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Abstract — Parmigiano Reggiano is a Protected Designation of Origin, long-ripened cheese, made
from cow’s milk supplemented with natural whey starter, which thus contains a large microbial
biodiversity. The aim of this study was to understand the population dynamics of the total lactic
microflora throughout the manufacture and ripening of this cheese. Several approaches were com-
bined to determine the quantitative changes in the different bacterial populations during 20 months
of ripening of Parmigiano Reggiano cheeses from the same cheesemaking. Total and viable cells
were enumerated after fluorescent labeling. Culturable bacteria were enumerated on different plate
count agar media, including original media prepared from curd and ripened cheese. Six peptidase
activities were quantified in curd and cheese samples free from cells. While the total bacterial cul-
tivable population remained high and similar for the first six months, a decrease in viable starter
lactic acid bacteria was observed during the first 48 h. The non-starter lactic acid bacteria popula-
tions, initially present in low numbers, began to grow after the brining and remained at high levels
(about 107 CFU-g™!) for at least 10 months. During ripening, a strong decrease in the total bacterial
population and a marked increase in 4 out of 6 peptidase activities were observed. In the external
and internal zones of Parmigiano Reggiano cheese different trends in microbial growth, cell autol-
ysis and peptidase activity were observed. This study gives for the first time a global view of the
possible contribution of total, viable, cultivable and lysed bacterial cells throughout the ripening of
Parmigiano Reggiano cheese.

Parmigiano Reggiano cheese / ripening / lactic acid microflora / bacterial cell lysis / cell
viability / peptidase activity
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Résumé — Le Parmigiano Reggiano : évolution de la microflore lactique cultivable et totale et
des activités peptidasiques pendant la fabrication et I’affinage. Le Parmigiano Reggiano est un
fromage d’ Appellation d’Origine Protégée a affinage long, fabriqué a partir de lait cru supplémenté
d’un levain naturel issu du lactosérum. Ce fromage contient, en conséquence, une large biodiversité
microbienne. L’ objectif de cette étude était de comprendre la dynamique de population de la micro-
flore lactique pendant la fabrication et I’affinage du Parmigiano Reggiano. Plusieurs approches ont
été combinées pour déterminer 1’ évolution des différentes populations bactériennes dans ce fromage
au cours de 20 mois d’affinage de fromages issus de la méme série de fabrications. Le nombre de
bactéries totales et viables a été mesuré apreés marquage fluorescent. Les bactéries cultivables ont
été déterminées en utilisant différents milieux gélosés, incluant des milieux originaux préparés a
partir de caillé et de fromage affiné. Six activités peptidasiques ont été quantifiées dans des échan-
tillons de caillé et de fromages exempts de cellules bactériennes. La population de bactéries viables
diminuait dans le caillé pendant les 48 premieres heures, alors que la population totale de bactéries
cultivables restait élevée et constante sur les six premiers mois d’affinage. Les populations de bac-
téries lactiques non levains, présentes initialement en faible nombre, commengaient a se développer
des le saumurage puis restaient a un niveau €élevé (environ 107 UFC-g~!) pendant plus de 10 mois.
Une forte chute de la population bactérienne totale était observée peandant 1’affinage, accompagnée
d’une hausse marquée de 4 activités peptidasiques. Dans les parties externes et internes du Parmi-
giano Reggiano, différentes tendances de croissance, d’autolyse et d’activité peptidasique étaient
observées. Cette étude donne pour la premiere fois un apergu global de la contribution possible des
populations totales, viables, cultivables et lysées tout au long de 1’affinage du Parmigiano Reggiano.

Parmigiano Reggiano / affinage / bactéries lactiques / lyse bactérienne / viabilité cellulaire /
activité peptidasique

1. INTRODUCTION whey starter consists of a culture of ther-
mophilic lactic acid bacteria (SLAB) se-
lected by cooking of the curd and by in-
cubation of the sweet whey which results

from each day’s cheesemaking as it natu-

Parmigiano Reggiano (PR) is a Pro-
tected Designation of Origin (PDO), hard-
textured, cooked and long-ripened cheese.

It is made following strict manufacturing
procedures, from cow’s milk supplemented
with natural whey starter only (http://www.
parmigiano-reggiano.it). Only unheated
raw milk, obtained by mixing evening
milk (partially skimmed by natural cream-
ing) with full-cream milk of the follow-
ing morning can be used. During the nat-
ural creaming the reduction of the bacteria
ascending with the fat globules and the
growth of the residual non-starter lactic
acid bacteria (NSLAB) occur [28]. Natural

rally cools down.

