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Destabilisation of ultra high temperature (UHT) treated milk has been linked to residual proteolytic
activity after UHT treatment. To understand the physico-chemical modifications of casein micelles by the
protease AprX, produced by Pseudomonas fluorescens F, this enzyme was purified and added to raw milk
before UHT treatment. Destabilisation of the UHT milk, over three months of storage, was investigated at
macroscopic, colloidal and molecular scales. A visual destabilisation appeared progressively over time. At
colloidal scale, aggregates were formed and a parallel decrease in zeta potential and hydration of casein
micelles was observed. At molecular scale, peptides were released from casein micelles and identified by
reversed-phase liquid chromatography coupled with tandem mass spectrometry. The as1-, os2-, B- and k-
caseins were hydrolysed, with a preference for B-casein. The results were consistent with the proposition
that proteolysis by Ps. fluorescens leading to the destabilisation of milk was due to the activity of AprX.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Combined with an aseptic packaging, ultra high temperature
(UHT) treatment offers safe drinking milk that can be stored at
ambient temperature for several months. Nevertheless, destabili-
sation, with formation of gel or sediment, sometimes appears in
commercial UHT milk samples during storage.

In the last decade, a number of different studies have tried to
find the causes of this destabilisation. The main probable cause is
the presence of psychrotrophic species in raw milk (Dogan & Boor,
2003). Psychrotrophic bacteria are a heterogeneous group of Gram-
negative bacteria found in soil, water, and food like fish, meat and
milk (McPhee & Griffiths, 2011; Martins, Pinto, Rocha, de Arujo, &
Vanetti 2006; Nornberg, Friedrich, Weiss, Tondo, & Brandelli,
2010; Teh, Flint, Palmer, Lindsa, Andrewes, & Bremer, 2011; Wang
& Jayaro, 2001). These bacteria grow at low temperature and can
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produce extracellular proteases. With its enzymatic profile, Pseu-
domonas fluorescens is frequently implicated in the spoilage of food,
particularly dairy products; this spoilage leads to bitter flavour and
gelation of milk during its storage.

Ps. fluorescens secretes AprX, an extracellular and heat-resistant
protease (Serhaug & Stepaniak, 1997). Using azocasein as substrate,
Dufour et al. (2008) estimated that the activity of the protease was
optimal at pH 8.5 and 45 °C. This protease belongs to the serralysin
family and has been characterised. The presence of zinc, calcium
and the absence of S—S bridges in the protein could be the cause of
its thermostability (Adams, Barach, & Speck, 1975, 1976; Richardson
& Te Whaiti, 1978). The enzyme activity of AprX from Ps. fluorescens
CY091 was almost completely inhibited in the presence of 1 mm
1,10-phenanthroline (a divalent-ion chelator), but only 30% of the
activity was inhibited in the presence of 1 mm EGTA
(a Ca®* chelator). This result indicated that divalent cations, Ca**
and Zn?", are required for the activity and stability of the AprX
enzyme (Liao & McCallus, 1998). Its gene location within operonic
structures was identified in a few strains. The organisation of this
operon differs from one strain to another (Ahn, Pan, & Rhee, 1999;
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Liao & McCallus, 1998; Woods, Burger, Beven, & Beacham, 2001).
The operon contains genes encoding protease inhibitor, auto
transporter proteins, lipase and protease secretion. The aprX gene is
present in several genus and species such as Pseudomonas fragi,
Pseudomonas chlororaphis, Pseudomonas tolaasi, Pseudomonas aer-
uginosa, Serratia marcescens and Flavobacterium cytophaga isolated
from soil (Marchand et al., 2009; Martins, de Araujo, Mantovani,
Moraes, & Vanetti, 2005).

To investigate the impact of this extracellular protease on the
quality of UHT milk, the proteolysis of casein micelles by a purified
protease AprX and consequences thereof were studied at macro-
scopic, colloidal and molecular scale. The enzyme was selected
from the strain Ps. fluorescens F isolated from raw milk (Dufour
et al,, 2008), which was selected for its high proteolytic potential
(Bagliniére et al., 2012).

