1471-0307.2005.00189.x.

Garroni E, Doulgeraki Al, Pavli F, Spiteri D, Valdramidis VP. 2020. Charac-
terization of indigenous lactic acid bacteria in cow milk of the Maltese
Islands: a geographical and seasonal assessment. Microorganisms 8:812.
https://doi.org/10.3390/microorganisms8060812.

Falardeau J, Keeney K, Trmci¢ A, Kitts D, Wang S. 2019. Farm-to-fork profiling
of bacterial communities associated with an artisan cheese production facility.
Food Microbiol 83:48-58. https://doi.org/10.1016/j.fm.2019.04.002.

Gobbetti M, Morea M, Baruzzi F, Corbo MR, Matarante A, Considine T, Di
Cagno R, Guinee T, Fox PF. 2002. Microbiological, compositional, biochemical
and textural characterisation of Caciocavallo Pugliese cheese during ripening.
Int Dairy J 12:511-523. https://doi.org/10.1016/50958-6946(02)00042-0.
Ercolini D, Frisso G, Mauriello G, Salvatore F, Coppola S. 2008. Microbial di-
versity in natural whey cultures used for the production of Caciocavallo
Silano PDO cheese. Int J Food Microbiol 124:164-170. https://doi.org/10
.1016/j.ijfoodmicro.2008.03.007.

Aquilanti L, Babini V, Santarelli S, Osimani A, Petruzzelli A, Clementi F. 2011.
Bacterial dynamics in a raw cow’s milk Caciotta cheese manufactured with

10.1128/spectrum.00514-22 15


https://doi.org/10.1111/1750-3841.12957
https://doi.org/10.1111/1750-3841.12957
https://doi.org/10.1111/1574-6976.12030
https://doi.org/10.1111/j.1365-2672.2007.03279.x
https://doi.org/10.1111/j.1365-2672.2007.03279.x
https://doi.org/10.1016/j.ijfoodmicro.2011.08.029
https://doi.org/10.1038/nrmicro1273
https://doi.org/10.1146/annurev-food-022510-133721
https://doi.org/10.1111/1462-2920.15407
http://bollettino.aia.it/Contenuti.aspx?CD_GruppoStampe=RS&CD_Specie=C4
https://doi.org/10.1080/00045602209356937
https://doi.org/10.1080/00045602209356937
https://www.izs-sardegna.it/quaderni/Opuscolo%20Pseudomonas.pdf
https://doi.org/10.3168/jds.S0022-0302(85)80993-0
https://doi.org/10.3168/jds.S0022-0302(85)80993-0
https://doi.org/10.3168/jds.S0022-0302(86)80620-8
https://doi.org/10.1111/tbed.12704
https://doi.org/10.1111/tbed.12704
https://doi.org/10.14202/vetworld.2017.738-742
https://doi.org/10.1016/s0749-0720(15)30616-2
https://doi.org/10.1016/S0921-4488(02)00022-6
https://doi.org/10.1016/S0921-4488(02)00022-6
https://doi.org/10.3168/jds.2006-567
https://doi.org/10.1007/s10113-013-0482-y
https://doi.org/10.3168/jds.S0022-0302(06)72508-5
https://doi.org/10.3168/jds.S0022-0302(06)72508-5
https://doi.org/10.1016/j.idairyj.2016.02.042
https://doi.org/10.1186/s13028-017-0288-x
https://doi.org/10.3923/jm.2007.988.991
https://doi.org/10.4315/0362-028X-45.2.172
https://doi.org/10.4315/0362-028X-45.2.172
https://doi.org/10.1038/nrmicro2163
https://doi.org/10.1146/annurev.ph.57.030195.000315
https://doi.org/10.1146/annurev.ph.57.030195.000315
https://doi.org/10.1016/0163-7827(83)90005-x
https://doi.org/10.1016/j.jinorgbio.2014.01.007
https://doi.org/10.1016/0304-4165(70)90165-0
https://doi.org/10.1016/0006-291x(70)90819-3
https://doi.org/10.1016/0006-291x(70)90819-3
https://doi.org/10.1111/j.1365-2672.1993.tb03403.x
https://doi.org/10.1111/j.1365-2672.1993.tb03403.x
https://doi.org/10.1128/AEM.71.1.29-38.2005
https://doi.org/10.1128/AEM.71.1.29-38.2005
https://doi.org/10.1016/j.cimid.2008.04.001
https://doi.org/10.1016/j.cimid.2008.04.001
https://doi.org/10.1186/s13567-016-0316-2
https://doi.org/10.1111/j.1471-0307.2005.00189.x
https://doi.org/10.1111/j.1471-0307.2005.00189.x
https://doi.org/10.3390/microorganisms8060812
https://doi.org/10.1016/j.fm.2019.04.002
https://doi.org/10.1016/S0958-6946(02)00042-0
https://doi.org/10.1016/j.ijfoodmicro.2008.03.007
https://doi.org/10.1016/j.ijfoodmicro.2008.03.007
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00514-22