Other important technological charac-
teristics are: the use of calf rennet, the
cooking temperature of the curd (54—
55 °C), slow heat dissipation during lac-
tic acid fermentation, whey drainage from
the curd, and brining with NaCl and slow
diffusion into the cheese, as well as a long
ripening time of at least 12 months [25].

A very interesting recent study high-
lighted the effect of the curd cooking tem-
perature on the viability of SLAB and
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NSLAB, cheese composition and ripen-
ing indices of an experimental semi-hard
cheese [35]. The cooking temperature
plays a key role in the acidification pro-
cess in the first hours after PR cheesemak-
ing [32]. Furthermore, the temperature at
the end of cooking has been shown to in-
fluence the moisture content of cheese and
to affect the acidification curves in the in-
ner zone of the cheese, where slight varia-
tions in temperature can advance or delay
the beginning of the lactic fermentation.

Microbiological features of PR have
been studied by Coppola et al. [8, 9], who
isolated a great number of strains from
a large amount of samples representative
of the production and the earlier and ad-
vanced stages of ripening on traditional
growth media. Recently, the diversity of
the dominant lactic acid bacteria popula-
tion in six samples of 12-month ripened
Parmigiano Reggiano cheese was also in-
vestigated by a culture-independent ap-
proach [15]. However, the evolution of
LAB during the ripening of the same
cheesemaking, to our knowledge, has
never been investigated.

During the ripening period, LAB
contribute to cheese flavor development
through several basic mechanisms that
include carbohydrate fermentation, con-
version of milk proteins into peptides and
free amino acids, catabolism of amino
acids into aroma compounds, hydrolysis
of milk lipids into free fatty acids, and
citrate catabolism [13]. In particular, for
long-ripened cheeses such as PR, the
proteolysis may be considered an essential
multi-step biochemical event [14,29].

Over the last few years, some LAB
complex peptidase systems with differ-
ent natures, specificities and localization
have been characterized [6, 21, 26, 33, 38].
Residual enzymatic activity in cheese can
be considered as the trace of the mi-
crobial ecosystem evolution during ag-
ing [17, 40]. In a comprehensive study
of the relationship between starter autol-

ysis and the proteolytic enzyme comple-
ment released in Cheddar cheese, Sheehan
et al. [34] found that differences in lacto-
coccal starter autolysis influenced the pro-
teolytic activities of the released enzymes
during ripening. Moreover, in a recent
study the positive impact of Lactobacillus
helveticus autolysis on flavor precursor de-
velopment in ripened Cheddar cheese has
been demonstrated [19].

For many reasons, the study of lactic
microflora and peptidase activities is im-
portant to understand the essential bio-
chemical events during PR manufacture
and ripening. In this work, a comprehen-
sive sampling design allowed the analysis
of this PDO cheese to be performed during
its production and over 20 months of ripen-
ing. The SLAB and NSLAB cultivability
and viability were assessed. Furthermore,
in order to stress the role of microbial
enzymes released after cellular lysis, the
aminopeptidase and dipeptidylaminopepti-
dase activities in the extract of cheese, free
from cells, were evaluated.

2. MATERIALS AND METHODS
2.1. Cheesemaking

With the aim of obtaining a suitable
number of PR cheeses necessary for this
study, a well-equipped factory able to guar-
antee the production of twin wheels was
chosen. The milk and whey starter were
held and processed in the same tanks and
using a volume counter pump, the milk
was distributed in equal volumes in the
vats. The cheese was produced according
to the PR production protocol (http://www.
parmigiano-reggiano.it).

Natural whey starter was added to eight
vats each containing 1040 kg of milk
(510 kg of partially skimmed evening milk
and 530 kg of whole morning milk) at
33 g-L7!, bringing the pH of the mixture to
6.20. After the cheesemaking and molding,
the wheels were held for three days and
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frequently turned to enable complete whey
drainage. Sixteen wheels were then salted
by immersion in brine at 300 g NaCl-L™!
for 23 days. Ripening was done in ag-
ing rooms with 85% relative humidity for
20 months.

