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Abstract

In previous work, we demonstrated that two probigtrains hamelyLactobacillus casei PRA205
and Lactobacillus rhamnosus PRA331, produce fermented milks with potent angiotensin-
converting enzyme (ACE)-inhibitory and antioxidaativities. Here, we tested these strains for the
survivability and the release of antihypertensind antioxidant peptides in yogurt fermentation and
cold storage. For these purposes three yogurt éatalere compared: one prepared using yogurt
starters alone L@ctobacillus delbrueckii subspeciesbulgaricus 1932 and Sreptococcus
thermophilus 99), and the remaining two containing either PRA20 PRA331 in addition to
yogurt starters. Despite the lower viable countghat fermentation end compared to PRA331,
PRA205 overcame PRA331 in survivability during igdrated storage for 28 days, leading to
viable counts (>10CFU/g) higher than the minimum therapeutic thrési{nC® CFU/g). Analyses

of in vitro ACE-inhibitory and antioxidant activities of pegi fractions revealed that yogurt
supplemented with PRA205 displays higher amountsntihypertensive and antioxidant peptides
than that produced with PRA331 at the end of fetateon and over storage. Two ACE-inhibitory
peptides, Valine-Proline-Proline (VPP) and IsoleeeProline-Proline (IPP), were identified and
guantified. This study demonstrated thatcases PRA205 could be used as adjunct culture for
producing bi-functional yogurt enriched in bioaetipeptides and in viable cells, which bring health
benefits to the host as probiotics.
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1. Introduction

Probiotics are live micro-organisms that, when adstéred in adequate amounts, confer
health benefits on the host (FAO 2006). Dependipgnuthe strain and/or the species, probiotics
survive transit through the gastro-intestinal tré@@1T) and provide measurable health benefits
owing to their ability to modulate immune systemtioé host, balance intestinal microflora, and
produce functionally valuable products (Kanmani at, 2013). Recently, the traditional
recommendation that probiotic strains for humarsukhcome from humans (species-specificity
criterion) (Vasiljevic and Shah, 2008) is becommuigated, because several starter and non-starter
lactic acid bacteria (SLAB and NSLAB) isolated frdearmented dairy products have been proven
to possess healthy properties, beyond their teolica! functions (Milesi et al., 2009; Settanni and
Moschetti, 2010). In particular, NSLAB belong toesges from which probiotic strains were
isolated and characterized_attobacillus casei, Lactobacillus paracasei, and Lactobacillus
rhamnosus) and, taken advantage from their proteolytic systethey can release bioactive peptides
primarily from aS1- andp-caseins, with proven anti-oxidant and anti-hypesiee activities
(Pihlanto and Korhonen, 2014 and references therein

In recent years, probiotics have increasingly eatehe food supply as dietary adjuncts in
variety of food system (Smug et al., 2014). Onthefmost popular fermented milk products for the
delivery of probiotics cultures is yogurt (LoureHsitingh and Viljoen, 2001). According to the
Codex standard for fermented milks (CODEX 2003wt is strictly defined as milk fermented
with symbiotic starter cultures o8&treptococcus thermophilus and Lactobacillus delbrueckii
subspeciedulgaricus, which shall be in a viable state, active and gtiesent in the product
through the end of shelf life (FAO/WHO, 2011). Yogwstarter cultures may be considered
probiotic since they may help to lessen the symptofriactose intolerance thanks to the release of
lactose-hydrolyzing enzymes (Adolfsson et al., 2@Bdarner et al., 2005). However, yogurt starter

cultures are not bile-resistant or acid-tolerand #mus cannot survive under the GIT conditions



(Vinderola and Reinheimer, 2003; del Campo et28l05). The terms ‘yogurt-like product’ or ‘bio-
yogurt’ or ‘functional yogurt’ are used to definkeanative culture yogurt (i.e. whdn bulgaricus

is substituted by otheractobacillus species for the fermentation of milk) or yogurintaning
probiotic bacteria (Guarner et al., 2005). Saxatnal. (2010) demonstrated that yogurts and
fermented milks were as effective as capsules far administration of probiotic bacteria,
emphasizing the importance of such matrices agibumad food matrices.

