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ABSTRACT

Strongly proteolytic starters seem to improve the
growth of nonstarter lactobacilli during cheese ripen-
ing, but no information is available on the impact of
the nonmicrobial proteases usually active in cheese on
their development. In the current study, the influence
of chymosin- and plasmin-mediated proteolysis on the
growth and biochemical activities of lactobacilli during
ripening of miniature Cheddar-type cheeses, manufac-
tured under controlled microbiological conditions, was
studied. Two experiments were performed; in the first,
residual chymosin activity was inhibited by the addi-
tion of pepstatin, and in the second, plasmin activity
was increased by adding more enzyme, obtained in
vitro through the activation of plasminogen induced
by urokinase. Cheeses with or without a Lactobacillus
plantarum 191 adjunct culture and with or without
added pepstatin or plasmin solution were manufac-
tured and ripened for 60 d. The addition of the adjunct
culture resulted in enhancement of secondary prote-
olysis, evidenced by an increase in the total content of
free amino acids (FAA) and modifications of the indi-
vidual FAA profiles. Reduction in residual chymosin
activity caused a decrease in primary and secondary
proteolysis, characterized by the absence of oy -casein
hydrolysis and reduced production of peptides and
FAA, respectively. The increase in plasmin activity
accelerated primary proteolysis but no enhancement
of secondary proteolysis was observed. Chymosin- and
plasmin-mediated proteolysis did not influence the
growth and biochemical activities of adventitious or
adjunct lactobacilli, indicating that it is not a limiting
factor for the development and proteolytic-peptidolytic
activities of lactobacilli in the cheese model studied.
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INTRODUCTION

Nonstarter lactic acid bacteria (NSLAB) are adven-
titious microorganisms that contaminate nearly all
cheeses; they are mostly lactobacilli, but enterococci,
pediococci, and Leuconostoc spp. can also be present in
cheese as NSLAB (Hynes et al., 2001; Quiberoni et al.,
2004). The NSLAB in cheese probably originate from
raw milk (Turner et al., 1986; Jordan and Cogan, 1999;
Christiansen et al., 2006); alternatively, they may re-
contaminate milk after pasteurization (Somers et al.,
2001).

Cheese is a rather hostile environment for microbial
growth: it has low pH (~5) and high salt-in-moisture
content (4 to 6%), lacks a fermentable carbohydrate,
1s anaerobic, and may contain bacteriocins produced
by starter bacteria (Fox et al., 2000). The NSLAB typi-
cally grow from low numbers (10" to 10* cfu/g) in fresh
curd to 107 to 10° cfu/g after 3 or 4 mo of ripening, and
therefore become the dominant viable microflora in
the mature cheese (Peterson and Marshall, 1990; Mc-
Sweeney et al., 1993).

The effect of several technological variables of the
cheesemaking process and cheese ripening on NSLAB
growth has been studied. Lane et al. (1997b) reported
that moisture and salt-in-moisture contents have little
effect on the development of NSLAB, provided that the
values are within the typical ranges found in Cheddar
cheese. Ripening temperature, on the contrary, has a
significant influence on the rate and extent of NSLAB
development: lower numbers of NSLAB were found
when ripening temperature decreased (Martley and
Crow, 1993; Shakeel-Ur-Rehman et al., 2000). On the
other hand, rapid cooling of the curd after pressing has
been pointed out as a determinant for a slow develop-
ment of NSLAB (Fox et al., 1993; Folkertsma et al.,
1996).

A main issue regarding NSLAB growing in cheese
that remains unclear is their energy source. A few
studies on this subject have been performed in vitro;
free amino acids (FAA), peptides, lactose, citrate, pyru-
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vate, glycerol, products of starter cell lysis, and carbo-
hydrates released from x-casein or from glycoproteins
in the milk-fat globule membrane have been proposed
as potential energy sources (Thomas, 1987; Peterson
and Marshall, 1990; Martley and Crow, 1993; Williams
et al., 2000; Adamberg et al., 2005).

The influence of primary starter on NSLAB growth
has also been studied, and it is linked to the availabil-
ity of substrates and growing factors for NSLAB flora
in the cheese. Thomas (1987) discovered that NSLAB
were able to grow on washed cell suspensions of lacto-
coccl and suggested that highly autolytic starters may
increase the growth of NSLAB in cheese by supplying
carbon and energy sources such as ribose. However,
further studies did not confirm this hypothesis: highly
proteolytic starter strains, rather than autolytic start-
er strains, stimulate the growth of lactobacilli during
cheese ripening (Wilkinson et al., 1994; Lane et al.,
1997b; Hynes et al., 2001). The fact that proteolytic
activity of the starter is implied in NSLAB growth was
also suggested by the study of Di Cagno et al. (2003),
which reported that the hydrolytic activity of cell wall
proteases from lactic starter favorably affected the
growth rate and final number of lactobacilli in vitro
and in a cheese slurry system.

On the other hand, cell wall proteases from lactic
starter are not the only proteases present in cheese.
Indigenous milk proteases, notably plasmin, and usu-
ally added proteases such as rennet are active in cheese
and hydrolyze casein into several fragments during
ripening. In low-cooked cheeses such as Cheddar,
primary proteolysis is mainly mediated by the action
of chymosin rather than plasmin. The main substrate
of chymosin is a4 -casein, which is degraded with the
production of ay-CN (f1-23) and ay-CN (f24-199).
The former peptide is rapidly hydrolyzed by starter
proteinases to smaller peptides, which undergo further
breakdown to amino acids by the action of peptidases
of starter and NSLAB. Preferential substrates for plas-
min in cheese are ay,- and B-caseins; the breakdown of
the latter gives the y-caseins (y;, yo, and ys; Fox and
Stepaniak, 1993; Fox et al., 2000). The influence of
these biochemical transformations due to nonmicrobial
proteases usually active in cheese on NSLAB growth
has not been studied to date.