2.2. Dairy samples

First of all, aliquots of the total mass
of whey starter, raw milk and curd were
sampled. Subsequently, for each of the fol-
lowing samples, curd 6, 12 and 48 h af-
ter extraction, salted cheese (1 month) and
cheese at different stages of ripening (2, 3,
4, 6, 8, 10, 12, 16 and 20 months) were
used; the wheels were cut lengthwise along
the vertical axis and a central cheese sec-
tion (1.0 cm thick) was obtained. Internal
and external (0.5 cm from the cheese crust)
portions were obtained from these cheese
sections and grated before the analysis.

2.3. Physico-chemical analyses

The pH of samples was directly mea-
sured using a pH meter (350 pH, Beckman
Coulter, Fullerton, CA, USA).

Lactose, galactose, L-lactate and
D-lactate were determined according to
Careri et al. [4], by enzymatic assays in
g'L-!' with Boehringer-Mannheim Kkits
(Boehringer-Mannheim, Germany). Total
lactate was obtained through the sum of
L-lactate plus D-lactate.

Citrate, succinate, acetic acid and py-
roglutamic acid were determined using
a DAD 540 liquid chromatography sys-
tem with a variable UV/visible wavelength
(Kontron Instruments, Italy) and refrac-
tometric detectors (Refractive Index 475,
Kontron Instruments, Italy). Analyses were
performed using an Aminex HPX 87H
cation exchange column (Bio-Rad Lab-
oratories, CA, USA), and filtered and
degassed 0.009 N reagent grade H,SOy4
(Carlo Erba, Italy) as the mobile phase
at a flow rate of 0.6 mL-min~'. Eluates

were monitored at 215 nm. The calibra-
tion curves were obtained by preparing a
standard mix of the organic acids (Sigma,
USA). The resulting peaks areas were
calculated for duplicate 25-uL injections
and plotted against concentration using
the software Kromasystem 2000 (Kontron
Instruments, Italy).

Each assay was carried out in du-
plicate and average values expressed in
2100 g!' for the lactose, galactose,
L-lactate, D-lactate, citrate, succinate, and
acetic and pyroglutamic acid concentra-
tion during PR manufacturing and ripen-
ing. The estimated error for the enzymatic
assays was less than 5% and for the chro-
matographic assays it was less than 3%.

2.4. Microbiological analyses

2.4.1. Media and growth conditions

Whey starter and milk were serially di-
luted tenfold in 0.05 mol-L™! sodium cit-
rate (Sigma, Italy) buffer, pH 7.5, while
10 g of curd and 10 g of the internal or
external cheese samples were first homog-
enized for 3 min in a blender (Stomacher
400, Seward, UK) with sodium citrate be-
fore being serially diluted. In order to re-
cover the cultivable bacterial population,
the following media and temperature/time
conditions of incubation were used: MRS
agar pH 5.4 (Oxoid, Italy) at 42 °C for
48 h and 25 °C for 72 h to facilitate, re-
spectively, the growth of thermophilic and
mesophilic lactobacilli; M17-SSW [12] at
42 °C for 42 h to count streptococci, and
25 °C for 72 h to count lactococci; and
whey agar medium (WAM) [18] at 42 °C
for 48 h to facilitate the growth of the
strains arising from natural whey starter.
Moreover, curd agar medium (CURDAM)
[22] and cheese agar medium (CAM) [10,
22], which are media mainly composed
of grated curd and ripened cheese, re-
spectively, were used at 42 °C for 72 h
to select low nutritional-demanding LAB.
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The media were all incubated under anaer-
obic conditions. The microbial counts were
carried out in duplicate and the standard
deviation of mean values was calculated.
The estimated error was less than 10%.

2.4.2. Cell viability count

Cell viability was directly checked us-
ing a LIVE/DEAD BacLight Bacterial Vi-
ability Kit (Molecular Probes Inc., Eugene,
USA) and an epifluorescence microscope
(Nikon 80i, Tokyo, Japan) [16]. Curd and
cheese samples were diluted as previously
described, centrifuged (8000x g, 10 min,
4 °C) and pelleted. The resulting pellet was
diluted in 1 mL of sterile water and treated
with 0.7 uLL of Syto9 stain and 1 pL of pro-
pidium iodide stain. Direct counts of total,
viable and unviable bacterial populations
were evaluated using a Thoma chamber
(Brand, Germany). Each sample was pre-
pared and counted in duplicate and average
values were calculated. The estimated error
was about 3% [16].

