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Causal Relationship between Microbial Ecology Dynamics and
Proteolysis during Manufacture and Ripening of Protected
Designation of Origin (PDO) Cheese Canestrato Pugliese
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Pyrosequencing of the 16S rRNA gene, community-level physiological profiles determined by the use of Biolog EcoPlates, and
proteolysis analyses were used to characterize Canestrato Pugliese Protected Designation of Origin (PDO) cheese. The number
of presumptive mesophilic lactococci in raw ewes’ milk was higher than that of presumptive mesophilic lactobacilli. The num-
bers of these microbial groups increased during ripening, showing temporal and numerical differences. Urea-PAGE showed lim-
ited primary proteolysis, whereas the analysis of the pH 4.6-soluble fraction of the cheese revealed that secondary proteolysis
increased mainly from 45 to 75 days of ripening. This agreed with the concentration of free amino acids. Raw ewes’ milk was con-
taminated by several bacterial phyla: Proteobacteria (68%; mainly Pseudomonas), Firmicutes (30%; mainly Carnobacterium and
Lactococcus), Bacteroidetes (0.05%), and Actinobacteria (0.02%). Almost the same microbial composition persisted in the curd
after molding. From day 1 of ripening onwards, the phylum Firmicutes dominated. Lactococcus dominated throughout ripening,
and most of the Lactobacillus species appeared only at 7 or 15 days. At 90 days, Lactococcus (87.2%), Lactobacillus (4.8%; mainly
Lactobacillus plantarum and Lactobacillus sakei), and Leuconostoc (3.9%) dominated. The relative utilization of carbon sources
by the bacterial community reflected the succession. This study identified strategic phases that characterized the manufacture
and ripening of Canestrato Pugliese cheese and established a causal relationship between mesophilic lactobacilli and proteolysis.

heeses are the most diverse group of dairy products. Italy is

one of the countries with the largest and most diverse produc-
tion of cheeses, which are made with cows’, goats’, buffalos’, and
especially ewes” milk (1). Pecorino is the trivial name given to
Italian cheeses made with raw or heated ewes’ milk, which are
manufactured mainly in Central and South Italy according to an-
cient and unique techniques. Some of these cheeses are known
worldwide because they have the prestigious Protected Designa-
tion of Origin (PDO) recognition.

Canestrato Pugliese is an Italian ewes’ milk PDO cheese (CEE
Regulation 1107/96), which is manufactured in the Apulia region.
The cheese derives its name and traditional cylindrical shape from
the rush basket, canestro, where the curd is ripened. Raw, whole
ewes’ milk of 1 or 2 daily milkings is generally used, although
pasteurized milk may also be processed. The addition of natural
whey cultures is facultative, and liquid or powdered calf rennet is
used. Dry salting lasts 1 to 2 days, and during ripening (3 to 12
months) in the canestro, the cheese is turned regularly and
rubbed with a mixture of oil and vinegar. The cheese weighs 1
to 5 kg (2). New cheese varieties, ripened for only a few days,
were recently introduced into the market, and in 2012, the
production of Canestrato Pugliese was estimated to be ca. 25
tons (t) (http://www.clal.it/).

Overall, the PDO recognition is given to agriculture products
whose features are linked essentially or exclusively to specific geo-
graphic areas. Ancient livestock and cheese practices are adopted
within the PDO area, which are responsible for the peculiar char-
acteristics of Canestrato Pugliese cheese. Previously, mainly cul-
ture-dependent approaches were used to describe the microbio-
logical features of ripened Canestrato Pugliese cheese (3—5) and
the possibility of supporting viable probiotic bacteria (6). How-
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ever, the microbial dynamics that lead from raw ewes’ milk to
ripened cheese were never thoroughly described, and deep se-
quencing approaches were never used. Overall, environmental
and technological (e.g., shaping, salting, temperature, and time of
ripening) factors select for the specific cheese microbiota, which in
turn influence the biochemical changes that occur during ripen-
ing and contribute to the unique cheese flavor (7). Adventitious
microorganisms, which are represented mainly by nonstarter lac-
tic acid bacteria (NSLAB), are derived from raw milk (8) or from
the dairy environment and equipment surfaces (9) and play a
pivotal role during manufacture and ripening of raw milk cheeses.
In particular, facultatively heterofermentative lactobacilli repre-
sent the largest and the most diverse proportion of the NSLAB
population of almost all ripened cheese varieties (10, 11). The
most recent literature (12—17) shows how the structure and evo-
lution of the cheese microbiota could be highlighted through a
deep sequencing approach. Nevertheless, none of those studies
established the causal relationship between microbiota composi-
tion and cheese characteristics, based mainly on proteolysis dur-
ing ripening. The combined compositional, microbiological, and
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biochemical characterization of the cheese is fundamental to find-
ing the above-described causal relationship under in situ condi-
tions, which may highlight the peculiar traits of the cheese variety.
In the case of Canestrato Pugliese cheese, the above-mentioned
combined approach may provide new insights regarding (i) the
influence of raw ewes’ milk as source of microbially diverse pop-
ulations, (ii) the microbial dynamics that occur before the cheese
is ripened, (iii) the presence of bacterial subpopulations, and (iv)
the correlations among technology, microbiota, and cheese fea-
tures.