Obtaining desirable therapeutic effects in probiotogurts requires the viability of the
starter and probiotic cultures to be maintained sufficient level throughout storage of the prdduc
It has been suggested that probiotics should b&epten the food product in minimal amounts of
10° colony forming units (CFU)/g. This amount could tvanslated into> 10° CFU/g/day of
probiotics-containing yogurt given that 100 g i tthaily serving portion. Such high dosage is
required to compensate for the loss of cells dutliregpassage through the upper and lower parts of
the GIT (Tamime et al., 2005; Granato et al., 2010)

From a technological standpoint, yogurt supplementawith probiotic cultures is not easy,
particularly with respect to maintaining the viatyilof the cultures (Corcoran et al., 2008). Many
factors influence the viability of probiotics in gorts: strain variation, acid accumulation,
interaction with starter cultures, levels of dissal oxygen and hydrogen peroxide>Qd), and
storage condition (Nighswonger et al., 1996; Don&bml., 2006). Several studies reported that
some commercially available dairy products contasufficient number of viable probiotics (as
defined by < 10 CFU/g or mL before the expiration date), therebyidishing the potential health
benefits conferred by these products (Coeuret €2@04, Huys et al., 2006, Lin et al., 2006).

In our previous works, we demonstrated that two ABLprobiotic strains isolated from
Parmigiano Reggiano cheese, nanlelgasei PRA205 and.. rhamnosus PRA331, were able to
resist GIT conditions (Solieri et al., 2014) andrébease hypotensive casokinins Valine-Proline-
Proline (VPP) and Isoleucine-Proline-Proline (IRI)ing milk fermentation (Solieri et al., 2015).

VPP and IPP resist GIT transit and cross the muidemaier, without being digested by serum
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peptidases (Foltz et al.,, 2008). Theyvivo reduce systolic blood pressure both in animal and
human models owing to multiple anti-hypertensiw#icms, such as inhibition of angiotensin-
converting enzyme (ACE), stimulation of vasodilapyoduction, and modulation of sympathetic
nervous activity (Boelsma and Kloek, 2010, Nakanairal., 2011; Cicero et al., 2013).

The aim of the present work was to develop bi-fiom&tl yogurts, which deliver viable cells
of potential probioticd.. casel PRA205 and.. rhamnosus PRA331 and their bioactive peptides
VPP and IPP. Three set-type yogurts were preparedder to evaluate the viability of probiotics
during yogurt fermentation and 28 day (d) longigeration, as well as to investigate their effett o
proteolytic, anti-hypertensive and antioxidant \dtgs of TCA soluble peptide extracts from

yogurts.

2. Materialsand methods

2.1 Strains, media and culture conditions
Streptococcus thermophilus 99 andL. delbrueckii ssp.bulgaricus 1932 (. bulgaricus) were
kindly provided by Prof. Camilla Lazzi (Universiof Parma, Italy and cultured for 24 h at 42°C
under anaerobic conditions (AnaeroGen, Oxoid, Bptoke, UK) in M17 (OxoidBasingstoke,
UK) supplemented with 2% (w/v) lactose (LM17), aktRS (Oxoid Basingstoke, UK) media,
respectively Lactobacillus rhamnosus PRA331 and_actobacillus casei PRA205 (deposited in the

Unimore Culture Collection;www.umcc.unimore.jt were isolated from ripened Parmigiano

Reggiano cheeses (Solieri et al., 2012) and rdytiogtured in MRS medium for 24 h at 37°C.
Prior to the experimental use, each culture wasewiropagated in the corresponding growth
medium. All LAB strains were maintained as frozdonck at -80°C in MRS or LM17 broth

supplemented with glycerol at the final concentratf 25% (w/v).



2.2 Correlation curve between optical density and cell counts

To standardize the inoculum, exponentially growitglls of each bacterial strain with
approximately 1810° cells/mL were serially diluted (1, -2, -4, —8, —fidd) with saline solution
in duplicate. Then O of the samples was measured spectrophotometricdtigrile saline
solution was used as blank. For counting cell nus)li@e serially diluted bacterial cultures were
further diluted with saline solution. Then the CKhkasurements were typically obtained by
spreading 10QiL of culture on 9-cm plates to obtain 100-400 c@eron the appropriate growth
medium as reported above. The correlation betwe®gedfOand cell count (CFU/mL) was
established for each bacterial species by meaasste#ndard curve. Correlation curves ofegs.

CFU/mL and conversion factors were listedlable S1.

2.3 Determination of proteolytic activity in milk
The proteolytic activity of single cultures of g&rand probiotic strains was determined in
UHT cow skimmed milk over a fermentation time of @2as previously described (Solieri et al.,

2015).