The objective of this work was to assess the influence
of primary proteolysis due to residual coagulant and
plasmin activities on the growth and biochemical ac-
tivity of lactobacilli in miniature Cheddar-type model
cheeses manufactured under controlled microbiological
conditions. For that purpose, the impact of primary
proteolysis on both the indigenous NSLAB population
and an adjunct culture of Lactobacillus plantarum 191,
were studied.
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MATERIALS AND METHODS

Milk Samples

The raw whole milk used for manufacture was ob-
tained from a local farmer. Milk samples were analyzed
for composition using a Milkoscan FT 120 equipment
(Foss Electric, Hillered, Denmark) and standardized
to a casein to fat ratio of 0.7. Raw milk for cheese
manufacture was batch-pasteurized at 65°C for 30 min
(pilot plant, University College, Cork, Ireland). Counts
of adventitious lactobacilli on Rogosa agar (Merck,
Darmstadt, Germany) by incubation at 30°C for 5 d
were performed on raw and pasteurized milk to evalu-
ate the microbiological quality of the raw milk and the
effectiveness of the heat treatment.

Experimental Designh and Cheese Manufacture

Two independent cheesemaking experiments were
performed to study the effect of residual chymosin
and plasmin activities on the growth and biochemical
activity of lactobacilli during cheese ripening. In both
cases 2 factors were studied, each at 2 levels: presence
or absence of an adjunct culture of Lb. plantarum 191
and modified nonmicrobial protease levels. The adjunct
culture was selected from the NSLAB collection of the
Instituto de Lactologia Industrial (INLAIN, Santa Fe,
Argentina), based on its technological properties, re-
sistance to biological barriers, and probiotic potential
(Bude-Ugarte et al., 2006). The influence of residual
chymosin and plasmin activities was studied by means
of reducing and increasing the enzymatic activities,
respectively, by adding pepstatin (a potent competitive
inhibitor of aspartyl proteinases) and plasmin solu-
tion.

For each experiment, 2 cheesemaking trials (trials
1 and 2) of miniature Cheddar-type cheeses were per-
formed. Miniature Cheddar-type cheeses were manu-
factured from 200 mL of pasteurized milk following the
procedure of Shakeel-Ur-Rehman et al. (1998a) adapt-
ed to aseptic conditions (Milesi et al., 2008). Starter
culture was added at 0.5% (vol/vol) into cheesemilk at
31°C; it consisted of a strain of Lactococcus lactis ssp.
lactis commonly used in Cheddar cheese manufacture
(Shakeel-Ur-Rehman et al., 1998a). After enrichment
with 1 M CaCl, (660 nL/L), milk was clotted with ren-
net (217.5 pL/LL Maxiren 180, DSM Food Specialties,
Delft, the Netherlands). Coagulum was cut when op-
timal firmness was developed using sterile stainless
steel tools. After curd healing, the mixture of curds and
whey was stirred slowly, and then cooked at 38°C while
stirring more rapidly with a magnetic stirrer until the
pH reached 6.2. Whey and curds were then transferred
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to sterile plastic centrifuge bottles and centrifuged at
room temperature for 60 min at 1,700 x g (MSE Major
centrifuge, MSE Scientific Instruments, Crawley, UK).
After whey drainage, cheeses were placed in a water
bath at 36°C until pH reached 5.2 to 5.3 and then recen-
trifuged at 1,700 X g for 20 min. Cheeses were salted by
immersion in sterile brine at room temperature for 30
min, after which they were removed, dried with sterile
tissue paper, and vacuum packed.

Glass beakers, centrifuge bottles, miniature tools,
brine, and CaCl, solution were sterilized by autoclav-
ing (121°C for 15 min). Rennet was sterilized by filtra-
tion through 0.45-pm membranes, and tissue paper
was sterilized in an oven at 120°C for 4 h.

For experiments in which rennet activity was modi-
fied, on each day of manufacture, 4 miniature Cheddar-
type cheeses were made: a control cheese (C), a control
cheese to which pepstatin solution was added (CP), an
experimental cheese with the addition of Lb. plantarum
191 as adjunct culture (E), and an experimental cheese
prepared as for E but with the addition of pepstatin
solution (EP). Pepstatin A (Sigma, Poole Dorset, UK)
was added (15 umol/L) to the curd-whey mixture at the
start of cooking as described by Shakeel-Ur-Rehman
et al. (1998b). When used, Lb. plantarum 191 was cul-
tivated twice in de Man, Rogosa, and Sharpe (MRS)
broth at 34°C overnight. An aliquot of this broth, suf-
ficient to provide a concentration of 10° cfu/mL in the
cheesemilk, was centrifuged for 20 min at 8,000 X g and
4°C. The pellet was washed twice with 0.1 M sodium
phosphate buffer (pH 7), resuspended in the same buf-
fer, and added into the experimental vats.

For experiments in which plasmin activity was in-
creased, 4 miniature Cheddar-type cheeses were made
on each day of manufacture: a control cheese (CC), a
control cheese with the addition of plasmin solution
(CPL), an experimental cheese containing Lb. plan-
tarum 191 as adjunct culture (EE), and an experimen-
tal cheese with plasmin solution plus adjunct culture
(EPL). Plasmin solution was obtained in vitro through
the activation of its inactive precursor plasminogen,
induced by urokinase, as described by Richardson and
Pearce (1981) with some modifications. An aliquot of
12.5 mL of plasminogen solution (8.7 mg/mL solution;
Sigma, Poole, UK) was mixed with 12.5 mL of urokinase
solution (1,000 Ploug units/mL; Sigma) and the volume
made up to 250 mL by the addition of 0.05 M Tris-HCI
buffer, pH 8.5, containing 0.02 M lysine, 0.14 M NaCl,
and 50% (vol/vol) glycerol. The mixture was incubated
for 90 min at 37°C in a water bath. Plasmin activity was
assessed in the solution at the beginning of the incuba-
tion stage (time 0) and every 15 min, by the method
of Richardson and Pearce (1981), to determine the
optimal conditions for the conversion of plasminogen
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to plasmin. Plasmin activity in the mixture increased
gradually with time and was greatest after incubation
for 60 min. The resultant solution was heated at 70°C
for 10 min before use to destroy any microflora possibly
present. Plasmin solution was added into the milk of
vats CPL and EPL at a proportion of approximately
2.5% (vol/vol); higher levels were avoided in order not to
excessively dilute cheesemilk. The solution was added
30 min before the starter culture to ensure maximum
binding of plasmin to the casein micelles (Farkye and
Fox, 1992). Lactobacillus plantarum 191 was cultivated
in MRS broth as described above. Because the plasmin
experiments were performed after rennet experiments,
the inoculation dose of lactobacilli in cheesemilk was
diminished to 10™* cfu/mL after considering the results
of the first trial. For the same reason, maturation took
place at 12°C for 60 d in plasmin experiments, whereas
in the rennet experiment cheeses were ripened at 8°C
for 60 d.