First, this study used the above-described complementary ap-
proach, which was based on pyrosequencing of the 16S rRNA
gene, community-level physiological profiles determined by the
use of Biolog EcoPlates, and proteolysis analyses, to characterize
Canestrato Pugliese PDO cheese.

MATERIALS AND METHODS

Manufacture of cheese. PDO Canestrato Pugliese cheese was manufac-
tured with raw ewes’ milk (Gentile di Puglia ewe breed), without using
commercial or natural whey cultures. Manufacturing was carried out at
an industrial plant (Molino a Vento) located in Biccari, Foggia, Apulia
region, Italy. Cheese making was carried out on two consecutive days
(total of 2 batches), using ewes’ milk from 2 daily milkings. All the results
were the averages for 2 batches, which were analyzed in triplicate (total of
6 samples analyzed). Raw ewes’ milk was heated at 37°C, and liquid calf
rennet (25 ml 100 liters ') was added, and coagulation took place within
30 min. After cutting (size of ca. 0.5 to 1.0 cm), the curd-whey mixture was
held at 37°C for ca. 10 min. After whey drainage and molding in the
canestro, the curd was stored for approximately 24 h at room temperature
and was then dry salted (cheese post-dry salting). Ripening was done at ca.
11°C with a relative humidity of 70% for 90 days. The weight of the cheese
was approximately 1 kg. Raw ewes’ milk, curd immediately after molding,
and cheese samples after 1 day (post-dry salting) (C1), 3 days (C3), 7 days
(C7), 15 days (C15), 30 days (C30), 45 days (C45), 60 days (C60), 75 days
(C75), and 90 days (C90) of ripening were collected from each batch. All
samples were transported to the laboratory under refrigerated conditions
(ca. 4°C) and analyzed immediately or frozen (—80°C).

Compositional, microbiological, and biochemical analyses. Sam-
ples of milk, curd, and cheese were analyzed for protein (18), fat (19),
moisture (oven drying at 102°C) (20), and salt (21) contents. The pH was
measured by using a Foodtrode electrode (Hamilton, Bonaduz, Switzer-
land). The raw ewes’ milk used had the following composition: pH 6.61,
5.6% fat, 4.3% protein, and 0.09% salt. No significant (P > 0.05) differ-
ences were found between the 2 batches.

Microbiological analyses were carried out as described previously
(22). Twenty grams of sample was homogenized with 180 ml of a sterile
sodium citrate (2% [wt/vol]) solution. Presumptive mesophilic lactoba-
cilli and cocci were enumerated in MRS broth supplemented with cyclo-
heximide (0.1 g liter ') and on M17 agar (Oxoid), respectively, under
conditions of anaerobiosis at 30°C for 48 h. Presumptive thermophilic
cocci were enumerated on M17 agar (Oxoid, Basingstoke, Hampshire,
United Kingdom) under conditions of anaerobiosis at 42°C for 48 h.
Enterococci were counted on Slanetz-Barteley agar (Oxoid) at 37°C for 48
h. The number of yeast cells was estimated at 30°C for 48 h by using
Sabouraud dextrose agar (SDA) medium (Oxoid) supplemented with
chloramphenicol (0.1 gliter ). The number of molds on Wort agar (Ox-
oid) at 25°C for 5 days was estimated. Total coliforms were counted by
using Violet Red bile lactose (Oxoid) at 37°C for 24 h. Except for entero-
cocci, the media for plating of bacteria were supplemented with cyclohex-
imide at 0.17 g liter .

The pH 4.6-insoluble and -soluble nitrogen fractions of the samples
were analyzed by urea-polyacrylamide gel electrophoresis (PAGE) and
reversed-phase high-pressure liquid chromatography (RP-HPLC), as de-
scribed previously by Andrews (23) and Gobbetti et al. (24), respectively.
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Total and individual free amino acids (FAA) from the water-soluble ex-
tracts were determined by using a Biochrom series 30 amino acid analyzer
(Biochrom Ltd., Cambridge Science Park, United Kingdom), as described
previously by Di Cagno et al. (25).