2.4 Yogurt preparation and storage

Yogurt preparation and experimental strategy anensarized inFig. 1. Briefly, yogurt was
prepared by heat-treating reconstituted skimmeé @4 % w/v) at 85°C for 30 min followed by
cooling to 45°C, and aseptically inoculating wit’ TFU/mL of each ofL. bulgaricus and S
thermophilus. The inoculated milk was divided into equal pamsp one portion was used as a
control (referred to as yogurt 1), while the othertions were further inoculated with 7GFU/mL
of probiotic culture either df. casel (referred to as yogurt 2) & rhamnosus (referred to as yogurt
3), separately. Non-inoculated milk was used asatieg control. The mixes were poured into
polystyrene cups aseptically and incubated at 4P¢trease of pH was monitored every 1.5-3 h

until the required pH value of 4.5 + 0.5 was reacfapprox. 8 h). Cooling to 4°C was done to halt
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further acidification. Yogurts were stored at 44 28 days (d), the typical shelf life of commelcia

yogurts. Aliquots of samples were removed afterd@ fermentation at 42°C and at 3, 14 e 28 d of
cold storage for subsequent microbiological ancthxonical characterizations. Aliquots of yogurt

were treated with 1% TCA for 10 min and centrifug&0,000 xg, 20 min, 4°C) to obtain TCA-

soluble supernatants containing peptide fractidhs. experiments were carried out in triplicate.

2.5 Selective enumeration of LAB species
Cell populations of yogurt starteiS thermophilus and L. bulgaricus were selectively
enumerated using LM17 medium under aerobic incabait 45°C for 24 h and MRS agar medium
(pH adjusted to 5.2 using 1 mol/L HCI) at 45°C & h anaerobically, respectivellrobiotic
cultures ofL. casal andL. rhamnosus were selectively enumerated from yogurt culturesgiMRS
vancomycin agar (pH 6.2; 1 ppm vancomycin) at 3¥6C72 h anaerobically (Sah et al., 2014).
Plates containing 25—-250 colonies were consideyedrfumeration and the results were reported as

log CFU/qg.

2.6 Determination of proteolytic and antioxidant activities from yogurts
Proteolytic activity was quantified by measuring thmount of released amino groups in
TCA-soluble supernatants using TNBS method (AdlessBh, 1979). A calibration curve was
prepared using leucine as standard (range 0.1-&h6lfn). The results were expressed as mmol/L
of leucine equivalents. The radical scavengingvagtof TCA-soluble supernatants was measured

using the ABTS method (Re et al., 1999) and theltesvere expressed as pmol/L of Trolox.

2.7 Angiotensin |-converting enzyme (ACE) inhibitory activity
ACE inhibitory (ACEi) activity of TCA-soluble supeatants was determined
spectrophotometrically as reported by Ronca-Tegtb®83) using the tripeptide, 2-furanacryloyl—
phenylalanylglycylglycine (FAPGG) as substrate,hw#tome modifications. Briefly, 600 pL of
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FAPGG solution (1.33 mmol/L in reaction buffer caining 100 mmol/L TrisHCI, 0.6 mol/L NaCl,

pH 8.2), were mixed directly in cuvette with 100 ot the same reaction buffer or 100 puL of
samples. The solution was kept at 37°C for 3 mioreeadding 21 pL of ACE solution in order to
reach the final enzyme activity of 50 mU/mL. Thaagon was monitored at 345 nm for 10 min.

The ACE inhibitory activity was calculated as pertcef inhibition (ACEi%).

2.8 Determination of VPP and |PP

The identification and quantification of IPP and R/Rere carried out on 2 pL of suitably
diluted TCA-soluble supernatant through nanoLC-MS/kkperiments performed on a 1200 Series
Liquid Chromatographic two-dimensional system cedpb a 6520 Accurate-Mass Q-TOF LC/MS
(Agilent Technologies, Milano, lItaly). Chromatoghap separation was performed on a ProtID-
Chip- 43(1l) including a 4 mm 40 nL enrichment aolon and a 43 mm x 75 mm analytical column,
both packed with a C18 phase (Agilent Technologigse mobile phase composition and the
gradient were the same as reported by Solieri .e(28ll5). The mass spectrometer was tuned,
calibrated and set with the same parameters asteepoy Dei Piu et al. (2014). VPP and IPP were
selectively fragmented using a mass to charge odt@12.18 and 326.21 (charge +1), respectively
and identified by comparing the retention time d@radymentation spectra of a synthetic standard
tripeptide. VPP and IPP was quantified accordin@adieri et al. (2015). The assignment process

was complemented and validated by the manual itispeaf MS/MS.

2.9 Satigtical analysis

All experiments were carried out in triplicate addta are shown as means + standard
deviation (SD). We used two-way analysis of vara(8@NOVA) followed by Tukey’spost hoc
test to determine significant differencd3 € 0.05) among means. Correlations between vagable
were assessed using Pearson's method. All analyeesperformed with GraphPad Prism version

6.00 (GraphPad software, San Diego, CA).