Raw Cow Milk Quality in Apulian Farms

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

aqueous extract of Cynara cardunculus dried flowers. Lett Appl Microbiol
52:651-659. https://doi.org/10.1111/j.1472-765X.2011.03053 x.

Lazzi C, Povolo M, Locci F, Bernini V, Neviani E, Gatti M. 2016. Can the de-
velopment and autolysis of lactic acid bacteria influence the cheese vola-
tile fraction? The case of Grana Padano. Int J Food Microbiol 233:20-28.
https://doi.org/10.1016/j.iffoodmicro.2016.06.009.

Neviani E, Bottari B, Lazzi C, Gatti M. 2013. New developments in the study of
the microbiota of raw-milk, long-ripened cheeses by molecular methods: the
case of Grana Padano and Parmigiano Reggiano. Front Microbiol 4:36. https://
doi.org/10.3389/fmicb.2013.00036.

Gobbetti M, Neviani E, Fox PF. 2018. Cheese: an overview, p 39-53. In The
cheeses of Italy: science and technology. Springer, Cham, Switzerland.
Spina AA, Ceniti C, Trimboli F, Britti D, Lopreiato V. 2021. Suitability of protein
content measured by milkoscan FT-plus milk analyzer to evaluate bovine and
ovine colostrum quality. Animals 11:2587. https://doi.org/10.3390/ani11092587.
International Organization for Standardization. 2013. Milk and liquid milk
products: guidelines for the application of mid-infrared spectrometry, ISO
9622 IDF 141.1SO, Geneva, Switzerland.

Cellesi M, Correddu F, Manca MG, Serdino J, Gaspa G, Dimauro C,
Macciotta NPP. 2019. Prediction of milk coagulation properties and indi-
vidual cheese yield in sheep using partial least squares regression. Ani-
mals 9:663. https://doi.org/10.3390/ani9090663.

International Organization for Standardization. 2013. Horizontal method
for the enumeration of microorganisms: colony-count technique at 30
degrees C, I1SO 4833-1.1SO, Geneva, Switzerland.

AFNOR. 2022. BIO 12/20-12/06 chromID™ Coli medium agar: chromo-
genic and selective medium designed for the enumeration of coliforms
and B-glucuronidase positive E. coli from food samples.

International Organization for Standardization. 2021. Horizontal method
for the enumeration of coagulase-positive staphylococci (Staphylococcus
aureus and other species). Part 1. Method using Baird-Parker agar, 1SO
6888-1.1SO, Geneva, Switzerland.

International Organization for Standardization. 2017. Microbiology of the
food chain. Horizontal method for the detection and enumeration of

September/October 2022 Volume 10 Issue 5

68.

69.

70.

71.

72.

73.

74.

Microbiology Spectrum

Enterobacteriaceae. Part 2. Colony-count technique, ISO 21528-2. 1SO, Ge-
neva, Switzerland.