2. Materials and methods

2.1. Culture of Ps. fluorescens F and purification of extracellular
protease

Ps. fluorescens F was grown in complex medium (meat extract
powder 3 g L~1, peptone from casein 5 g L~! and 0.6 mwm CaCly) for
72 h at 25 °C with stirring at 160 rpm. Cells were removed by
centrifugation at 3900 x g at 20 °C for 15 min. The cell-free super-
natant was dialysed against ultra-pure water containing 0.02% (w/v)
NaN3 at 7 °C for 48 h and lyophilised. The lyophilised sample was
dissolved at 10 mg mL~! in a solution containing 50 mwm Tris—HCl
buffer pH 7.5, 150 mm NaCl and 0.02% (w/v) NaNs. Ten mL of sample
was then applied to a size-exclusion chromatographic column
HiPrep Sephacryl 26/60 S-200 (column volume 320 mL, mean par-
ticle size 47 um, exclusion limit 2.5 x 10° Da; GE Healthcare, Little
Chalfont, Buckinghamshire, United Kingdom) equilibrated with the
same buffer. Elution was carried out with linear flow rate of
2.5 mL min~ L Fractions with proteolytic activity (using azocasein as
substrate) were collected, pooled, dialysed against ultra-pure water
containing 0.02% (w/v) NaNs at 7 °C for 24 h and lyophilised. Sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
analysis was performed on these fractions to evaluate purity. The
identification of the protease was performed by tandem mass spec-
trometry by the same method described by Dherbecourt et al. (2010).

2.2. Milk treatments

This protocol was described in detail by Gaucher et al. (2011).
Briefly, raw milk was skimmed and microfiltered (0.8 um pore size),
After these steps, milk contained less than 10* somatic cells mL™!
and 10 colony-forming unit (cfu) mL~! (total bacteria). One part of
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the microfiltered milk was used as control milk and the second was
mixed with the purified protease AprX to obtain a final concentra-
tion of AprX about 0.2 mg L. Heat treatments of both samples of
milk (with or without AprX) were performed with an indirect UHT
processing system (Microthermics UHT/HTST Lab 25 EDH, Micro-
thermics, Inc., Raleigh, NC 27615, USA). Milk was preheated to 90 °C
in a first tubular heat exchanger, heated to 140 °C in a second heat
exchanger and maintained at 140 °C for 4 s. After immediate cooling
to 17 °C, glass bottles (volume 250 mL) were aseptically filled.

2.3. Physico-chemical characterisation of UHT milk during storage

The different UHT milk samples were analysed after 1, 8, 30, 60
and 90 days of storage at about 20 °C. By enumeration on a plate
count agar medium (3 days of incubation at 30 °C), the absence of
bacterial contamination was checked for each milk sample before
analysis. The pH of all UHT milk samples was evaluated during the
period of storage and fluctuated between 6.65 and 6.75.

2.3.1. Non casein and non protein nitrogen contents

The soluble fraction of non casein nitrogen (NCN) and non
protein nitrogen (NPN) of the UHT milk were obtained after pre-
cipitation and filtration at pH 4.6 for the NCN fraction and after
precipitation with 12% trichloroacetic acid (TCA) and filtration for
the NPN fraction. The NCN and NPN contents were determined
using the Kjeldhal method according to IDF standard 20B (IDF,
2001). The experimental error was +0.1 g of protein kg .

2.3.2. Analysis of non casein nitrogen fraction by reversed phase
high-performance liquid chromatography coupled to electrospray
ionisation-tandem mass spectrometry

All mass spectra were performed using a hybrid quadrupole
time of flight (Q/TOF) mass spectrometer QStar XL (MDS Sciex,
Toronto, Canada). The instrument was calibrated with a multi-point
calibration using fragment ions that resulted from the collision-
induced decomposition of a peptide from B-casein, B-casein
(193—209) (NeoMPS S.A., Strasbourg, France). After 1:50 dilution in
0.1% trifluoroacetic acid (TFA) (Pierce, Touzart et Matignon, Vitry-
sur-Seine, France), the peptide fraction (10 pL) was trapped onto
a micro-pre-column cartridge Ci;g PepMap 100 (300 pm
i.d. x 5 mm, Dionex, Sunnyvale, CA, USA) before separation of
peptides onto a Cig column PepMap 100 (75 pm id. x 250 mm,
Dionex). The separation started with 5% solvent B for 5 min and a
linear gradient from 5 to 50% of solvent B for 75 min was performed
at a flow rate of 300 nL min~' on a Dionex U3000 RSLC system.
Solvent A contained 2% acetonitrile, 0.08% formic acid and 0.01%
TFA in LC grade water and solvent B contained 95% acetonitrile,
0.08% formic acid and 0.01% TFA in LC grade water.