3. Results and Discussion

In our previous work, we demonstrated that probistrains PRA205 and PRA331 release
significant amounts of VPP and IPP from caseingistafrom 48 h of milk fermentation (Solieri et
al., 2015). Furthermord,. casei PRA205 and.. rhamnosus PRA331 have been proven to possess
good GIT-resistance and other functional properiddsch make these strains promising probiotic
candidates (Solieri et al., 2014). In this work, imgestigated the possibility to develop yogurt
carriers for delivering VPP and IPP-producers PRA2Ad PRA331. However, probiotic bacteria
grow slowly in milk and the rate of acidificatiols usually too slow to support an adequate
fermentation process in yogurt (Tamime et al., 208%andard yogurt cultures, on the other hand,
cause an accelerated and efficient lactic acidyrooh during fermentation process of yogurt due
to a proto-cooperation betweknbulgaricus andS. thermophilus. In order to develop yogurts with
acceptable sensorial properties and to enrich ysguarbioactive peptides and probiotic cells, we
decided to test probiotic cultures as adjuncts emluination with starter yogurt culturds

bulgaricus 1932 ands. thermophilus 99.

3.1 Characterization of proteolytic activity of starter yogurt cultures and probiotic strains

Conventionally, one of the proto-cooperative intécms betweerl. bulgaricus and S.
thermophilus relies on the metabolite exchange of amino aawspeptides from the proteolytic
bulgaricus to the non-proteolytic (Prt-$. thermophilus (Sieuwerts et al., 2008). However, several
S thermophilus Prt+ strains have been recently documented instnidii bioprocesses, which were
able to grow independently from bulgaricus in milk leading to substantial acidification (Detoe
et al., 2010 and references therein). To evaludietlverS. thermophilus strain 99 has a Prt+
phenotype and to better understand how yogurtestaditures affect proteolytic profiles of yogurt
during co-fermentation with VPP and IPP-producesbpstic strains, we determined proteolytic

activity of S. thermophilus 99 andL. bulgaricus 1932 during 72 h of milk fermentation. As shown



in Fig. S1, the milk fermented bys thermophilus strain 99 exhibited higher concentrations of
leucine equivalents than milk batches fermenteathyer strains during all the fermentation time.
Therefore,S thermophilus strain 99 displayed a strong Prt+ phenotype anefcame both..
bulgaricus starter strain 1932 and probiotic strains PRA208 BRA331 in proteolytic activity.
This Prt+ phenotype suggests that tRisthermophilus strain may possess the cell-envelope

proteinase PrtS which initiates casein breakdowmatigopeptides (Delorme et al., 2010).

3.2 Yogurt fermentation and viability of starter and probiotic cultures

Yogurt acidification was monitored for each fernaidn batch, as shown ikig. S2.
Supplementation of milk with only the starter coétsi (yogurt 1) resulted in a substantially slower
lowering of pH compared to co-fermentation trialghwprobiotic strains® < 0.05). In patrticular,
the milk acidification was enhanced when the yogtatrter strains 99 and 1932 were cultivated
together withL. casei PRA205 compared to. rhamnosus PRA331. This result disagrees with those
obtained with mono-cultures, where milk acidificatiwas higher with.. rhamnosus PRA331 than
with L. casel PRA205 (Solieri et al., 2015).

The first and most critical aspect in the developtad a probiotic yogurt is the coexistence
between starter and probiotic cultures, since aatnegy interaction can interplay between them.
Factors such as dissolved oxygen, post-fermentatbiification and the consequent acid injuries
may adversely influence the viability of probiot&trains (Vasiljevic and Shah, 2008).
rhamnosus, L. acidophilus, andBifidobacterium lactis appear to be inhibited when co-cultured with
the fast-acidifying strairs thermophilus, resulting in a low probiotic content of the finaloduct
(de Souza Oliveira et al., 2009). Vinderola e(2002) found that the cell-free supernatant obthine
from skim milk cultures fermented & thermophilus andL. bulgaricus had no positive effect on
probiotic L. casel, indicating that the extracellular products semtdby these yogurt bacteria were
not conducive to the growth &f casei. As the viability of probiotic organisms is considd a key

parameter for developing probiotic yogurt, we deteed the viable counts of probiotic and starter
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organisms at the end of acidification and monitotie€iir survival during a period of 28 d of
refrigerated storageF(g. 2). In yogurt 1S thermophilus andL. bulgaricus reached comparable
viable counts at the end of acidification, withauty strain dominating over the othé&id. 2, panels

A and B). In yogurts 2 and 3 starter culture cotragions were slightly affected by the presence of
probiotic cultures after 8 h of acidification. lanicularL. bulgaricus 1932 significantly increased
viable cell counts from 8.52 + 0.16 (yogurt 1) t@@+ 0.19 log CFU/gK < 0.05) in co-culturing
with probiotic strain PRA205 (yogurt 2Fi@. 2, panel B). At the end of fermentation, probiotic
strain PRA331 exhibited higher viable cour?s(0.05) than PRA209g. 2, panel C).