International Organization for Standardization. 2009. Milk and milk prod-
ucts. Method for the enumeration of Pseudomonas spp., ISO/TS 11059.
1SO, Genova, Switzerland.

Minervini F, Conte A, Del Nobile MA, Gobbetti M, De Angelis M. 2017. Dietary
fibers and protective lactobacilli drive burrata cheese microbiome. Appl Envi-
ron Microbiol 83:e01494-17. https://doi.org/10.1128/AEM.01494-17.
International Organization for Standardization 1SO 21527-1. 2008. Micro-
biology of food and animal feeding stuffs: horizontal method for the enumera-
tion of yeast and moulds. Part 2. Colony count technique in products with water
activity less than or equal to 0,95, ISO 21527-1. 1SO, Geneva, Switzerland.
Hornung BV, Zwittink RD, Kuijper EJ. 2019. Issues and current standards
of controls in microbiome research. FEMS Microbiol Ecol 95:45. https://
doi.org/10.1093/femsec/fiz045.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, Alexander
H, Alm BEJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K, Brejnrod A,
Brislawn CJ, Brown CT, Callahan BJ, Caraballo-Rodriguez AM, Chase J, Cope EK,
Da Silva R, Diener C, Dorrestein PC, Douglas GM, Durall DM, Duvallet C,
Edwardson CF, Ernst M, Estaki M, Fouquier J, Gauglitz JM, Gibbons SM, Gibson
DL, Gonzalez A, Gorlick K, Guo J, Hillman B, Holmes S, Holste H, Huttenhower C,
Huttley GA, Janssen S, Jarmusch AK, Jiang L, Kaehler BD, Kang KB, Keefe CR,
Keim P, Kelley ST, Knights D, et al. 2019. Reproducible, interactive, scalable and
extensible microbiome data science using QIIME 2. Nat Biotechnol 37:852-857.
https://doi.org/10.1038/541587-019-0209-9.

Chao A, Bunge J. 2002. Estimating the number of species in a stochastic abun-
dance model. Biometrics 58:531-539. https://doi.org/10.1111/j.0006-341x.2002
00531x.

Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Taylor CM,
Huttenhower C, Langille MGI. 2020. PICRUSt2 for prediction of metage-
nome functions. Nat Biotechnol 38:685-688. https://doi.org/10.1038/
s41587-020-0548-6.

10.1128/spectrum.00514-22 16


https://doi.org/10.1111/j.1472-765X.2011.03053.x
https://doi.org/10.1016/j.ijfoodmicro.2016.06.009
https://doi.org/10.3389/fmicb.2013.00036
https://doi.org/10.3389/fmicb.2013.00036
https://doi.org/10.3390/ani11092587
https://doi.org/10.3390/ani9090663
https://doi.org/10.1128/AEM.01494-17
https://doi.org/10.1093/femsec/fiz045
https://doi.org/10.1093/femsec/fiz045
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1111/j.0006-341x.2002.00531.x
https://doi.org/10.1111/j.0006-341x.2002.00531.x
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1038/s41587-020-0548-6
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00514-22

	RESULTS
	Dairy farm management data.
	Compositional properties of milk and clustering.
	Winter versus summer milk compositional analysis.
	Cultivable microbiota from winter and summer milk samples.
	Microbiota characterization by 16S rRNA gene high-throughput amplicon sequencing.
	Winter core microbiome.
	Summer core microbiota as estimated by high-throughput sequencing.
	Winter versus summer dominant and subdominant microbiomes.
	Correlation between milk physicochemical properties and the microbiome.
	Differences in metabolic predicted pathways by PICRUSt analysis.

	DISCUSSION
	MATERIALS AND METHODS
	Questionnaire and dairy farm profiling.
	Milk sample collection and physicochemical analysis.
	Cultivable microbiota.
	Extraction and sequencing of total bacterial DNA.
	PICRUSt.
	Statistical analyses.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