A total of 48 miniature cheeses were manufactured
for each experiment (24 cheeses per trial, 6 replicates
obtained in different cheesemaking days for each
cheese type). In both experiments, 2 control and 2 ex-
perimental cheeses were taken for analysis after 1, 15,
30, 45, and 60 d of ripening; the sixth cheese replicate
of each type was used as a backup. After sampling for
microbiological counts, the cheeses were grated imme-
diately and stored at —20°C until analysis.

Analyses of Cheeses

Gross Composition and Microbiological Counts.
Gross composition analyses were performed in tripli-
cate on 30-d-old cheeses. Moisture (oven drying at 102
+ 1°C) and protein content (macro-Kjeldahl) were ana-
lyzed according to the International Dairy Federation
(IDF, 1982) and IDF (1993), respectively. Salt content
was determined by the method of Fox (1963). The pH
was measured during cheesemaking and in the final
products by placing the electrode of the pH meter
(model 720 pH meter, Orion Research Inc., Boston, MA)
in contact with the curd or grated cheese, respectively.

Microbiological counts were performed in duplicate
after 1, 15, 30, 45, and 60 d of ripening. Cheese samples
(10 g) were homogenized for 5 min with 90 mL of a
sterile 2% (wt/vol) trisodium citrate solution in a Lab
Blender 400 Stomacher (Seward Ltd., London, UK) and
serially diluted 10-fold using Ringer solution. Starter
bacteria were enumerated on M17 agar (Merck) after
incubation at 30°C for 3 d. The adjunct culture and
NSLAB in experimental and control cheeses, respec-
tively, were determined on Rogosa agar (Merck) after
incubation at 30°C for 5 d.
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Measurement of Residual Coagulant Activity.
Residual coagulant activity in the cheeses was ana-
lyzed in triplicate after 30 d of ripening using a slight
modification of the method of Hurley et al. (1999), as
described by O’Mahony et al. (2005). Residual coagu-
lant activity was expressed as enzyme activity units
per hour and grams of dry matter, where 1 unit of
enzyme activity is defined as the activity necessary to
release 1 nmol of the product peptide ([NO,-Phe]-Arg-
Leu) from the heptapeptide substrate per hour at 37°C
and pH 3.2.

Measurement of Plasmin Activity. Thirty-day-old
cheeses were assayed in triplicate for plasmin activ-
ity by a modification of the method of Richardson and
Pearce (1981), as described by Upadhyay et al. (2004).
Plasmin activity in the cheeses was expressed as
plasmin units per grams of cheese, where 1 unit was
defined as the activity necessary to release 1 nmol of
7-amino-4-methyl coumarin (AMC) from Suc-ala-Phe-
Lys-AMC per minute at pH 7.5 and 25°C.

Assessment of Proteolysis. Proteolysis was as-
sessed on 1-, 30-, and 60-d-old cheeses. Casein degra-
dation was assessed by urea-PAGE, whereas peptide
profiles and levels of individual FAA were determined
by reverse phase-HPLC (RP-HPLC), all as described
by Milesi et al. (2008).

Statistical Analyses

Data from chemical composition, microbiological
counts, enzyme activities, and FAA assays were ana-
lyzed by one-way ANOVA with a 95% confidence level.
Means were compared by the least significant difference
test when significant differences were detected. Princi-
pal component (PCA) and nonhierarchical cluster (CA)
(K-means) analyses were applied to data from peptide
and individual FAA profiles using the covariance ma-
trix (standardization to mean zero and the original
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variance). The number of clusters for K-means analysis
was identified in a preliminary test of the original data
sets by hierarchical CA. This approach was validated
by visual analysis of the density display of the scores
after PCA (Hair et al., 1999). All statistical analyses
were performed using the SPSS 10.0 software (SPSS
Inc., Chicago, IL).

RESULTS
Cheesemilk Quality and Cheese Composition

Milk composition remained uniform during both ex-
periments; fat and protein contents ranged from 3.88 to
4.02% and from 3.22 to 3.29%, respectively. The counts
of adventitious lactobacilli in raw milk were between
5 x 10° and 7 x 10® cfu/mL; after pasteurization they
diminished to <10 cfu/mL. These results indicated that
the raw milk was of high microbiological quality and
the heat treatment reduced NSLAB level effectively.

The proximate composition and pH of 30-d-old
miniature Cheddar-type cheeses are shown in Table
1. There were no significant differences (P > 0.05) in
pH, moisture, salt-in-moisture, and protein content
between cheeses from both experiments, and all the
values were within the normal range expected for con-
ventional Cheddar cheese. Similarly, the acidification
rate during manufacture and the final pH registered
after cheddaring were similar in all cheeses from both
experiments (results not shown).

Chymosin and Plasmin Activities in Cheeses

Residual chymosin activity of 30-d-old cheeses made
with and without pepstatin or adjunct lactobacilli are
presented in Table 2. The addition of pepstatin into the
whey-curd mixture reduced in 95% the chymosin activ-
ity in the cheeses (P < 0.05).

Table 1. Gross composition and pH values of 30-d-old miniature Cheddar-type cheeses from rennet and plasmin experiments'

Experiment? pH Moisture (%) Salt-in-moisture (%) Protein (g %)
Rennet
C 5.21+£0.01 37.28 £ 0.55 4.97+0.18 24.55+0.08
CPp 5.22+0.02 37.55+0.39 4.88+0.13 24.62 +0.08
E 5.21 +£0.01 37.64 +£0.17 4.69 +0.47 24.83 +0.01
EP 5.20+0.01 37.87+0.21 4.76 £ 0.25 24.78 £ 0.02
Plasmin
CC 5.22+0.01 37.31+1.32 5.21+0.07 24.61+0.65
CPL 5.21+£0.01 37.32 £ 0.63 5.13+0.01 24.77+ 0.31
EE 5.23+0.01 36.98 £ 1.71 5.19+0.12 24.58 + 0.64
EPL 5.23+0.01 36.73 £ 1.58 5.31 £ 0.06 24.78 + 0.45

"Means (+ SD) of triplicate analyses and 2 cheesemaking trials are presented.