Extraction of total bacterial genomic RNA. Ninety milliliters of po-
tassium phosphate (50 mM; pH 7.0) buffer was added to 10 g of sample
and homogenized for 5 min, and total RNA extraction was carried out by
using the RiboPure-Bacteria kit (Ambion RNA, Life Technologies Co.,
Carlsbad, CA, USA), according to the manufacturer’s instructions. Qual-
ity of RNA was checked by agarose gel electrophoresis. The RNA concen-
tration was measured with a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Rockland, DE). The purified RNA (100 ng)
(final volume, 20 1) was incubated at 42°C for 2 min in 2 pl of 7X gDNA
Wipeout buffer (QuantiTect reverse transcription kit; Qiagen SRL, Milan,
Italy) and RNase-free water (final volume, 14 pl). The cDNA was ob-
tained by using the QuantiTect reverse transcription kit (Qiagen), accord-
ing to the manufacturer’s instructions. All reactions were set up in a Rotor
Gene 6000 instrument (Corbett Life Science, New South Wales, Australia)
equipped with a 36-well reaction rotor.

Amplicon library preparation and pyrosequencing. cDNA was used
to study bacterial diversity through pyrosequencing of the amplified
V1-V3 region (amplicon size, 520 bp) (13). PCRs were carried out by
using cDNA as the template, as previously described (13). PCR products
were purified twice by using an Agencourt AMPure kit (Beckman Coulter,
Milan, Italy) and then quantified by using the QuantiFluor system (Pro-
mega, Milan, Italy) prior to further processing. Amplicons were used for
pyrosequencing on the GS Junior platform (454 Life Sciences, Roche Di-
agnostics, Milan, Italy), according to the manufacturer’s instructions, us-
ing titanium chemistry.

Bioinformatics. A first filtering of the results was performed by using
454 amplicon signal processing, and sequences were then analyzed by
using QIIME 1.5.0 software (26). After the split library script was per-
formed with QIIME, the reads were excluded from the analysis if they had
an average quality score of <25, if they were <300 bp, and if there were
ambiguous base calls. Sequences that passed the quality filter were
denoised, and singletons were excluded. Operational taxonomic units
(OTUs) were defined by 97%; the taxonomy assignment and alpha and
beta diversity analyses were performed by using QIIME, as previously
described (27).

Community-level catabolic profiles. To assess the functional diver-
sity of the microbial communities in milk, curd, and cheese during ripen-
ing, Biolog Eco-Microplates (Biolog, Inc., Hayward, CA, USA) were used
to acquire bacterial community-level catabolic profiles (CLCPs) (28). Mi-
croplates contained 31 carbon sources grouped for chemical class (carbo-
hydrates, carboxylic acids, polymers, amino acids, and amines) and the
control, without a carbon source, in triplicate. Ten grams of sample was
homogenized with 90 ml of a sterile sodium chloride (0.9% [wt/vol])
solution and centrifuged at 10,000 X g for 15 min at 4°C. The pellet was
washed with sterile 50 mM Tris-HCI (pH 7.0), washed further with sterile
sodium chloride solution, and then centrifuged again. The cell suspension
was diluted (1:1,000) into a sterile sodium chloride solution and dis-
pensed (150 wl) into each of 96 wells of the Biolog Eco-Microplates. In-
cubation was done at 30°C in the dark, and color development was mea-
sured at 590 nm with a microplate reader (Biolog Microstation) every 24
hup to 120 h. Three indices were determined (29, 30). Shannon’s diversity
index (H') indicates the substrate utilization pattern, H' = —>pi In(pi),
where pi is the ratio of the activity of a particular substrate to the sum of all
substrate activities at 120 h; Substrate richness (S), measuring the number
of different substrates used, was calculated as the number of wells with a
corrected absorbance of >0.25. Substrate evenness (E) was defined as the
equitability of activities across all utilized substrates, E = H'/log S.

Statistical analyses. All cheese analyses were carried out three times
for each of the two batches (total of 6 analyses for each type of cheese).
Data were subjected to one-way analysis of variance (ANOVA), and pair
comparisons of treatment means were achieved with Tukey’s procedure at
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TABLE 1 Main chemical composition during manufacture and ripening of Canestrato Pugliese cheese”

Day(s) of Mean moisture Mean fat content Mean protein Mean NaCl
ripening Mean pH = SD content (%) = SD (%) * SD content (%) = SD content (%) = SD
Curd” 6.81 + 0.2A 712+ LIA 9.1 = 0.4E 12.6 = 0.5F 0.3 = 0.0H
1° 5.88 + 0.2B 59.3 + 1.6B 13.8 = 0.5D 17.7 = 0.5E 1.6 = 0.1G
3 5.17 = 0.2C 54.7 £ 0.3C 16.3 = 0.6C 22.7 = 0.8D 2.9 £ 0.1F
7 5.16 = 0.1C 52.8 = 1.1C 16.7 = 0.3C 23.3 = 0.7CD 3.1 £ 0.1DE
15 5.07 = 0.1D 50.6 £ 1.5CD 17.2 = 0.4C 24.2 = 0.4C 3.2+ 0.1D
30 5.09 = 0.2D 454 = 1.2D 19.1 = 0.6B 27.2 = 1.0B 3.3 £0.1C
45 5.11 = 0.2C 41.5 = 1.7DE 22.0 = 0.2AB 28.1 = 0.6AB 3.4 *0.2C
60 5.13 = 0.3C 37.5 £ 1.6E 23.3 = 0.9A 28.9 = 1.3A 3.5+ 0.2C
75 5.12 = 0.2C 36.3 £ 1.3F 24.6 = 0.5A 29.2 = 0.2A 3.9+ 0.1B
90 5.10 = 0.6D 35.4 £ 1.4F 25.7 = 0.6A 29.5 = 0.7A 4.2 = 0.2A