2.5. Determination of peptidase
activities

Sample extracts were prepared accord-
ing to Gatti et al. [17]. A dialysis step was
included to eliminate any low-molecular-
weight substances such as salts which
could interfere with the successive reac-
tions. The sample suspension obtained af-
ter 24 h of dialysis in tube-shaped cellu-
lose (Spectra/por, Spectrum Laboratories
Inc., USA), with a cutoff of 3000 g-mol~!,
was centrifuged (10 000x g, 10 min, 4 °C),
filtered through a cellulose acetate mem-
brane with 0.22 um pore size (Sartorius,
Italy) and incubated with 0.650 mmol-L~!
solutions of amino acid B-naphthylamide
(BNA) derivates (Bachem Feinchemikalien
AG, Switzerland) and 0.05 mol-L~! phos-
phate buffer pH 7.0 at 40 °C in differ-
ent amounts for different times: Lys-pNA,
Arg-BNA, Leu-fNA: 50 uL of dialyzed

suspension, 125 uL. of PNA substrate,
125 uL of phosphate buffer and 200 uL
of bidistilled water for 1 h for the first
two substrates and 3 h for the third one;
Pro-fNA: 300 uL of dialyzed suspension,
100 uL of BNA substrate and 100 uL
of phosphate buffer for 24 h; Glu-pNA:
350 pL of dialyzed suspension, 75 uL of
PNA substrate and 75 uL. of phosphate
buffer for 24 h; Phe-Pro-fNA: 50 uL of
dialyzed suspension, 125 uL. of BNA sub-
strate, and 325 uL of bidistilled water for
1 h. The reaction was stopped by the ad-
dition of 250 uL of 2.0 mol-L~' HCI. The
degree of hydrolysis was determined by
measuring the colored product of an azo-
copulation reaction by reading spectropho-
tometrically at 580 nm (Asgonm) according
to Boquien et al. [1]. Each assay was car-
ried out in duplicate and the average val-
ues were calculated. The estimated error
was less than 1.5%. The arbitrary unit of
enzyme activity (EA) was defined as the
number of micromoles of f-naphthylamide
released in one hour in one mL of each
sample.

3. RESULTS AND DISCUSSION
3.1. Chemical analyses

Organic acids are important indicators
of biochemical metabolic processes occur-
ring during the ripening of cheese. The re-
sults obtained from the evaluation of or-
ganic acids can be used as a reflection of
the bacterial metabolism and fermentation
which characterize PR cheese [27].

Table I shows that at the beginning of
the cheesemaking, lactose and galactose
were totally consumed by thermophilic
SLAB. At the same time, an expected in-
crease in lactate was observed. Lactate
produced from lactose was in agreement
with other authors, who described it as
the most abundant organic acid in Parmi-
giano Reggiano cheese, ranging from 1.30
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Table I. pH and mean values in g-100 g~' obtained after duplicate assays for the concentration
of lactose, galactose, L-lactate, D-lactate, lactate, citrate, succinate, acetic and pyroglutamic acid
during Parmigiano Reggiano manufacturing and ripening. Total lactate was obtained through the

sum of L-lactate plus D-lactate.

pH Lactose Galactose L-

D- Lactate Citrate Succinate Acetic Pyroglutamic

Lactate Lactate acid acid
Milk 6.73 4.81 - - - - 0.16 - - -
Whey starter 325 - - - - - - - - -
Curd at vat 6.00 1.36 0.09 0.10  0.09 0.19 - - - -
extraction
Curd 6 h 5.75 0.40 0.39 022 020 043 - - - -
Curd 12 h 5.57 0.15 0.56 024 024 048 - - - -
Curd 48 h 436 0 0 047 058 1.05 0.05 0.03 0.04 -
Salted cheese 5.35 0 0 0.77  0.61 1.38 - - - -
(1 month)
Cheese 2 months 5.36 0 0 0.73 057 1.30 - - - -
Cheese 3 months 5.37 0 0 0.72  0.67 1.39 - - - -
Cheese 4 months 5.36 0 0 0.85 060 145 - - - -
Cheese 6 months 5.33 0 0 0.73 069 142 0.05 0.04 0.09 0.18
Cheese 8 months 5.41 0 0 0.72 062 1.34 - - - -
Cheese 10 months 5.37 0 0 0.74  0.63 1.37 - - - -
Cheese 12 months 5.42 0 0 0.73  0.63 1.36 - - - -
Cheese 16 months 5.41 0 0 0.69  0.63 1.32 - - - -
Cheese 20 months 5.41 0 0 0.75 0.68 143  0.05 0.05 0.12 0.51