2C and CC = control cheeses from rennet and plasmin experiments, respectively; CP and CPL = control cheeses made with pepstatin and
plasmin addition, respectively; E and EE = experimental cheeses made with the addition of an adjunct culture of Lactobacillus plantarum
191; EP and EPL = experimental cheeses made with pepstatin and plasmin addition, respectively.
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Table 2. Residual chymosin and plasmin activities of 30-d-old

miniature Cheddar-type cheeses from rennet and plasmin
experiments
Experiment? Enzyme activity

Rennet (mmol of product/h - mg of DM)

C 1.99 +0.13°
CP 0.10 + 0.02°
E 2.14 +0.24%
EP 0.13 +0.02°
Plasmin (plasmin unit/g of cheese)
cC 1.60 + 0.30°
CPL 3.25 £ 0.40"
EE 1.62 +0.33°
EPL 3.35+0.62"

aPFor each experiment, means in the same column with different su-
perscripts differ (P < 0.05).

'Means (£ SD) of triplicate analyses and 2 cheesemaking trials are
presented.

2C and CC = control cheeses from rennet and plasmin experiments,
respectively; CP and CPL = control cheeses made with pepstatin and
plasmin addition, respectively; E and EE = experimental cheeses
made with the addition of an adjunct culture of Lactobacillus plan-
tarum 191; EP and EPL = experimental cheeses made with pepstatin
and plasmin addition, respectively.

Table 2 also shows the values of plasmin activity of
30-d-old cheeses made with or without plasmin or ad-
junct culture. Significant differences (P < 0.05) in levels
of plasmin were found between cheeses manufactured
with and without the addition of plasmin. Plasmin
activity in plasmin-treated cheeses was 2-fold greater
than in untreated cheeses. As expected, the introduc-
tion of the adjunct culture did not affect residual chy-
mosin or plasmin activities.

Primary Proteolysis

The urea-PAGE electrophoretograms of the pH 4.6-in-
soluble fraction of the cheeses made with and without
added pepstatin showed noticeable differences at all
ripening times, similar to those previously observed
by Shakeel-Ur-Rehman et al. (1998b) and O’Mahony
et al. (2005) (data not shown). In the pepstatin-treated
cheeses, a,;-casein remained intact during the ripening
period. These results confirm that pepstatin at the level
used strongly inhibited residual chymosin activity and,
therefore, primary proteolysis. In the cheeses without
pepstatin, ag;-casein was extensively hydrolyzed as
ripening progressed, which was evidenced by the pro-
duction of the peptides a4-CN (f24-199) and ay-CN
(f102-199), both derived from the action of chymosin.
Little degradation of B-casein to y;-, Y-, and ys-caseins
was observed during ripening of the 4 types of cheeses
in rennet experiment; this hydrolysis is mediated by
the action of plasmin (Fox et al., 2000).

No major differences were apparent between cheeses
made with and without added plasmin at 1 and 30 d,
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but differences were observed toward the end of the
ripening period (results not shown). In particular, hy-
drolysis of B-casein was more extensive in the cheeses
with plasmin addition, which was evidenced by the
breakdown of B-casein and the subsequent production
of y;-, Yo-, and ys-caseins. These results are consistent
with the greater plasmin activity in the plasmin-treated
cheeses and were observed previously by other authors
(Farkye and Fox, 1992; Barrett et al., 1999; Somers
et al., 2002; Upadhyay et al., 2004). As expected, the
addition of plasmin did not increase the breakdown of
ag-casein, because it is less susceptible to attack by
plasmin than B-casein (Fox et al., 2000). In both ex-
periments, no differences in primary proteolysis were
evident between cheeses made with adjunct lactobacilli
and their respective controls at any stage of ripening.

Starter and Adjunct Cultures and Adventitious
Lactobacilli

The numbers of starter, adjunct, and adventitious
lactobacilli in the cheeses made with or without pepsta-
tin or adjunct culture at different sampling times are
shown in Figure 1A. Starter lactic acid bacteria counts
decreased almost 1 log cycle over the ripening period in
all cheeses, regardless of the addition of pepstatin or
adjunct culture. On the other hand, adjunct lactobacilli
in both experimental cheeses reached high numbers
in the cheese (~10° cfu/g) and remained at this level
during ripening, whereas the numbers of adventitious
lactobacilli in both control cheeses were very low (10°
cfu/g) for the whole ripening period.

The counts of starter, adventitious, and adjunct lac-
tobacilli in the cheeses made with or without plasmin
or adjunct culture during ripening are shown in Figure
1B. The numbers of lactococci decreased by approxi-
mately 1.5 log cycles over the course of ripening and,
as in the rennet experiment, exhibited a similar trend
in all cheeses, independent of the addition of plasmin
or adjunct culture. Adjunct lactobacilli were added to
the cheesemilk at 10* cfu/mL but they grew rapidly
during manufacture reaching ~10° cfu/g in both 1-d-old
experimental cheeses. From that time onward, a grad-
ual increase in their numbers was observed and they
remained at high levels (~10° cfu/g of cheese) toward
the end of ripening. In the control cheeses made with
or without plasmin, adventitious lactobacilli remained
at <10® cfu/g of cheese during ripening.