@ Shown are mean values * standard deviations for two batches of each type of cheese, analyzed in triplicate. Data in the same column with different letters (A to H) are

significantly different (P < 0.05).
b Curd after molding.
¢ Curd after dry salting.

a P value of <0.05, using Statistica for Windows statistical software (ver-
sion 7.0).

Nucleotide sequence accession number. The sequence data were sub-
mitted to the sequence read archive database of the National Center for
Biotechnology Information under accession no. SRP038100.

RESULTS

Cheese compositional and microbiological analyses. The main
chemical composition of Canestrato Pugliese cheese during man-
ufacture and ripening is shown in Table 1. The pH value markedly
decreased from the curd during manufacture (pH 6.81 = 0.2) to 3
days of ripening (pH 5.17 = 0.2) and then varied slightly. The
highest increase in the concentration of NaCl was also found dur-
ing this same interval of time, even though the concentration pro-
gressively increased throughout ripening. As expected, cheese
moisture decreased progressively during ripening, and it was
35.4% = 1.4% at 90 days. The concentrations of fat and protein
inversely followed the trend for moisture, thus increasing during
ripening. After 90 days, the cheese had fat and protein contents of
25.7% = 0.6% and 29.5% = 0.7%, respectively. Presumptive
mesophilic lactobacilli were present in raw ewes’ milk (4.8 = 0.2
log CFU g~ ') and attained the highest level (8.9 = 0.3 log CFU
g ') after 3 days of ripening (Table 2). The number of lactobacilli
remained elevated throughout ripening, even though it progres-
sively decreased (ca. 1.8 log cycles after 90 days). Compared to
presumptive mesophilic lactobacilli, raw ewes’ milk contained a
slightly but significantly (P < 0.05) high number of mesophilic

TABLE 2 Cell numbers of microbial groups during manufacture and ripen

cocci, which had already markedly increased (ca. 3 log cycles) at 1
day of ripening (post-dry salting). The increase continued to up to
30 days of ripening (9.1 + 0.3 log CFU g~ ), and the number then
decreased to ca. 8.0 log CFU g~'. High numbers of thermophilic
cocci were found throughout ripening. Nevertheless, the level was
1 or 2 log cycles lower than that found for mesophilic cocci. En-
terococci were found in raw ewes’ milk (4.8 + 0.1 log CFU g™ '),
the numbers of which had already increased after 1 day of ripening
(7.0 = 0.2 log CFU g~ '), remained almost constant up to 30 days,
and then progressively decreased (ca. 2 log cycles). Initially, yeasts
and molds were present at similar levels, with a common tendency
to decrease (2.6 * 0.1 and 3.4 + 0.1log CFU g '). Total coliforms
in raw ewes’ milk were counted. The number significantly (P <
0.05) increased after 1 and 3 days of ripening, but total coliforms
progressively disappeared at the end of ripening.

Proteolysis. The pH 4.6-insoluble and -soluble nitrogen frac-
tions of the cheese were analyzed by urea-PAGE (see Fig. S1A and
S1B in the supplemental material). o, 1-Casein (CN) persisted to
the end of ripening, and its main degradation began from 60 days
onwards. The urea-PAGE electrophoretograph of the pH 4.6-sol-
uble fraction showed some differences during this time. Charac-
teristic polypeptide bands appeared at 1 day of ripening. They
persisted up to 60 days, and the profile then simplified. Comple-
mentary information emerged with RP-HPLC analysis (Fig. 1).
The number of peaks, which were recognized and matched visu-
ally with the Unicorn program (Amersham Biosciences), varied

ing of Canestrato Pugliese cheese”