—: Not determined.

to 1.45 g-100 g~! [4,28]. The concentra-
tions of L- and D-lactic acid were approx-
imately the same (L:D ratio approx. 1:1).
In fact, both optical isomers are produced
from lactose by the thermophilic LAB
component of the natural starter. The val-
ues for citrate and succinate are in agree-
ment with the results described by Careri
et al. [4], but disagree with Coppola et al.
[8], who observed a gradual decrease in
citrate concentration during aging. Dur-
ing our PR cheesemaking, citrate was ap-
parently not used as an energy source by
facultative heterofermentative LAB, even
though many of them have the potential
to metabolize it as well when fermentable
sugars are present [7]. Our findings suggest
that the growth of the microorganisms af-
ter the start of the ripening was probably
not connected to their ability to utilize cit-
rate as a source of energy. The acetic acid

values found are in agreement with previ-
ous reports [4]. Pyroglutamic acid is re-
lated to the age of PR [27]. The associ-
ation of glutamic acid with pyroglutamic
acid cyclase activity was demonstrated for
thermophilic lactic species. The cycliza-
tion of glutamic acid in pyroglutamic acid
was proposed by Mucchetti et al. [24] as
a ripening marker in long-ripened cooked
cheese. Our results for this organic acid
support this hypothesis.

3.2. Microbial counts and growth
trends

LAB cultivability was evaluated dur-
ing PR manufacturing and ripening. Fig-
ures la and 1b show the growth trends of
cultivable populations in MRS 5.4, M17-
SSW, WAM, CURDAM and CAM for
both internal and external zones of the



Microbiology of Parmigiano Reggiano cheese 517

log CFU-g! or log CFU-mL™"!

log CFU-g! or log CFU-mL"!

&S S 0O s
S A R PO S S IV SR O
A X O & >

4&‘& & C o S & %&b‘ & & e m’» @b

. & & & & & & & & & & &

@ > o e CQ o g
N &
lod &

Figure 1. Evolution of the cultivable population, expressed as log CFU-g~! or log CFU-mL"!, dur-
ing different steps of Parmigiano Reggiano cheese manufacturing and ripening. Solid line a: M17-
SSW 25 °C; dotted line A: M17-SSW 42 °C; solid line m: MRS 5.4 25 °C; dotted line (J: MRS
5.4 42 °C; solid line o: WAM 42 °C; dotted line o: CURDAM 42 °C; dotted line ¢: CAM 42 °C.
a: Internal zone; b: external zone.
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cheeses, respectively. The microbiologi-
cal counts for the whey starter were esti-
mated as 7.7 x 10* colony-forming units
(CFU)mL™! in M17-SSW incubated at
42 °C, 1.0 x 10’ CFU-mL"! in MRS 5.4
42 °C, 3.4 x 10® CFU'mL™! in WAM,
1.0 x 10’ CFU-mL™! in CURDAM and
10 CFU-mL™! in CAM. The microbio-
logical counts for milk were estimated as
4.1 x 10> CFU-mL"~" in M17-SSW incu-
bated at 25 °C, 7.8 x 10* CFU-mL™! in
M17-SSW 25 °C, 1.4 x 10> CFU-mL~! in
MRS 5.4 25 °C, 90 CFU-mL™! in MRS
5.4 42°C, 2.7 x 10> CFU-mL"! in WAM,
1.5 x 10 CFU-mL~! in CURDAM and
1.7 x 10° CFU-mL"! in CAM.

Figures la and 1b show that the total
microbial cultivable population remained
high and similar for the first six months.
After six months, a progressive decrease
was observed. The evolution of the micro-
bial counts in the five growth media was
different for the first 48 h, and split into
two groups after four months: the highest
counts were in WAM, MRS 5.4 42 °C and
CAM,; the lowest in M17-SSW 25 °C and
42 °C. In particular, when three months
of ripening were reached in the internal
and external zones, the values of microbial
counts on MRS 5.4, WAM and CAM result
overlapped and remained comparable un-
til the end of ripening. After 9—10 months
of ripening a decrease in the number of
cultivable bacteria was observed. Counts
in CURDAM were low (in the order of
107" to 107%), and the lowest counts were
observed for the streptococcal and lacto-
coccal populations, evaluated in M17-SSW
agar, respectively, at 42 and 25 °C. We hy-
pothesize that the majority of the micro-
bial populations found in cheese after four
months of ripening were not able to me-
tabolize lactose, present in M17-SSW and
CURDAM media as a carbon source.