During cold storage, species-specific bacterialntewliffered between the yogurt 1 and the
two probiotic yogurts 2 and 3, as well as betwdenttvo probiotic yogurts. There were minimal
differences over time in the viability & thermophilus 99 during refrigeration of yogurt Fig. 2,
panel A), whereak. bulgaricus 1932 cell counts declined from 8.52 + 0.16 to dg)CFU/g Fig.

2, panel B). These results are congruent with preidindings, which indicated tha®
thermophilus is more resistant to cold stress thaiulgaricus (Donkor et al., 2007). Addition df.
casel PRA205 positively affected th® thermophilus viable counts at the early cold storage<
0.05) compared to control yogurt, but not thoselLobulgaricus which decreased of 100-fold.
Compared to yogurt 1, the co-culturing of startactbria withL. rhamnosus determined an
opposite trend, with the reduction &fthermophilus survival at the early cold storage € 0.05),
and the increase &f bulgaricus viable counts.

Although L. rhamnosus displayed higher viable counts at the beginningefrigeration, cold
storage resulted in a 100-fold decrease of itsleipbpulation (from 9.08 + 0.09 to 7.29 + 0.13 log
CFU/g) Fig. 2, panel C). In contrast, viable countslofcasei PRA205 slightly increased during
early storageH < 0.05), which could be due to residual activityidg this period; after that they
remained relatively constant (approximately &0FU/g) over the late storage timéd. 2, panel
C). Significantly,L. casei exhibited viable population at 4°C higher tHarthermophilus strain 99

(P < 0.05). These results indicated that yogurt mtedi an environment that was favorable to
11



maintain high numbers of added casei cells during refrigerated storage. Remarkablypblaa
counts of probiotic strain PRA205 and, to a lees¢ent, PRA331 after 28 d of refrigeration, were
sufficient to exhibit probiotic effect, as the refa minimum therapeutic count of ®.GFU/g is

below that obtained in the present work.

3.3 Proteolytic activity

Lactic acid bacteria produce proteolytic enzymesnduyogurt manufacturing, which cleave
peptide bonds of milk proteins leading to generatid bioactive peptides and free amino acids
(Donkor et al., 2007). The extent of protein hyglsid in yogurt samples was estimated by
determining free amino groups, as reporteBig 3. Yogurt 2 displayed the highest amount of free
amino groups at the end of fermentation. Duringigefated storage, the amount of free amino
groups (expressed as mmol/L leucine equivalentseased significantlyR( < 0.05) in all samples,
suggesting a continuation of proteolytic activitegen at low temperature. In particular, the free
amino group content remained significantly higheryogurt 2 than yogurts 1 and 3 after 72 h of
refrigeration, whereas a significant increage<{ 0.05) in proteolytic activity was observed in
yogurt 1 compared to yogurt 2 and 3 starting frahdlof cold storage. A similar reduction of free
amino group content in co-culturing between staatet probiotic strains compared to starter yogurt
control was also observed by Ramchandran et ab7(2@nd it could be due to the higher demand
for free amino acids and peptides required to susite survival of both starter and probiotic LABs
compared to starter yogurt alone.

When probiotic yogurts were compared each othegusto2 (with L. casei PRA205)
overcame P < 0.05) yogurt 3 (with.. rhamnosus PRA331) in free amino group content at every
time point of cold storageF{g. 3). This result is congruent with the high protemlyactivities
previously observed fdr. casei strain PRA205 (Solieri et al., 2015) and with itghter stability in

cold conditions compared ®RA331 Fig. 2). SinceS. thermophilus viable counts were similar in
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yogurts 2 and 3, we supposed that the declirie bfilgaricus viability observed in yogurt 2 at low

temperature did not negatively affect the proteolgbtential of this probiotic yogurt.

3.4 Antioxidant activity

Protein hydrolysates can contain antioxidant pegtithat can protect the human body by
scavenging free radicals, such as reactive oxypgenias, and also increase shelf life of foodstuffs
by retarding the process of lipid peroxidation tilgb hydrogen atom or electron transfer
mechanisms (Pihlanto and Korhonen, 2014). To aealje scavenging capacity of TCA-soluble
extracts of yogurts, we used the ABTS assay andoaoed the antioxidant activities after yogurt
manufacturing and during cold storage with thathef positive control, trolox, a vitamin E analog
and known antioxidant. In order to confirm that theasured antioxidant activity was generated
during the fermentation, the absorbance of TCAldelextract of skimmed milk immediately after
inoculum was subtracted from that of the TCA-sadubktract from yogurts. The resulting values,
expressed agmol/L Trolox equivalents, are shown ig. 4. Generally, the antioxidant activities
increased significantlyR < 0.05) during storage in all yogurt batches wehpect to fermentation
end. A positive correlation between proteolytic &RITS scavenging activities was observed only
for probiotic yogurts 2R < 0.05, Pearson r = 0. 93) and B € 0.05, Pearson r = 0.94).
Furthermore, all yogurt samples exhibited varyiregrgées of scavenging capacities for ABTS
radicals, indicating differences in generated T@AuBle fractions of the yogurts. While yogurt 2
exhibited antioxidant activity similar to yogurtohly at the end of fermentation, yogurt 1 overcame
the probiotic yogurts in scavenging capacitiesA®TS radicals during refrigeration, suggesting
that the combination of starter and probiotic LABad to lower scavenger activity than starter
cultures alone at low temperatuféd. 4). However, yogurt co-fermented with PRA205 extabit
higher antioxidant values thgogurt co-fermented with PRA331, mainly at the ehdefrigeration
(Fig. 4). Previous works found that fermented milks anduwts produced using mixed cultures