Peptide Profiles and Individual Levels of FAA

Figure 2 shows the peptide profiles of the pH 4.6-sol-
uble fraction of the control and adjunct-treated cheeses
made with and without pepstatin at 60 d of ripening. In
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Figure 1. Counts of starter (dotted lines) and lactobacilli (solid
lines) in miniature Cheddar-type cheeses from rennet (A) and plas-
min (B) experiments, after 1, 15, 30, 45, and 60 d of ripening. C and
CC (o, ®) = control cheeses; CP and CPL (0, ¢) = control cheeses made
with pepstatin and plasmin addition; E and EE (A, A) = experimental
cheeses with added Lactobacillus plantarum 191 as adjunct culture;
EP and EPL (o, m) = experimental cheeses with added Lb. plantarum
191 as adjunct culture made with pepstatin and plasmin addition, in
panels A and B, respectively. The results shown are means of dupli-
cate analyses and 2 cheesemaking trials.

general, the height of the peaks in the chromatograms
of all cheeses, especially those made without pepstatin,
increased as ripening progressed. Qualitative and quan-
titative differences in the peptide profiles of the cheeses
made with and without pepstatin were observed at
all ripening times. Overall, pepstatin-treated cheeses
provided simpler chromatograms and lesser amounts
of peptides than cheeses without pepstatin. The differ-
ences were evident mainly in samples of 30 and 60 d of
ripening in the retention time interval between 25 and
50 min. In particular, the peaks that varied the most
between cheeses with and without pepstatin were those
eluting at approximately 26, 27, 33, 35, and 39 min. On
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respectively. Peaks indicated with lowercase letters were used as
variables for principal components analysis. The results of one trial
are presented.

the other hand, chromatograms of control and adjunct-
treated cheeses either made with or without pepstatin
showed some quantitative differences, mainly evident
at the end of the ripening period.

Eleven peaks, identified as a to k in Figure 2 were
selected by visually comparing the chromatograms,
and were used as independent variables for PCA. The
peaks selected were those that showed the greatest
variation, and not necessarily those with the greatest
heights (Pripp et al., 1999). The first 2 principal compo-
nents (PC) accounted for 97.27% of the total variation
of the data. The loading plot (Figure 3A) revealed that
all selected variables exhibited a high influence on PC1,
except for peak ¢, whose impact was considerable only
on PC2. Peaks with high influence on PC1 prevailed in
the chromatograms of the cheeses made without added
pepstatin; these peaks were absent or present at much
lower concentrations in the pepstatin-treated cheeses.
On the other hand, peak ¢ (with high loading on PC2)
was characteristic of the chromatograms of the cheeses
made with the addition of pepstatin, at all ripening
times. A plot of the distribution of the samples on PC1
and PC2 is shown in Figure 3B. The variability among
1-d-old cheeses was very low but it increased in cheeses
at 30 and 60 d. The influence of both ripening time and
type of treatment with or without pepstatin was evi-
dent on both PC, but no effect on the variation of the
data attributable to the use of the adjunct culture was
detected at any ripening time. All 1-d-old cheeses were
clustered closely, although they tended to separate
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Figure 3. Principal component (PC) analysis of peptide profiles of
miniature control and adjunct-treated Cheddar-type cheeses, made
with or without pepstatin addition. A) Loading plot of independent
variables on PC1 and PC2; B) Score plot on PC1 and PC2 of 1- (x),
30- (o), and 60-d-old (A) cheeses. CP and C = control cheeses made
with and without pepstatin, respectively; EP and E = experimental
cheeses with added Lactobacillus plantarum 191 as adjunct culture
made with and without pepstatin, respectively. The numbers after
cheese type refer to trials 1 and 2. Ellipses enclose cheese samples in
the same cluster as defined by cluster analysis (K-means).

by type of cheese (with or without pepstatin) even at
this early time of ripening. Four groups were proposed
for CA, which classified the samples as indicated on
Figure 3B with ellipses. Cluster 1 contained all 1-d-
old cheeses, made with or without pepstatin or adjunct
lactobacilli. Cluster 2 comprised both 30-d-old control
and adjunct-treated cheeses without added pepstatin,
whereas the same cheeses but at 60 d of ripening were
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grouped in a different cluster (cluster 3). Contrarily,
both 30- and 60-d-old control and adjunct-treated
cheeses made with pepstatin were grouped together in
the same cluster (cluster 4), making clear the inhibition
of chymosin-mediated proteolysis, and consequently
secondary proteolysis, during cheese ripening.

Figure 4 shows the RP-HPLC peptide profiles of
the pH 4.6-soluble fraction of 60-d-old control and
adjunct-treated cheeses made with and without added
plasmin. The concentration of most peptides in the
chromatograms of the 4 types of cheeses increased
during ripening. Comparison of the peptide profiles of
cheeses produced with and without plasmin revealed
some small quantitative differences after 30 and 60 d
of ripening. Similarly to the rennet experiment, some
quantitative differences were observed between chro-
matograms of control and adjunct-treated cheeses at
the end of ripening.

After visual comparison of peptide profiles, 11 peaks
(a to k) were used as independent variables for PCA.
The first 2 PC explained 98.46% of the total variation.
As can be observed in the loading plot (Figure 5A),
all selected variables had high correlation with PC1,
whereas only peaks f, h, 1, j, and k exhibited a relative
influence on PC2. Peaks g and e, located on the nega-
tive side of PC2, were greater in 30-d-old cheese profiles
than in 60-d-old cheese profiles. The rest of the peaks,
located on the positive side of PC2, were predominant
in 60-d-old cheeses. Peaks b, ¢, d, f, and in particular
h, 1, j, and k, which eluted in the hydrophobic region of
the chromatograms, were found to be slightly greater
in the plasmin-treated cheeses. The score plot of the
samples at 1, 30, and 60 d of ripening is shown in Fig-
ure 5B. Little variability between cheeses was observed
at all ripening times. No grouping of samples with
regard to the different treatments applied (addition of
plasmin or adjunct lactobacilli) was detected on both
PC1 and PC2 axes at all ripening times. On the other
hand, cheeses were distributed according to ripening
time on PC2, whereas only 1-d-old cheeses were sepa-
rated from the rest along PC1 axis. Cluster analysis
confirmed these results as it distributed the samples in
the 3 clusters proposed according to the ripening time:
cheese samples of 1-, 30-, and 60-d-old cheeses were
grouped in clusters 1, 2, and 3, respectively, regardless
of the cheese plasmin activity or the presence of the
adjunct culture (Figure 5B).