Mean no. of cells (log CFU g~ ') = SD

Day(s) of ripening

Microbial group Milk Curd® 1€ 3 7 15 30 45 60 75 90
Mesophilic lactobacilli 4.8 = 0.2F 5.6 * 0.1IE 7.6 =0.1C 89 * 0.3A 8.1 *0.3B 8.0 03B 8.0*0.1B 8.0=*0.5B 75*02C 73*02CD 7.1 *0.3D
Mesophilic cocci 50*01E 6.0*03D 83*04BC 84*04B 83 *02BC 9.0*0.1A 91=*03A 8.7 *04AB 8.5 * 0.3B 8.1 £0.2C 8.0 = 0.1C
Thermophilic cocci 43*+01G 53 *02F 7.6*04A 73 *02A 74*02A 74*03A 71*01B 68*02C 64*02D 6.3 *0.3D 6.0 £ 0.1E
Enterococci 48 *0.1D 5.0 *02D 7.0* 0.2A 72+ 0.1A 6.9 *0.2A 72*02A 71*0.1A 6.6*0.1A 6.1 =0.2C 59 *0.2C 5.0 *0.2D
Yeasts 35+02D 32 *0.1E 33*0.1DE 4.6 *02A 4.6 *0.1A 48 *£02A 40=*0.1B 3.7*0.1C 34+ 0.1DE 33 *0.1DE 2.6 *0.1F
Molds 3.1*0.0F 33*0.1E 3.6*02D 44*0.1B 42*02BC 52*0I1A 40=*0.1C 3.2 *0.0F 3.1 *0.1F 3.9*02CD 3.4 *0.1DE
Total coliforms 43*+02C 43*01C 59*02A 57*02A 53=*0.IB 41*01C 34*02D 29 =*0.1E 2.1 £0.2F 1.70 = 0.0G <IH

@ Shown are mean values * standard deviations for two batches of each type of cheese, analyzed in triplicate. Means within rows with different letters (A to H) are significantly

different (P < 0.05).
b Curd after molding,
¢ Curd after dry salting.
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FIG 1 Reversed-phase fast protein liquid chromatography of the pH 4.6-soluble nitrogen fractions during manufacture and ripening of Canestrato Pugliese
cheese. Shown are raw ewes’ milk (Milk), curd after molding (Curd), cheese post-dry salting (C1), and cheese during ripening (3, 7, 15, 30, 45, 60, 75, and 90 days

[C3 to C90]). Arrows refer to hydrophilic and hydrophobic peptide peaks.

during manufacture and ripening of Canestrato Pugliese cheese.
Five peaks (raw ewes’ milk) to 20 peaks (75 days) were detected,
which decreased to 12 peaks at 90 days of ripening. An increase of
the area of hydrophilic and hydrophobic peptide peaks was found
up to 45 days. These results agreed with the concentration of total
free amino acids (FAA) (Table 3). As expected, raw ewes’ milk and
curd after molding had the lowest concentrations of FAA (115.3 =
4.1 and 133 = 4.0 mg kg™, respectively). Subsequently, the con-
centration of FAA markedly (P < 0.05) increased and showed the
highest rate from 7 days (1,275.2 = 38.6 mg kg~ ') to 75 days
(6,509.0 + 325.5 mg kg™ ") of ripening. Overall, the FAA found at
the highest concentrations were Asp, Glu, Val, Leu, and Phe.
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Microbial community structure and dynamics. 16S rRNA
gene amplicons of the bacterial communities of raw ewes’ milk
and cheeses were sequenced. No significant (P > 0.05) differences
were found between the two batches analyzed. After 454 amplicon
signal processing, a total of 66,924 raw sequence reads of 16S
rRNA gene amplicons were obtained (average length, 485 bp).
The calculated alpha diversity parameters are reported in Table S1
in the supplemental material. The lowest Chaol richness and
Shannon diversity index values were found for raw ewes’ milk
(17.33 and 1.43, respectively), but these values then markedly in-
creased in the curd after molding (46.57 and 3.05, respectively).
After 1 and 3 days of ripening, both indices decreased. A further
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© Streptococcus agalactiae (data not shown).
v . . . .
2 Lc. lactis dominated throughout manufacture and ripening. To
highlight the succession of nonstarter lactic acid bacteria
2 ROREBRYURSIRISRBIS B8 (NSLAB), the evolution of Firmicutes, with the exclusion of Lc.
R e R N M T e R .. . . . . . .
g b TR RN DTS T lactis, is displayed in Fig. 2B. When possible, taxonomic details up
"t to the species level were assigned. Leuconostoc sp. already domi-
= nated in curd after molding (86%) and persisted up to 90 days
2 (43%). The Lactobacillus sakei group was found in the curd after
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FIG 2 Incidence of OTUs assigned to the genuslevel (A) and to genera belonging to the Enterococcaceae, Lactobacillaceae, and Leuconostocaceae families (B) based
on 165 rRNA gene pyrosequencing analysis of all RNA samples directly from raw ewes’ milk (Milk), curd after molding (Curd), cheese post-dry salting (C1), and
cheese during ripening (3, 7, 15, 30, 45, 60, 75, and 90 days [C3 to C90]). Only OTUs with an incidence above 1% in at least one sample are shown.
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TABLE 4 Incidences of OTUs assigned to the genus level at a value below 1% in at least one sample®