showed a higher radical scavenging activity thalksrfiermented using a single strain (Virtanen et
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al., 2006; Sah et al., 2014). In our case, we @atdate that competition between starter and
probiotic cultures for free amino acids and peidey reduce the antioxidant peptide fraction in
yogurts 2 and 3. Moreover, the bioactivities of tpno hydrolysates depend upon a number of
factors, such as amino acid sequence, size anttsgwf the peptides, as well as on the types of
enzyme from the LAB, as specific proteases arelwaebin the hydrolysis of specific peptide bonds

(Sarmadi and Ismail, 2010).

3.5 Angiotensin-converting enzyme inhibitory activity

The search for ACEi activity is the most commonimoeltfor the selection of antihypertensive
peptides derived from milk proteins. Therefore, AGCietivity of TCA-soluble fractions was
determined for all yogurt batches at end of ferraton and during storage at 4 °Eld. 5).

Differently from those reported by previous auth{@®nkor et al., 2005; Sah et al., 2014),
the degree of ACE inhibition by yogurt produced @emented with probiotic organisms was not
always greater than that of the control yogurt ciimgy solely of the yogurt cultures. As expected
from the increase of proteolytic activities stagtitom the middle stage of refrigeration, control
yogurt overcame probiotic yogurts in ACEi percemtatyring cold storage, but not at the end of
fermentation Fig. 5). A similar difference between starter and prabidtatches was reported by
Donkor et al. (2005) which found that ACEi activitycreased from 70% to 90% in control yogurt
and decreased from 100% to 70% in probiotic yogudr 28 day refrigerated storage. Statistical
analysis revealed a slight positive and statidtigabt significant correlation (Pearsor= 0.73;P >
0.05) between the TNBS results and ACE inhibitiowljcating that the extent of ACE inhibition
might only partially depends on the extent of thetgolytic activity. In particular, despite enhance
of proteolytic activity during cold storag€&ig. 3), in yogurt 1 ACEi activity declinedP(< 0.05)
from 14 to 28 d of refrigeratior{(g. 5).

Overall, addition ofL. casei PRA205 in yogurt formulation led to enrichment ACEi

peptides higher thah. rhamnosus PRA331. According to previous work (Solieri et, &015),
14



strain PRA205 exhibited a basal ACEi activity imnagely after inoculum, which significantly
increased after 8 h of fermentation at 42°C. Readayk this ACEI activity did not significantly
change during cold storagP & 0.05). This result indicated that, despite tkeliding number of
live L. bulgaricus bacteria during refrigeratiorrig. 3), the proteinase-dependent activities of viable
S. thermophilus and L. casei PRA205 cells were enough to counterbalance thakdmwn of
peptides into free amino acids by proteolytic pagutes released from lysing cellsLobulgaricus.
Remarkably, yogurt 1, which displayed higher prbtgo activity than yogurt 2 in the late stage of
storage Fig. 3), showed ACEi percentages simil& X 0.05) to yogurt 2 after 28 d of refrigeration
(Fig. 6). Similarly, Donkor et al. (2007) and Papadimitriet al. (2007) found no significant
differences in ACEi activity between yogurt contag starter cultures and yogurt containing both
starter and probiotit.. paracasel cultures. Rojas-Ronquillo et al. (2012) observiedt t.. casel
Shirota ands. thermophilus released ACEi peptides during milk fermentation.