Individual amounts of FAA in the cheeses made with
and without pepstatin or adjunct lactobacilli at 1 and 60
d of ripening are shown in Figure 6. The content of most
amino acids increased (P < 0.05) with ripening time in
all cheeses, except for pepstatin-treated control cheeses
(CP) in which only a few amino acids showed a signifi-
cant increase as ripening progressed. Control and ex-
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Figure 4. Reverse phase-HPLC peptide profiles of the pH 4.6-soluble fractions of the 60-d-old miniature control and adjunct-treated
Cheddar-type cheeses made with or without plasmin addition. CPL and CC = control cheeses made with and without plasmin, respectively;
EPL and EE = experimental cheeses with added Lactobacillus plantarum 191 as adjunct culture made with and without plasmin, respective-
ly. Peaks indicated with lowercase letters were use as variables for principal components analysis. The results of one trial are presented.

perimental pepstatin-treated cheeses had significantly
(P < 0.05) lower levels of total FAA than control and
experimental cheeses made without added pepstatin,
respectively, after 60 d of ripening. On the other hand,
adjunct-treated cheeses made with or without added
pepstatin had significantly (P < 0.05) greater levels of
total FAA than their respective control cheeses after 60
d of ripening. Furthermore, the increase in the content
of total FAA in the adjunct-treated cheeses compared
with their respective controls was similar (~1.6 times),
regardless of the activity of residual chymosin. In addi-
tion, the content of total FAA between adjunct-treated
cheeses made with added pepstatin (EP) and control
cheeses made without pepstatin (C) did not differ sig-
nificantly (P> 0.05).

The major individual FAA in 60-d-old control and
adjunct-treated cheeses made without pepstatin were
serine, glutamate, proline, lysine, leucine, and pheny-
lalanine, which accounted for about 70% of the total
FAA, whereas glutamate, histidine, threonine, proline,
lysine, and leucine predominated in 60-d-old control
and experimental cheeses with added pepstatin, in
which they accounted for 68 and 63% of the total FAA,
respectively. Overall, the levels of serine, glycine, his-
tidine, threonine, alanine, valine, methionine, lysine,
and leucine were greater in the adjunct-treated cheeses
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compared with their respective controls at 60 d of rip-
ening (P < 0.05). On the other hand, pepstatin-treated
cheeses exhibited significantly lower concentrations (P
< 0.05) of serine, glycine, arginine, valine, leucine, and
phenylalanine than cheeses without pepstatin.

The individual concentrations of each amino acid in
the cheeses at 1 and 60 d of ripening were used as vari-
ables for PCA and CA to detect grouping of samples
based on their individual FAA profiles: PC1 and PC2
explained 77.7 and 10.9% of the total variation, respec-
tively. The amino acids most correlated with PC1 were
serine, glycine, histidine, threonine, valine, methion-
ine, lysine, leucine, and phenylalanine, whereas isoleu-
cine and, to a lesser extent, proline, alanine, histidine,
lysine, and methionine exhibited a relative influence
on PC2 (Figure 7A). The score plot (Figure 7B) shows
grouping of samples according to cheese types (made
with or without pepstatin or adjunct culture) on both
PC and based on ripening time on PC1. Four clusters
were proposed for CA, which classified the samples as
follows: cluster 1 comprised all 1-d-old cheeses, regard-
less of the addition of pepstatin or adjunct lactobacilli,
as well as of one 60-d-old pepstatin-treated control
cheese. Cluster 2 consisted of one control and both
adjunct-treated cheeses with added pepstatin of 60 d
of ripening. Clusters 3 and 4 enclosed 60-d-old control
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and adjunct-treated cheeses without pepstatin, respec-
tively (Figure 7B).

Figure 8 shows the individual FAA profiles of the
cheeses made with and without added plasmin or ad-
junct lactobacilli at 1 and 60 d of ripening. The amount
of total FAA increased with ripening time in all cheeses
(P < 0.05). There were not significant differences in the
total content of FAA between cheeses made with or
without added plasmin, indicating that the increase in
plasmin activity did not improve the formation of amino
acids. According to our results, the main FAA in 60-d-
old cheeses were serine, glutamate, proline, lysine, leu-
cine, and phenylalanine, which agrees with the results
of the previous experiment for cheeses made without
pepstatin. In contrast to the trend observed for the ren-
net experiment, the total content of FAA in the cheeses
made with or without adjunct lactobacilli was similar,
which could be attributed to the lower initial dose of
the adjunct culture in plasmin experiment. There were
no significant differences in the levels of most amino
acids among cheeses because of the treatments applied
(addition of plasmin or adjunct lactobacilli), except for
glycine and arginine, after 60 d of ripening.

Principal components 1 and 2 explained 78.8 and
10.0% of the global variation of the data, respectively.
The amino acids most correlated with PC1 were serine,
glycine, arginine, threonine, alanine, valine, methion-
ine, lysine, leucine, phenylalanine, histidine, proline,
aspartate, and glutamate, whereas tyrosine and, to a
lesser extent, isoleucine and aspartate had a relative
effect on PC2 (Figure 9A). As can be observed in the
score plot (Figure 9B), PC1 separated the samples
based on ripening time, whereas there was a tendency
to group cheeses made with or without lactobacilli ad-
junct on PC2 after 60 d of ripening. On the other hand,
some variability among 1-d-old cheeses from different
trials was observed. Of the 4 clusters proposed, clusters
1 and 2 were composed of 1-d-old cheeses from trials 1
and 2, respectively. Cluster 3 and 4 consisted of 60-d-
old control and adjunct-treated cheeses, respectively,
independent of the level of plasmin in the cheeses (Fig-
ure 9B).