Collected fractions (1-4)

0 100 200

400 500 600 700

Elution volume (mL)

Fig. 1. Size-exclusion chromatography of extracellular culture media of Pseudomonas fluorescens F. Four fractions (1—4) having proteolytic activity were collected and their purity

was checked by sodium dodecyl sulphate polyacrylamide gel electrophoresis (inset).
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Fig. 2. Photographs of the bottles of control UHT milk (A) and UHT milk containing
AprX (B) both after 90 days of storage.
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Fig. 3. Non-casein and non-protein nitrogen contents of control UHT milk (A and @,
respectively) and UHT milk containing 0.2 mg L™' of AprX (M and &, respectively)
during 90 days of storage at 20 °C.

The separated peptides were analysed by electrospray ionisa-
tion. This protocol and the method used to identify peptides were
described in detail by Bouzerzour et al. (2012), with some modifi-
cations. For the identification of peptides, the Swissprot database
Uniprot (http://www.uniprot.org) was used. Phosphorylation of
serine and threonine residues was selected as a variable modifi-
cation, as well as oxidation of methionine and deamidation of

asparagine and glutamine residues. For the identification of the
protease, the Uniprot/Trembl database was used with trypsin
enzymatic cleavage. For each peptide identified, a minimum
MASCOT score of at least 36, corresponding to a p-value of <0.05,
was considered as a prerequisite for peptide validation with a high
degree of confidence.

2.3.3. Hydration of milk particles

The protocol for hydration of particles was described in detail by
Gaucher et al. (2011). Hydration of particles was obtained by the
determination of the water content of the pellet obtained after
ultracentrifugation of milk for 1 h at 100,000 x g at 20 °C (Sorvall
Discovery 90 SE, Sorvall, Courtaboeuf, France). Pellets were
weighed and dried for 7 h at 103 °C. The water contents of the
ultracentrifuged pellet were expressed in g of water per g of dried
pellet. This water content is the difference between the weights
before and after drying. The experimental error was
+0.1 g water g~! dried pellet.

2.34. Zeta potential of milk particles

The protocol for determining the zeta potential of milk particles
was described in detail by Gaucher et al. (2011). The instrument used
was a Zetasizer Nano ZS (Malvern Instruments, Worcestershire,
United Kingdom). Before analysis, milk samples were diluted 1/100
in their corresponding ultrafiltrate (molecular mass cut-off: 10 kDa)
Measurements were performed at a scattering angle of 173° and a
wavelength of 633 nm. A 50 V voltage and a dielectric constant of 80
were applied for this analysis. The Smoluchowskis (1917) equation
based on electrophoretic mobility was used to determinate the
negative charge of micelles. The experimental error was =1 mV.

2.3.5. Size distribution of milk particles

The distribution of the particle sizes in milk was determined by
laser light scattering. Milks were directly injected into the dispersion
cell (containing deionised water under agitation at 1500 rpm) of a
Mastersizer 2000 granulometer (Malvern Instruments Ltd, Worces-
tershire, United Kingdom). The refractive indexes used in this study
were 1.570 for casein micelles and 1.333 for water (Griffin & Griffin,
1985). The experimental error on the average size was 45 nm.

3. Results
3.1. Purification of extracellular protease of Ps. fluorescens F

A chromatographic profile of purification of extracellular protease
of Ps. fluorescens F is shown in Fig. 1. Four fractions with the highest
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Fig. 4. Chromatographic profiles of NCN filtrates obtained from UHT milk containing AprX after (A) 90, (B) 60, (C) 30, (D) 8, (E) 1 days of storage and from control UHT milk (F) after

90 days of storage at 20 °C.
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proteolytic activity were collected (retention time between 140 and
175 min), pooled and lyophilised. SDS-PAGE analysis was performed
on these fractions and showed only one main homogeneous band
after Coomassie blue staining, with an apparent molecular mass of
about 45 kDa. In previous studies, Dufour et al. (2008) and Nicodéme,
Grill, Humbert, and Gaillard (2005) obtained a similar apparent
molecular mass for the protease AprX. The identity of the electro-
phoresis band was confirmed by tandem mass spectrometry to be the

Control (90 days)
0 25 50 75 100 125 180 175 200

A

Aprx (1 day)
0 25 50 75 100 125 150 175 200

AprX (8 days)
1] 25 50 75 100 125 150 175 200
.
AprX (30 days)
0 25 50 75 100 125 150 175 200

AprX (60 days)

0 25 50 75 100 125 150 175 200

AprX (90) days
75 100 125 150 175

200

protein Q7X4S5 in UniprotKB; this is the extracellular alkaline pro-
tease from gene aprX of Ps. fluorescens (data not shown).