TCA-soluble peptides extracted from yogurt suppletee with PRA331 displayed a trend of
ACE inhibition markedly different from that obsedven probiotic strain PRA205F{(g. 5).
Differently from PRA205, strain PRA331 did not sh@amy ACEi activity after inoculum. The
maximum ACEi percentage was recorded after 72 tefoigeration, thereafter the values drop out
below the detection limits of the assay. Theseltesue in agreement with previous observations
that ACEi activity decreased when proteolysis esleeea certain level (Pihlanto et al., 2010). The
content of ACEi peptides appears to rely on a lmmahetween their formation and further
breakdown into inactive peptides and amino acidsfurn depending upon storage time and
conditions (lopez-Fandifio et al., 2006). The declineLinbulgaricus and L. rhamnosus viable
counts at low temperatureFif. 2, panels b and c) can contribute to the unbalance of
formation/degradation rate of ACEi peptides towartseir breakdown. The impact of
aminopeptidase (PepN) and X-prolyl dipeptidyl anpeptidase (PepX) activities of NSLAB has
been poorly explored, but we speculate that sonpidaeses ofL. rhamnosus may hydrolyze

oligopeptides, decreasing the content of ACEi missti Accordingly, irL. helveticus andLc. lactis
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the depletion of peptidases PepX and PepN incregageACEi activity during milk fermentation

due to the hindering of peptide degradation (Algagbal., 2004, Kilpi et al. 2007).

3.6 Characterization of VPP and |PP contents

During cold storage, yogurts 1 and 2 displayed éigACEi activity than yogurt 3.
Furthermore, probiotic PRA205 is a higher VPP aRB-lproducer than PRA331 (Solieri et al.,
2015). In order to get further insights into theéuna of bioactive peptides contributing to these
observed ACEi activities, we determined VPP an ¢BRtents on crude peptide fractions extracted
from yogurts 1, 2 and 3 after 3, 14 and 28 d afgefation. As shown ikig.6 (panel A), in control
yogurt 1 VPP amount was 334.3 £ 26.1 ug/L after & dold storage and increasdd € 0.05)
during cold storage reaching a concentration of318% 463.0 pg/L at the end of refrigeration
times. IPP concentration was much lower than VRPfallowed the same trend of increase as VPP
over storageKig. 6, panel B). A clear correlation was found betwdssn amount of VPP and IPP
and the proteolysis (Pearsor0.7748;P=0.0142) whereas no correlation was observed betiee
amount of these lactrotripeptides and the ACEi esjisuggesting that, in addition to VPP and IPP,
other peptides with ACEi activity are released dgryogurt manufacturing and cold storage.

In yogurts supplemented with eithler casei PRA205 orL. rhamnosus PRA331 amounts of
VPP and IPP were similaP (> 0.05) to that observed in starter yogurt afterd cold storageHig.
6, panels A and B). Similarly, Donkor et al. (200@ynd VPP and IPP in yogurts prepared either
using yogurt culturesL. bulgaricus and S thermophilus, or L. acidophilus, L. casei and
Bifidobacterium lactis in addition to yogurt culture. However, in our piatic yogurt 2, VPP
content increased from 3 to 28 d of refrigeratioma esser extenP(< 0.05) respect to the yogurt 1,
whereas IPP content did not change over storfaige §, panels A and B). Differently from yogurts
1 and 2, the amount of VPP and IPP in yogurt 3 neetbstable during the cold storage period.

At the end of the cold storage, the sum of VPPI&Rdin yogurt 1 (1684.3 + 477.7 ug/L) was

significantly < 0.05) higher than the sum of VPP and IPP foungogurt 2 (734.4 £ 15.2 pg/L)
16



and 3 (505.0 £ 36.4 ug/L). However, yogurt 2, contg the strain PRA205, showed significantly
higher amountR < 0.05) of the lactotripeptides respect to thewd@, containing PRA331, after
28 d of cold storage.

Results suggested that, despite all three yogarteaming VPP and IPP lactotripeptides, their
amount resulted from a complex and dynamic intgrpetween formation and breakdown, which
strongly depends on proteinase and/or peptidaseifisgg in the various microorganisms. In
yogurts containing multiple probiotic and starteitaeres, both the major requirements for amino
acids and peptides and the lower viabilityLobulgaricus can explain the observed lower values of

VPP and IPP.
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4. Conclusions

From the results presented in this work, probidticcasei PRA205 was able to remain
viable in cow milk yogurt after 28 d of storage &t°C with improved proteolysis, enhanced
antioxidant properties, and increased ACEi actigibynpared to probiotit. rhamnosus PRA331.
The results of this study indicated that additiémpmbiotic L. casei PRA205 into cow milk yogurt
manufacturing is an effective and scalable strateglevelop a bi-functional yogurt, which delivers
viable probiotic cells at concentrations highemtitlze probiotic threshold and displays health statu
through increased antihypertensive and radicalesuging capabilities. Furthermore, our work
highlighted how combination of starter and prolwatultures in dairy food fermentation resulted in
complex interactions, which are beyond the addifik@perties of single mono-cultures. Microbial
dynamics and competition for nutrients affect baatesurvivability, and shape metabolic bio-
functionalities, such as the release of antihypene and antioxidant peptides. Further studies are
required to understand routes of formation and atbgion of bioactive peptides in yogurt

fermentation carried out by multiple microbial cuks.
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Figure captions

Fig. 1. Experimental strategy for the preparation and characterization of bi-functional
yogurts. Panel A represents the rationale underlined theldpment of bi-functional yogurt, which
is enriched in VPP and IPP (stars) and, at the dame is carrier for potential probiotic cells
(circles) capable to survive under Gl stress. P&8ndetails the experimental steps performed for
preparing and characterizing bi-functional yoguwtsgurt starter cultureS. thermophilus strain 99
andL. bulgaricus strain 1932 are generally represented as triangleide L. casei PRA205 and..
rhamnosus PRA331 as circle and square, respectively. Ablaten: NC, negative control.