DISCUSSION

The addition of pepstatin, plasmin, or adjunct culture
neither introduced changes on cheese composition, nor
interfered with the acidification by the starter. Milesi
et al. (2008) previously reported that Lb. plantarum
191 added to the cheesemilk at a high level did not
contribute to acidification of the curd/cheese during
cheese manufacture and ripening. On the other hand,
Shakeel-Ur-Rehman et al. (1998b) reported no compo-
sitional differences between miniature control cheeses
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and cheeses containing 7.5, 15.0, or 30.0 pmol/L pep-
statin. In contrast, O’Mahony et al. (2005) reported
that the moisture content of Cheddar cheeses made at
the pilot-plant scale decreased with increasing levels
of pepstatin and ascribed these changes to greater sy-
neresis of the curd in the presence of pepstatin; these
authors used lower concentrations of pepstatin (0.1, 1.0,
and 10.0 pmol). As for plasmin-treated cheeses, Farkye
and Landkammer (1992) reported greater moisture

A
1.0
5 j
Al
Kalh
~
= b
g f@
I 00
S 9
o
A
e
-05
-1.0 . .
-1.0 -0.5 0.0 0.5 1.0
PC1(93.7%)
B
20 S
Slec
3 At i
1.5 1 FEPk2 %
i EPLA EPL“
1.0 4 { cPL2a
i AEEY
......... 1 ccaa  ;
0.5:] e % EE2S
= "YEpL2 ", \ aEE2
‘sr;: ] xEE22 ."- -
< 00 y
- FLT T
S et egzi 0 | e
a ", £ P e
ol W - EPL1 ™,
g o "".
1.0 Ghy2 )
icc2 EE2 Efl2 CCHi
-15 1 %, o i
E 2 EE1 #
s o
v CBLA
-20 . . .
-15 -1.0 -0.5 0.0 05 1.0

PC1(93.7%)

Figure 5. Principal component (PC) analysis of peptide profiles of
miniature control and adjunct-treated Cheddar-type cheeses, made
with or without plasmin addition. A) Loading plot of independent
variables on PC1 and PC2; B) score plot on PC1 and PC2 of 1- (X),
30- (o), and 60-d-old (A) cheeses. CPL and CC = control cheeses made
with and without plasmin, respectively; EPL and EE = experimental
cheeses with added Lactobacillus plantarum 191 as adjunct culture
made with and without plasmin, respectively. The numbers after
cheese type refer to trials 1 and 2. Ellipses enclose cheese samples in
the same cluster as defined by cluster analysis (K-means).
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Figure 6. Individual free amino acid (FAA) profiles of miniature control and adjunct-treated Cheddar-type cheeses, made with and with-
out pepstatin addition, after 1 and 60 d of ripening. CP and C = control cheeses made with and without pepstatin, respectively; EP and E =
experimental cheeses with added Lactobacillus plantarum 191 as adjunct culture made with and without pepstatin, respectively.

content in cheeses containing a 6-fold increase in plas-
min activity compared with the control and attributed
this phenomenon to a greater ability of the proteins
and peptides in the curd to bind water because of the
hydrolytic activity of plasmin. In this study, however,
the increase in plasmin activity was not linked to an
increase in moisture content, which agrees with other
studies (Barrett et al., 1999; Upadhyay et al., 2004).
In agreement with the findings of Shakeel-Ur-Reh-
man et al. (1998b), the pepstatin level (15 umol/L) used
in this study was effective at inhibiting the residual
chymosin in the cheeses. On the other hand, the addi-
tion of plasmin solution obtained by incubation of plas-
minogen and urokinase also proved to be an effective
way to increase plasmin activity in the final products.
The changes in plasmin activity were not as great as in
the rennet experiment for chymosin residual activity,
but were similar to those reported in previous studies
on plasmin activation. Barrett et al. (1999) added in-
creasing concentrations (0.25, 0.5, 1, or 5 units/mL) of
urokinase to cheesemilk and reported an enhancement
of plasmin activity in Cheddar cheese of about 2- and
4-fold when 1 and 5 units urokinase/mL of milk were
added, respectively. Upadhyay et al. (2004) manufac-
tured Cheddar cheese with increasing concentration
(0.1, 0.25, or 0.50%) of streptokinase (a plasminogen
activator produced from Streptococcus uberis), and
plasmin activity increased about 4 times compared
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with the control when the greatest concentration of
streptokinase was used.

The inhibition of residual chymosin activity caused
an important reduction in the extent of primary pro-
teolysis, evidenced by the absence of ag;-casein hydro-
lysis, while the increase of plasmin activity resulted in
an acceleration of primary proteolysis, characterized by
a greater formation of breakdown products of B-casein.
On the other hand, the addition of the adjunct culture
did not contribute to primary proteolysis. This was not
surprising, as most adjunct lactobacilli strains tested
to date have shown similar behavior regarding primary
proteolysis (McSweeney et al., 1994; Swearingen et al.,
2001; D1 Cagno et al., 2006). It is known that mesophilic
lactobacilli from NSLAB source generally possess low
proteolytic activity, although they have shown diverse
and sometimes high peptidolytic abilities (Peldez and
Requena, 2005; Bude-Ugarte et al., 2006).

Starter populations presented a similar evolution
during ripening of the 4 types of cheeses from both
experiments, made with or without pepstatin, plas-
min, or adjunct culture. This trend indicated that the
addition of adjunct lactobacilli, pepstatin, or plasmin
did not influence the growth and survival of starter
bacteria. On the other hand, the decrease in residual
chymosin activity and therefore, the inhibition of
rennet-mediated primary proteolysis, did not influence
the rate and extent of lactobacilli growth, as lactoba-
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cilli grew to the same level in cheeses made with or
without pepstatin addition. Hence, the growth of the
studied adjunct culture appears not to be dependent
on the amount of peptides and FAA available in the
cheese matrix. These observations indicated that the
relatively poor pool of peptides and FAA available in
the pepstatin-treated cheeses was sufficient to sustain
the growth of lactobacilli at the same level as in the
cheeses made without added pepstatin. Similarly, the
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Figure 7. Principal component (PC) analysis of data from individ-
ual free amino acid profiles of miniature control and adjunct-treated
Cheddar-type cheeses, made with or without pepstatin addition. A)
Loading plot of independent variables on PC1 and PC2. B) Score plot
on PC1 and PC2 of 1- (X) and 60-d-old (A) cheeses. CP and C = control
cheeses made with and without pepstatin, respectively; EP and E
= experimental cheeses with added Lactobacillus plantarum 191 as
adjunct culture made with and without pepstatin, respectively. The
numbers after cheese type refer to trials 1 and 2. Ellipses enclose
cheese samples in the same cluster as defined by cluster analysis
(K-means).
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increase in cheese plasmin activity, and consequently
the enhancement of plasmin-mediated primary prote-
olysis, did not affect the rate and extent of lactobacilli
growth, as lactobacilli grew to the same level in cheeses
made with or without plasmin.