Microbial counts in WAM confirmed
that after the addition of whey starter, be-
cause of the temperatures used during pro-
duction in the first 48 h, the thermophilic

microflora (SLAB) became dominant in re-
spect to the mesophilic microflora (Figs. 1a
and 1b). In this phase, the nutritionally de-
manding microorganisms found in WAM
had the best conditions for growth. WAM
attempts to reproduce the natural compo-
sition of the whey; it supports the origi-
nal population from the whey starter and
can be considered the growth medium that
best suits their growth. Different microbial
counts were detected using WAM for the
internal and external 6-h curd, suggesting
that the early decrease in temperature in the
external zone of the wheel could have fa-
vored the growth of SLAB.

Microorganisms cultivated at 25 °C in
MRS 5.4 and at 42 °C in CAM were un-
able to grow in the first 48 h. However, in
the advanced phase of ripening (Figs. la
and 1b), they demonstrated the ability to
use alternative potential energy sources
and also to metabolize carbon sources
other than lactose and citrate. These mi-
croflora were probably NSLAB originat-
ing from milk, as observed in other hard
cooked cheeses such as Swiss Gruyere
[5]. Generally, only a few strains survive
the processing conditions and grow during
ripening [5].

The number of SLAB commonly ex-
ceeds 10° CFU-g”! in many young semi-
hard and hard ripened cheeses [2]. At the
same time, NSLAB populations occur in
numbers of about 10> CFU-g~' and be-
gin to grow and eventually plateau at cell
densities of 107-10° CFU-g™' after sev-
eral months of aging [2]. Using the plate
count agar technique, we found similar val-
ues only for NSLAB, whereas the value of
SLAB, at the beginning of ripening, was
more than 1 log less than the population
generally found [2]. This difference may
be due to the intrinsic limits of traditional
agar-based and culture-dependent methods
applied to estimating the SLAB arising
from a natural whey starter [16]. More-
over, we found that in advanced phases of
PR ripening (over 12 months), presumptive
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Figure 2. Evolution of the viable m, not viable A and total population e, expressed as log cells-g™!, in
internal (dotted line) and external (solid line) zones, during different steps of Parmigiano Reggiano

cheese manufacturing and ripening.

mesophilic lactobacilli counts were higher
than presumptive lactococci in both cheese
portions.

3.3. Cell viability counts

Cell viability counts using a Bacterial
Viability Kit allowed the determination
of the viable (undamaged cell membrane)
and the unviable (damaged cell membrane)
bacteria. The sum of viable and unviable
counts gives an indication of the direct
total population. Total microbial counts
using the cell viability method gives ad-
ditional information compared with classi-
cal plate counts, where there is the influ-
ence of adaptability, choice of nutritional
substrate and incubation parameters. Fig-
ures 1 and 2 show that cultivable popu-
lations were always lower than total di-
rect population counts, especially at the
beginning of cheese production. During
ripening, the culture medium CAM sup-
ported the recovery of the total cultivable

population, as demonstrated by an overlap
of both plate and direct count results. In the
first 12 h of manufacture, viable, unviable
and total populations were higher in the ex-
ternal portion of cheese than in the internal
portion (Fig. 2). In particular, viable cells
in the external portion of the curd were one
logarithm higher than those in the internal
portion.

The assessment of total counts high-
lighted the induction of bacterial lysis.
During aging, the conditions prevailing in
the cheese matrix limit the preservation of
cell viability [2]. The absence of residual
lactose and galactose, high levels of NaCl,
low pH and the drop in temperature con-
tribute to cell autolysis, which results in the
release of intracellular enzymes and other
components into the cheese matrix. In the
one-month cheese sample, a reduction in
the number of total cells was observed both
in the external and internal portions. Inter-
estingly, between the first and the second
months an increase in the total population,
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Figure 3. Evolution of aminopeptidase activities expressed as EA and total population expressed as
log cells-g™! (secondary axis — dashed line), during different steps of Parmigiano Reggiano cheese
manufacturing and ripening. Solid line m: PepX; solid line A: PepN; solid line ¢: PepC; solid line o:
Pepl; dotted line o: PepL; dotted line o: PepA. a: Internal zone; b: external zone.

especially in the external portion, was ob-
served. After the second month of ripen-
ing, a continuous and gradual decrease in
viable counts was observed until the end of
ripening (Fig. 2).