3.2. Visual observation of UHT milk samples after 3 months of
storage

After 90 days storage, no sign of destabilisation was observed for
control UHT milk (bottle A in Fig. 2); the milk remained liquid and

Control (90 days)
0 25 50 75 100 125 150 175

Aprx (1 day)
] 25 50 75 100 125 150 175

AprX (8 days)

0 25 50 75 100 125 150 175

!
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0 25 50 75 IE 1001111 125 11T A50 175

f
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0 25 50 75 100 125 150 175

f

D Control (90 days)
0 25 50 75 100 125 150

Aprx (I day)
0 25 50 75 100 125 150

AprX (8 days)
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0 25 50 750G H i 125 Tl 450
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=
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Fig. 5. Localisation of the peptides (identified in the NCN fraction by ESI-MS/MS) in the sequence of (A) B-casein, (B) a.s1-casein, (C) asp-casein and (D) k-casein. These peptides were
detected in the NCN fraction of UHT milk containing AprX and from control UHT milk during 90 days of storage at 20 °C.
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Table 1

Number of peptides identified for each casein in the NCN filtrate of UHT milk control
and UHT milk containing AprX after 1, 8, 30, 60 and 90 days of storage. Peptides were
identified by RP-HPLC coupled to ESI-MS/MS.

Casein Control UHT milk containing AprX

90 days 1 day 8 days 30 days 60 days 90 days
B-casein 5 5 53 87 104 91
dsp-casein 0 0 16 27 27 23
Ogp-casein 0 0 1 3 2 5
K-casein 0 0 0 2 5 3
Total 5 5 70 119 138 122

homogeneous. Conversely, UHT milk containing 0.2 mg L~ of AprX
was destabilised, with the presence of white sediment (bottle B in
Fig. 2). Similar results were observed by Gaucher et al. (2011) with
strain Ps. fluorescens CNRZ 798 and Bagliniére et al. (2012) with
strain Ps. fluorescens F.

3.3. Changes in NCN and NPN contents during storage of UHT milk
samples

For control UHT milk, the NCN content was about 3.1 g kg~
immediately after UHT treatment (Fig. 3). The cause of this low
value compared with raw milk (7—8 g kg~!) was the association of
casein molecules with denatured whey proteins, (a-lactalbumin, -
lactoglobulin and immunoglobulins) during UHT treatment
(Gaucher et al., 2011). The NCN content of control UHT milk did not
increase during 90 days of storage.

For UHT milk samples containing 0.2 mg L' of purified AprX, an
increase of the NCN content was observed after the first week of
storage to a value of 9.2 g kgL Then, an increase was observed
during the storage, reaching about 18.5 g kg~ ! after 90 days of

24 4

22 4

r

storage (Fig. 3). Similar result was obtained with the strain Ps. flu-
orescens F (Bagliniére et al., 2012).

The initial NPN content of the control UHT milk was 1.4 g kg !
(Fig. 3), due to the presence of small molecules containing nitrogen
(creatine, urea, peptides and free amino acids). The NPN value
remained stable during the 90 days of storage. These results were in
accordance with those reported by Gaucher et al. (2009, 2011). For
UHT milk containing AprX, an increase of the NPN content up to
6.2 g kg~! was observed after one week of storage. NPN content
reached 13.9 g kg~ ! after 90 days of storage (Fig. 3). A similar result
was obtained with the strain Ps. fluorescens F and some other strains
of Ps. fluorescens (Bagliniére et al., 2012).

3.4. Separation and identification of peptides present in the NCN
fractions by RP-HPLC coupled to ESI-MS/MS

After 90 days of storage, the intensity of chromatographic
profile of the peptides present in the NCN fraction of the control
UHT milk was low (Fig. 1). For UHT milk containing AprX, the
chromatographic profile at one day after UHT treatment was
similar to that of the NCN fraction just after the UHT treatment.
Then, after 8 days of storage, an increase in the signal of the
chromatographic profiles of the NCN was observed. This signal
increased during the storage (30, 60 and 90 days; Fig. 4). At the
end of storage, the total chromatographic area for the destabilised
UHT milk was fifteen-fold higher than those obtained for the
control UHT milk (result not shown).