Cheeses made with added pepstatin exhibit much
lower concentrations of peptides as evidenced by
HPLC profiles. Shakeel-Ur-Rehman et al. (1998b)
and O’Mahony et al. (2005) reported that some of the
peptides observed in the chromatograms are produced
by the sequential action of coagulant and starter on
ag-casein. As no degradation of ag;-casein in pepstatin-
treated cheeses occurred, very low amounts of small or
intermediate-sized peptides were produced. As for the
plasmin experiment, no major differences were detected
in the peptide profiles of cheeses made with or without
plasmin. Upadhyay et al. (2004) reported that the con-
centrations of peptides that eluted between 55 and 60
min in the chromatograms of 70% ethanol-soluble frac-
tion were slightly greater in the streptokinase-treated
cheeses compared with the controls, and that they in-
creased with increasing levels of added streptokinase.
Barrett et al. (1999) also found greater concentrations
of hydrophobic peptides eluting between 52 and 58 min
in the chromatograms of ethanol-soluble subfraction
of the aqueous extract of cheeses containing 5 U/mL
of urokinase with respect to the control. In this study,
the increase in cheese plasmin activity did not cause a
noticeable increase in the concentration of hydrophobic
peptides. It has been reported that peptides eluting in
the hydrophobic region of RP-HPLC chromatograms
correspond to components of the protease peptone frac-
tion, mostly degradation products from plasmin activ-
ity on B-casein (Kelly and O’Donnell, 1998; Upadhyay
et al., 2004).

Although quantitative differences were evident be-
tween peptide profiles of control and adjunct-treated
cheeses in both experiments, cluster analysis indicated
that these types of samples were grouped together,
in contrast to previous reports for this Lb. plantarum
strain (Milesi et al., 2008). In the rennet experiment,
this was probably because the variation among pep-
tide profiles was mainly explained by the differences
in chymosin activity; changes in this factor probably
masked the subtler differences caused by the action of
the adjunct culture. For the plasmin experiment, only
ripening time affected peptide profiles sufficiently to
be separated by CA. Several authors found no or little
effect of lactobacilli adjunct cultures on the peptide
profiles of several cheese varieties (McSweeney et al.,
1994; Hynes et al., 2001).

Pepstatin-treated cheeses exhibited lower concen-
trations of total FAA than those made without added
pepstatin, which is in line with the results reported by
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Shakeel-Ur-Rehman et al. (1998b) and O’Mahony et
al. (2005) who found that FAA content decreased with
increasing levels of pepstatin addition. Rennet-free
cheeses obtained by a different method showed lower
concentrations of FAA compared with their controls
(Lane et al., 1997a). On the other hand, the levels of
total FAA in both adjunct-treated cheeses made with
or without added pepstatin were greater than in their
respective control cheese, which suggests that the pep-
tidases of Lb. plantarum 191 contributed significantly
to the release of FAA during ripening. Increase in
the level of total FAA in cheeses containing different
strains of lactobacilli as adjunct culture have been
previously reported by other authors (Swearingen et
al., 2001; Hynes et al., 2003; Di Cagno et al., 2006).
More evidence that supported the ability of Lb. plan-
tarum 191 in the formation of FAA was the fact that
addition of this adjunct lactobacillus to experimental
pepstatin-treated cheeses increased the content of
total FAA enough to make them similar to control
cheeses made without pepstatin. On the other hand,
the fact that the increase in the content of total FAA in
the adjunct-treated cheeses was similar to that in the
respective controls indicated that the extent of primary
proteolysis and the availability of peptides coming from
the action of chymosin on caseins did not influence the
peptidolytic activity of Lb. plantarum 191.
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For the plasmin experiment, the increase in cheese
plasmin activity did not improve the formation of amino
acids. These results are in agreement with those report-
ed by Upadhyay et al. (2004) who found no significant
differences in the concentration of total FAA between
cheeses made with increasing levels of streptokinase
and the control. These authors reported that plasmin
has little effect on the production of FAA but is respon-
sible for the production of intermediate-sized peptides,
which are precursors for the formation of amino acids
by the action of starter peptidases. Farkye and Fox
(1992) and O’Farrell et al. (2002) observed a similar
trend: in their studies, increasing plasmin activity in
cheese did not affect the levels of phosphotungstic acid-
soluble nitrogen, which represents mainly amino acids.
Although no difference in the total content of FAA was
observed between control and adjunct-treated cheeses,
PCA and CA distributed them into separate groups,
indicating that the addition of Lb. plantarum 191 had
an effect on secondary proteolysis, as it modified the
individual FAA profile.

CONCLUSIONS

Primary proteolysis due to chymosin and plasmin
activity did not influence the growth and the biochemi-
cal activities of adventitious or adjunct lactobacilli in
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Figure 9. Principal component (PC) analysis of data from individ-
ual free amino acid profiles of miniature control and adjunct-treated
Cheddar-type cheeses, made with or without plasmin addition. A)
Loading plot of independent variables on PC1 and PC2; B) score plot
on PC1 and PC2 of 1- (X) and 60-d-old (A) cheeses. CPL and CC =
control cheeses made with and without plasmin, respectively; EPL
and EE = experimental cheeses with added Lactobacillus plantarum
191 as adjunct culture made with and without plasmin, respectively.
The numbers after cheese type refer to trials 1 and 2. Ellipses enclose
cheese samples in the same cluster as defined by cluster analysis
(K-means).

miniature Cheddar-type cheeses, indicating that it
does not represent a limiting factor for the develop-
ment and proteolytic-peptidolytic activities of lacto-
bacilli in the studied cheese model. Unlike previous
studies that suggest that proteolytic activity of the
starter lactic acid bacteria can increase the growth
and peptidolysis of NSLAB and Lactobacillus adjunct
cultures in cheese, we found that the proteolysis due
to nonmicrobial proteases, usually added (rennet) or
naturally present (plasmin) in the cheesemilk, does
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not improve the growth of lactobacilli or their activity
under the conditions studied.
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