Incidence of OTU (%)
Days of ripening

Taxon Milk Curd® 1€ 3 7 15 30 45 60 75 90
Corynebacterium 0 0.05 0 0 0 0 0 0 0 0 0
Microbacterium 0 0.17 0 0 0 0 0 0 0 0 0
Rothia 0 0.047 0 0 0 0 0 0 0 0 0
Luteococcus 0.017 0 0 0 0 0 0 0 0 0 0
Sanguibacter 0 0.047 0 0 0 0 0 0 0 0 0
Flavobacteriaceae (other) 0 0.038 0 0 0 0 0 0 0 0 0
Chryseobacterium 0 0.015 0 0 0 0 0 0 0 0 0
Flavobacterium 0.048 0 0 0 0 0 0 0 0 0 0
Sejongia 0 0.076 0 0 0 0 0 0 0 0 0
Carnobacteriaceae (other) 0 0 0.044 0 0 0 0 0 0 0 0
Marinilactibacillus 0 0 0 0 0 0.022 0 0.032 0 0 0
Enterococcaceae (other) 0 0 0.014 0 0 0 0 0 0 0 0
Lactobacillaceae (other) 0 0 0 0 0 0.022 0.018 0 0.081 0.065 0.13
Pediococcus 0 0 0 0 0 0 0 0 0 0 0.018
Leuconostocaceae (other) 0 0 0 0 0 0.022 0 0 0 0 0
Macrococcus 0 0.038 0.15 0 0 0 0 0 0 0 0
Staphylococcus 0 0.87 0.11 0 0.23 0.19 0.018 0.54 0.18 0.019 0.084
Bosea 0 0.038 0 0 0 0 0 0 0 0 0
Caulobacteraceae (other) 0 0.17 0 0 0 0 0 0 0 0 0
Mpycoplana 0 0.07 0 0 0 0 0 0 0 0 0
Shinella 0 0.038 0 0 0 0 0 0 0 0 0
Comamonadaceae (other) 0 0.07 0 0 0 0 0 0 0 0 0
Acidovorax 0 0.038 0 0 0 0 0 0 0 0 0
Comamonas 0 0.038 0 0 0 0 0 0 0 0 0
Delftia 0.017 0.076 0 0 0 0 0 0 0 0 0
Hylemonella 0 0.038 0 0 0 0 0 0 0 0 0
Xenophilus 0 0.038 0 0 0 0 0 0 0 0 0
Citrobacter 0 0 0.62 0.14 0.084 0 0.029 0.032 0 0 0.055
Enterobacter 0 0 0.055 0 0 0 0 0 0 0 0
Escherichia 0 0 0.29 0 0 0 0.029 0.13 0 0.019 0.072
Raoultella 0 0 0.62 0.61 0.25 0 0.058 0.065 0 0.019 0
Halomonas 0 0 0 0 0 0 0 0.065 0 0 0
Moraxellaceae 0 0.076 0 0 0 0 0 0 0 0 0
Acinetobacter 0 0.076 0 0 0 0 0 0 0 0 0
Psychrobacter 0 0 0 0 0 0 0 0.032 0 0 0
Pseudomonadaceae (other) 0.051 0.13 0 0 0 0 0 0 0 0 0

“ Based on 16S rRNA gene pyrosequencing analysis of all RNA samples directly from Canestrato Pugliese cheese during manufacture and ripening.

b Curd after molding,
¢ Curd after dry salting.

molding (13%). On the contrary, all the other species appeared
onlyat 7 or 15 days of ripening. The Lactobacillus plantarum group
and the Lactobacillus sakei group were the dominant species of
mesophilic lactobacilli, which persisted up to 90 days of ripening.
Although less abundant, the Lactobacillus casei group and Lacto-
bacillus brevis also stably occurred in all cheeses. Pediococcus pen-
tosaceus and Lactobacillus kefiri were found only occasionally.
Changes in community-level catabolic profiles. The relative
utilization of carbon sources by the bacterial community showed
thatall 5 chemical classes (amino acids, carbohydrates, carboxylic
acids, amines, and polymers) were variously degraded during
manufacture and ripening of Canestrato Pugliese cheese (Fig. 3).
In particular, carbohydrates and amino acids were the chemical
classes used mainly throughout time. At 3 days of ripening, the
most intense degradation of all the chemical classes occurred. The
capacity for using the carbon sources stabilized over time and
slightly decreased at the end of ripening. The catabolic profiles
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were also determined by calculating the indices H', S, and E (see
Table S2 in the supplemental material). Raw ewes’ milk showed
the lowest substrate utilization pattern (H') (2.68 = 0.2) and sub-
strate richness (S) (12.33 = 1.5) values. These indices significantly
(P < 0.05) increased during cheese manufacture and ripening,
and the highest values were found after 3 days (3.25 = 0.1 and
20.33 * 0.2, respectively). The E value, giving a measure of the
statistical significance (equitability) of the H' and S values, con-
firmed the significant (P < 0.05) differences over time.
Correlations among microbiota, catabolic profiles, and pro-
teolysis. All the OTUs were considered in order to find correla-
tions. Some correlations were found between the relative abun-
dance of bacteria, proteolysis (FAA; Asp, Glu, Val, Leu, and Phe;
and area of hydrophilic peptide peaks), and relative utilization of
the carbon sources during manufacture and ripening of Canes-
trato Pugliese cheese (see Table S3 in the supplemental material).
Only positive correlations (false discovery rate [FDR] < 0.05; r >
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cheese during ripening (3, 7, 15, 30, 45, 60, 75, and 90 days [C3 to C90]).