The identification of different peptides present in the NCN
fractions was performed by ESI-MS/MS after their separation by
RP-HPLC. At different times of storage, the quantity of peptides
identified in the NCN fraction of the control UHT milk was
relatively limited. Only a few peptides coming from p-casein
were detected (Fig. 5, Table 1). For the NCN fraction of UHT milk

20
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Fig. 6. Hydration (A) and zeta potential (B) of ultracentrifugal-pellets from control UHT milk ( A ) and UHT milks containing AprX (M) during 90 days of storage at 20 °C.
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containing AprX, several peptides were detected during storage.
Peptides originating from - and cg1-caseins were detected after
8 days of storage. The number of different peptides coming from
these caseins was 53 after 8 days of storage and increased until
the end of storage (Fig. 5 and Table 1). For B-casein, no specific
cleavage was observed. Peptides belonging to the sequence B-
casein 13—25 were not identified (Fig. 5A). For asi-casein, fewer
peptides were detected than for f-casein, and peptides
belonging to the sequences 5—35 and 105—125 were often
detected (Fig. 5B). For asy- and k-caseins (Fig. 5C and D
respectively), only few peptides were detected after 30 days of
storage. Overall the number of different peptides detected by
mass spectrometry was of the order - > asi- > k- > agsp-caseins
(Table 1).

3.5. Hydration of particles during storage of UHT milk samples

For control UHT milk, the values of hydration of particles during
storage remained above 2.1 + 0.1 g of water per g of dried pellet
(Fig. 6A). The initial value and its change were in accordance with
values reported by Gaucher et al. (2011). For UHT milk samples
containing AprX, the hydration decreased to reach about 1.3 £ 0.1 g
of water per g of dried pellet after 8 days of storage. Between 30 and
90 days of storage, the values for hydration remained constant
(1.2 £ 0.1 g). A similar result was obtained with the strain Ps. flu-
orescens F (Bagliniére et al., 2012). These low values were also
described for destabilised UHT milk samples (Gaucher et al., 2009,
2011).

3.6. Zeta potential of particles during storage of UHT milk samples

For control UHT milk, the zeta potentials of particles remained
constant during the 90 days of storage with an average value
of —17.3 &+ 1 mV (Fig. 6B). This value was in accordance with those
described in the literature (Gaucher et al., 2011). For UHT milk
samples containing AprX, a decrease of the absolute value of zeta
potential was observed after 8 days of storage, when the value
reached —13.9 + 1 mV. Between 8 and 90 days of storage, the ab-
solute value of =zeta potential slightly decreased to
reach —12.9 + 1 mV. A similar result was obtained for milk con-
taining the F strain of Ps. fluorescens (Bagliniére et al., 2012) and
these low values of zeta potential were also obtained for unstable
UHT milk samples (Gaucher et al., 2011).

3.7. Size distribution of particles during storage of UHT milk
samples

The particle size distribution of the control UHT milk was
determined to be monodisperse, with sizes ranging between
0.05 um and 0.32 pm. The average particle size of 0.2 um corre-
sponded to casein micelles (Fig. 7). The size distributions were
similar whatever the time of storage (data not shown).

For UHT milk containing 0.2 mg L~! of AprX, a new population
appeared after 8 days of storage, with a particle size between 0.7
and 9 um. The average particle size of 0.2 um corresponding to
stable casein micelles was still present, but at a lower level. After
30 days of storage, the average particle size of 0.2 um, corre-
sponding to casein micelles, was not present, and a new population
appeared with a diameter between 2 and 700 um. The nature of this
population could be aggregates, but this was not determined in this
study. The particle size distribution of the UHT milk containing
AprX was similar after 30, 60 and 90 days. The presence of these
types of particles was also observed in UHT milk samples
contaminated by the strains Ps. fluorescens CNRZ 798 (Gaucher
et al,, 2011) and F (Bagliniére et al., 2012).

};L Control (90 days)
12 Sample (1 day)

=)

11 /
10 it 30 days

Volume (%)

S = N Wk UL X

0.01 0.1 1 10 100 1000
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Fig. 7. Particle size distribution of control UHT milk (after 90 days of storage) and UHT
milks containing AprX during 90 days of storage at 20 °C.

4. Discussion

The phenomenon of destabilisation of milk with formation of
gel or sediment exists. This problem is a sign of a bad quality for the
industrial and the customer. Thus, identifying the causes of this
instability is a scientific challenge. It is known, that the presence of
Ps. fluorescens in raw milk can be a possible cause. Indeed, this
species produces a heat-resistant and extracellular protease, AprX,
that could modify the physico-chemical properties of casein mi-
celles and lead to the destabilisation of UHT milk during its storage.
To confirm this hypothesis and to understand the physico-chemical
modifications of casein micelles by AprX enzyme, the consequence
of the addition of the purified enzyme to raw milk before UHT
treatment has been investigated.