3.4. Enzymatic activity

Biochemical transformation of the curd
proteins and peptides during cheese ripen-

ing is partly due to the cytoplasmatic
enzymes released after cellular lysis, in
particular SLAB autolysis [23, 39]. The
peptidases released are responsible for
the formation of water-soluble peptides
and free amino acids [2, 33]. Moreover,
LAB, in particular NSLAB, can utilize free
amino acids for protein synthesis, gener-
ation of metabolic energy and recycling
of reduced cofactors, which are connected



Microbiology of Parmigiano Reggiano cheese 521

with cheese flavor formation [6, 36, 41].
Amino acid catabolism involves a wide
range of both general and specific reg-
ulators and shows significant differences
among LAB [11].

The aminopeptidase activities tested in
this work were those frequently found
in LAB and capable of hydrolyzing the
following six different substrates: broad-
specificity aminopeptidase N (PepN) and
C (PepC) activities were determined us-
ing Lys-fNA and Arg-fNA, respectively,
proline aminopeptidase (Pepl) activity us-
ing Pro-fNA, glutamyl aminopeptidase A
(PepA) activity using Glu-fNA, pepti-
dase with high specificity for leucine and
alanine (PepL) using Leu-fNA, and activ-
ity of the X-prolyl dipeptidyl aminopep-
tidase (PepX) was determined using Phe-
Pro-fNA [6, 33]. The enzymatic activity
values detected in the cheese extract free
from cells are shown in Figures 3a and 3b
for the internal and external zones of the
cheese. These results reflect an enzymatic
activity due only to cytoplasmatic enzymes
released after bacterial lysis.

PepC, PepN, PepX and PepL activities
were higher in the external zone of cheese
(Fig. 3b) than in the internal zone (Fig. 3a),
especially during the first six months of
aging. In both zones, PepA and Pepl ac-
tivities were very low, in contrast to the
high quantity of proline and glutamic acid
usually found in free form at the end of
ripening [4, 31]. In general, glutamic acid
is the main amino acid detected in cheeses
produced with a thermophilic starter and
cooked with a temperature gradient such
as PR [4], Swiss cheese [30], Gruyere [3]
and Emmental and Bergkése [20]. This ap-
parent contradiction might be explained
in different ways: (i) Glu can be liber-
ated by broad-specificity aminopeptidase
like PepC [6]; (ii) the hydrolytic activ-
ity towards Glu and Pro is low but al-
ways present during ripening; (iii) Glu and
Pro are highly present in milk proteins
[37]; and (iv) Pro is not further converted

into degraded molecules and gradually in-
creases in cheese [11].

A significant increase in EA was de-
tected in the first 48 h of manufacture.
These results are in agreement with the de-
crease in total counts observed, in partic-
ular in the cheese internal zone. A second
stage of EA increase was observed for the
internal zone during the 6™ and 8" months
(Fig. 3a) and for the external zone during
the 4" and 6™ months (Fig. 3b). Over the
20 months of ripening, similar quantitative
ascending trends in the hydrolysis of spe-
cific substrates were observed for the inter-
nal and external zones of the cheese.

4. CONCLUSION

The Parmigiano Reggiano cheese ripen-
ing process is a very complex biochemical
event. Technological parameters determine
the specific microbial selection in the dif-
ferent stages of cheesemaking and ripen-
ing and even in the different cheese zones.
Our results show that the microbial popula-
tions present in curd and in cheese can play
different roles in the subsequent phases of
ripening and can interact by overlapping
their metabolic pathways. For example, the
SLAB are involved not only in lactose de-
pletion and curd acidification, but also in
the production of a considerable amount of
intracellular aminopeptidases released as a
consequence of bacterial lysis, which are
active during the whole ripening.

Regarding NSLAB, they remain viable
for a long time during cheese ripening.
They seem to adapt better to cheese than
SLAB and are able to survive and grow
even in the absence of lactose. The tech-
nological role of this secondary microflora
should be investigated in greater depth.

The microbial dynamics, the iden-
tification of all microbial species, the
infraspecies biodiversity and their interac-
tions during PR cheesemaking and ripen-
ing are not still completely clarified.
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This gap should be filled to understand bet-
ter and protect the origin, the tradition and
the quality of this PDO cheese.
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