0.6) are listed. A correlation was found between FAA and the
abundance of L. plantarum group, L. casei group, Lactobacillus sp.,
L. sakei group, Lactobacillaceae family, and L. brevis populations
(FDR < 0.05). In particular, the highest correlation (r > 0.89) was
found for L. plantarum. Regarding individual amino acids, the
concentrations of Asp, Glu, Leu, Phe, and Val were also highly
correlated with L. plantarum (r value of >0.85 to >0.89), followed
by L. casei, L. sakei, and Lactobacillus sp. The levels of L. sakei, L.
casei, Lactobacillus sp., Lactobacillaceae, L. brevis, and especially L.
plantarum (r > 0.86) were also correlated with the area of hydro-
philic peptide peaks. The abundance of Lc. lactis was positively
correlated with the utilization of polymers, amines, carbohy-
drates, and amino acids (FDR < 0.05).

DISCUSSION

This study aimed to give new insights into how microbial ecology
evolves during manufacture and ripening of Canestrato Pugliese
PDO cheese made from raw ewes’ milk without the addition of
starter and how microbial dynamics affect proteolysis.

Mean values for the gross composition approached those for
Canestrato Pugliese cheese (5, 31) and other Italian ewes’ milk
cheeses (32). The highest decrease of the pH value and the highest
increase of the NaCl content, which might have had an effect on
microbial succession, were found within 3 days of ripening. The
microbial cell density reflected the succession of communities that
frequently characterize cheeses during manufacturing and ripen-
ing. Raw ewes’ milk harbored high levels of adventitious lactic acid
bacteria, especially mesophilic cocci. As usual for ewes’ milk
cheeses, the use of mature milk, which was stored for 24 h at 4°C
before manufacture, probably had an influence on the increased
levels of mesophilic and psychrotrophic bacteria (33). The cell
density of thermophilic cocci and especially those of mesophilic
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lactobacilli and cocci increased during manufacture and contin-
ued to increase up to 15 to 30 days of cheese ripening. At 90 days,
mesophilic cocci had the highest cell density, followed by meso-
philic lactobacilli. Similarly to other artisan raw milk cheeses (3,
34-36), enterococci represent a significant component of the ad-
ventitious microbiota of Canestrato Pugliese cheese, even though
their numbers decreased at the end of ripening. The hostile ripen-
ing conditions did not permit the survival of total coliforms dur-
ing ripening.