The addition of AprX at a concentration of 0.2 mg L' induced
proteolysis of casein micelles, leading to the destabilisation of the
UHT milk during storage. At this concentration, the destabilisation
was visual, with the presence of sediment after only 8 days of
storage (Fig. 1).

The increase IN NCN and NPN content (Fig. 3) during the first
week of storage was due to the proteolysis of caseins. The analysis
of the NCN fractions by RP-HPLC confirmed the presence of peptide
materials in these fractions (Fig. 4). Some studies reported also high
levels of proteolysis (Celestino, lyer, & Roginski, 1997; Gaucher
et al., 2009, 2011; Rattray, Gallmann, & Jelen, 1997). The number
of different peptides detected by mass spectrometry was more
important for B- > ag1- > k- = agy-caseins (Fig. 5, Table 1). A similar
order was observed in different studies of milk contaminated with
Ps. fluorescens CNRZ 798 and Ps. fluorescens F (Gaucher et al., 2009,
2011) as well as unstable commercial milk samples (Bagliniére
et al,, 2012).

For k-casein (Fig. 5D), the main peptides detected came from the
sequence 105—125, but the number of peptides was low. This could
be due to the low quantity of k-casein in the milk (about 3.5 g L™1)
and the difficulty of identifying glycosylated peptides (N-terminal
part) by mass spectrometry with an automated peptide identifi-
cation workflow such as the one used in this study. Moreover, co-
valent interactions between f-lactoglobulin and «k-casein are
possible after UHT treatment (Singh & Creamer, 1992) and could
decrease the accessibility of k-casein to the enzyme AprX. No
specific cleavage site by AprX was identified for the four caseins
suggesting that AprX had a large activity spectrum.

In spite of low quantity of peptides coming from k-casein, the
stability of casein micelles can apparently be affected by this hy-
drolysis, leading to the destabilisation of the UHT milk. This
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Table 2
General characteristics of UHT milks containing AprX (after 8 days of storage) or
contaminated by Pseudomonas fluorescens F.?

Characteristic Control AprX Ps. fluorescens F
90 days 8 days 90 days

Visual destabilisation No Yes Yes

Zeta potential (mV) —17.2 -139 —134

Micellar hydration 21 13 1.4

(g water g dried pellet™!)
NCN (g kg™ ) 3.1 9.2 7.3
NPN (g kg~ 1.4 6.4 4.0

2 Data for characteristics of UHT milk contaminated by Pseudomonas fluorescens F
are after 90 days of storage and are taken from Bagliniére et al. (2012). Control UHT
milk corresponds to milk without contamination by Ps. fluorescens or AprX.

destabilisation of casein micelle was seen as a decrease in hydration
and zeta potential (Fig. 6A and B). These decreases reduced the
repulsions between casein micelles, leading to the formation of
aggregates and the destabilisation of UHT milk (Fig. 7).

In a previous study (Bagliniére et al., 2012), similar experiments
were conducted with the Ps. fluorescens strain F and similar results
were found, but the kinetics of destabilisation was different. After
90 days of storage, the UHT milk containing AprX was destabilised,
with the presence of aggregates (Fig. 7). Increases in NCN and NPN
(Fig. 3) and also decreases in hydration (Fig. 6A) and zeta potential
(Fig. 6B) of casein micelles were observed during the storage of
enzyme-treated UHT milk. The destabilisation was slower than that
observed in this study with purified AprX. The characteristics of
UHT milk samples containing AprX and stored 8 days (values of
NCN and NPN contents, hydration, zeta potential, number and
types of peptides in NCN faction) are closed to those of UHT milk
contaminated by the strain F after 90 days of storage (Table 2,
Bagliniére et al., 2012). The differences observed could be due to a
higher quantity of AprX in the milk in this study than in the
experiment studying the strain Ps. fluorescens F (Bagliniére et al.,
2012).

Thus, the similar results obtained in the study carried out by
Bagliniére et al. (2012) with the strain F and in the present work
were consistent with the proposition that the proteolysis by Ps.
fluorescens leading to the destabilisation of milk was primarily due
to the activity of AprX. Moreover, the destabilisation of the
contaminated milk after UHT treatment confirmed that this
enzyme was heat-resistant.
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