Proteolysis is the most complex and important biochemical
event, which occurs during ripening of most cheese varieties (10).
Primary proteolysis of Canestrato Pugliese cheese showed a slight
and late hydrolysis of a,1-CN, probably due to the residual activ-
ity of chymosin. Unlike other Italian ewes’ milk cheeses (e.g.,
Pecorino Romano), the manufacture of Canestrato Pugliese
cheese did not include cooking of the curd, which allowed chymo-
sin activity. A considerable amount of 3-CN also persisted at the
end of ripening. Nevertheless, y-CN was found, which indicated
the activity of plasmin. Chymosin activity toward 3-CN is usually
limited, mainly because of hydrophobic interactions between salt
and proteins (37). Almost the same primary proteolysis was de-
scribed previously (5). The urea-PAGE electrophoretograph of
the pH 4.6-soluble fraction, the chromatogram data for the same
fraction, and the concentration of FAA showed a certain extent of
secondary proteolysis. The number and area of hydrophilic and
hydrophobic peptide peaks increased up to 45 to 75 days of cheese
ripening. At this time, the concentration of FAA became signifi-
cantly high, further increasing and approaching the values found
for other Italian ewes’ milk cheeses (32, 38). Asp, Glu, Val, Leu,
and Phe were found at the highest concentrations, which is typical
for several Italian semihard and extrahard cheese varieties (5, 32,
38, 39).
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Culture-independent analysis was carried out by using RNA as
the template, and the OTUs found during processing are meant to
be members of the active microbial populations in cheese (40).
Alpha diversity analysis indicated that the microbial diversity in-
creased during manufacture. Cheese manufacture, defined as
those operations carried out during the first ca. 24 h, includes steps
that have a direct effect on cheese microorganisms or influence the
environment in which they are grown. Raw ewes’ milk was con-
taminated by bacterial phyla that are surely the outcome of envi-
ronmental contamination. Usually, Bacteroidetes, Actinobacteria,
and especially Proteobacteria and Firmicutes dominate different
areas throughout the farm, including teat surfaces, milking par-
lors, hay, air, and dust (41). Genera belonging to the Proteobacte-
ria (e.g., Pseudomonas) and Firmicutes (e.g., Carnobacterium and
Lactococcus) were mainly identified. The psychrotrophic Pseu-
domonas spp., which dominated raw ewes’ milk, are the most
common cause of milk spoilage (42) and may constitute 70 to 90%
of the microbial population during milk storage at low tempera-
tures (43). Lactococcus spp. also adapt well and grow at low tem-
peratures, and Carnobacterium is frequently isolated from dairy
environments (41). Carnobacteria are slow acidifiers and unsuit-
able as dairy starters, but they may positively contribute to cheese
flavor (44). Pseudomonas, Carnobacterium, and Lactococcus still
dominated in the curd after molding, but many other genera oc-
curred at this time at lower relative abundances (Fig. 2A). Most of
these genera required only 1 day of ripening (after dry salting) to
be inhibited. Lactococcus lactis dominated the bacterial commu-
nity throughout ripening, followed by Carnobacterium and En-
terococcus lactis. The Gram-negative organisms Citrobacter sp. and
Raoultella sp., belonging to the Enterobacteriaceae family, were
part of the subdominant population. A high level of diversity of
Gram-negative bacteria in raw milk and dairy products was sug-
gested previously to have a potential role in dairy fermentations
(41, 45). Lactobacillaceae family, Leuconostoc sp., Lactobacillus ca-
sei group, Lactobacillus brevis, and especially Lactobacillus sakei
group and Lactobacillus plantarum group populations were found
after 3 days of ripening, and their relative abundances increased at
between 7 and 15 days (Fig. 2B). At the end of ripening, the bac-
terial profile of Canestrato Pugliese cheese was dominated by Lc.
lactis, which was flanked by L. plantarum, L. sakei, L. casei, and
Leuconostoc sp. Pediococcus pentosaceus and Lactobacillus kefiri oc-
casionally appeared as subdominant species. Recent studies of
Polish Oscypek and Croatian raw ewes’ milk cheeses, also made
without starters (12, 16), showed similar bacterial successions.
The above-described adventitious NSLAB are a significant pro-
portion of the microbial population of many ripened cheese vari-
eties (10). NSLAB grow at low temperatures and adapt to the lack
of fermentable carbohydrates, low pH and water activity (a,,), and
the presence of bacteriocins, which altogether make hostile envi-
ronmental conditions during cheese ripening. The role of NSLAB
during secondary proteolysis of cheeses was largely described.
Usually, the use of NSLAB as adjunct cultures increases the levels
of peptides and FAA, which enhance flavor intensity and acceler-
ate cheese ripening (7, 10). Despite the lower relative abundance
of mesophilic lactobacilli than lactococci, only this group of bac-
teria, especially L. plantarum, was positively correlated with the
total concentration of FAA. The same correlation was found for
the concentrations of Asp, Glu, Val, Leu, and Phe and the area of
hydrophilic peptide peaks. Together with Lactobacillus paracasei,
L. plantarum was the species most frequently isolated from cheeses
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during ripening and used as an adjunct starter (46). As shown by
the CLCP (Fig. 3), microbial succession reflected the overall phys-
iological diversity. The lowest substrate utilization pattern value
was found for raw ewe’s milk (lowest H' and S values). The highest
capacity to degrade carbon sources and the highest H' value were
found at 3 days of ripening, which coincided with environmental
conditions that became particularly hostile (e.g., lowest pH value,
increased concentration of NaCl, and, probably, lack of ferment-
able carbohydrates). The abundance of Lc. lactis throughout rip-
ening was positively correlated with each substrate utilization pat-
tern value.

This study allowed the identification of strategic phases that
characterized the manufacture and ripening of Canestrato Pug-
liese cheese. Within 3 days of ripening, when the environment
changed and became more hostile, the bacterial diversity simpli-
fied, being dominated by Lactococcus and showing the highest ca-
pacity to degrade various carbon sources. Once established under
these conditions and in the time following (7 and 15 days), the
population of mainly mesophilic lactobacilli increased, which led
to a causal relationships with proteolysis (45 to 75 days). The
approach of this study could be considered a model system to find
relationships under in situ conditions, which may allow cheese
characterization and the selection of adventitious NSLAB to be
used as adjunct cultures to guarantee high-quality standards for
typical/traditional cheeses.
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