Fig. 2. Changes in bacterial viable counts during set-yogurt fermentation and cold
storage. Panels A and B represeftthermophilus (triangles) and.. bulgaricus (diamonds) viable
populations, expressed as CFU/g, in yogurts 1 Kbliae), 2 (gray line) and 3 (dotted black line)
after 8 h of fermentation and during cold storagspectively. Panel C represehtsasei PRA205
(circles) and.. rhamnosus PRA331 (squares) viable populations, express&tiFasg, in yogurts 2
(gray line) and 3 (dotted black line) after 8 hfefmentation and during cold storage. # meRnrs
0.05 respect to the previous time in each set-gygmurt; * meansP < 0.05 respect to set-type
yogurt 1 (control yogurt without probiotics).

Fig. 3. Proteolytic activity of TCA-soluble peptide fractions extracted from yogurts
after 8 h of fermentation and during 28-day long cold storage. Proteolytic activity values over
time are mean (& 2) + standard deviation (SD) and expressed as rantlicine equivalents.
Yogurts 1 (only yogurt starters), 2 (yogurt stastend probiotic PRA205) and 3 (yogurt starters and
probiotic PRA331) are colored in black, white amdyg respectively. Bars with different letters are
different from one anotherP(< 0.05) based on two-way ANOVA analysis of varianand
subsequent Tukey’'post hoc test; upper case letters, yogurt 1 (control withaobiotics); lower
case letters, yogurts 2 and 3 with probiotics. *#ansP < 0.01, *** mean< < 0.005 while **** p

< 0.0001# meand < 0.05 respect to the previous time in each ge-fogurt
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Fig. 4. Antioxidant activity of TCA-soluble peptide fractions extracted from yogurts.
Radical scavenging activity values over time areamén> 2) + standard deviation (SD) and
expressed agmol/L Trolox equivalents. Yogurts 1 (only yoguriagers), 2 (yogurt starter and
probiotic PRA205) and 3 (yogurt starter and prabi®@RA205) are colored in black, white and
gray, respectively. Bars with different letters aifferent from one anotheP(< 0.05) based on
two-way ANOVA analysis of variance and subsequemkéely’s post hoc test; upper case letters,
yogurt 1 (control without probiotics); lower casgtérs, yogurts 2 and 3 with probiotics. * me&ns
< 0.05, while **** P < 0.0001# meansP < 0.05 respect to the previous time in each ga-ty
yogurt.

Fig. 5. Angiotensin-converting enzyme inhibitory activity (ACEi) of TCA-soluble
peptide fractions extracted from yogurts. The extent ofin vitro ACE inhibitory activity was
calculated over time as a percentage meahn @). Yogurts 1 (only yogurt starters), 2 (yogurt
starters and probiotic PRA205) and 3 (yogurt staréad probiotic PRA331) are colored in black,
white and gray, respectively. Bars with differeettérs are different from one another< 0.05)
based on two-way ANOVA analysis of variance andsegbient Tukey'post hoc test; upper case
letters, yogurt 1 (control without probiotics); lewcase letters, yogurts 2 and 3 with probioti&s. *
meansP < 0.005, while **** P < 0.0001. # mearR < 0.05 respect to the previous time in each set-
type yogurt.

Fig.6. Concentrations of lactotripeptides VPP (panel A) and IPP (panel B) in
refrigerated yogurts. TCA soluble fractions were extracted from stayegurt 1 (black bars) and
probiotic yogurts 2 (white bars) and 3 (gray ba®gr 3, 14 and 28 days of cold storage. Values
(ng/L) are means of at least two independent regécat standard deviation (SD). Bars with
different letters are different from one anothr< 0.05) based on two-way ANOVA analysis of
variance and subsequent Tukeysst hoc test; upper case letters, yogurt 1 (control withou
probiotics); lower case letters, probiotic yogwetand 3. *** meansd® < 0.005, while **** P <

0.0001.
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Supporting Information

Table S1. Correlation curves of optical density (OD) versus cell count (CFU/mL) and
conversion factorsfor each bacterial strain.

Fig. S1. Proteolytic activities of mono-cultures during milk fermentation. Proteolytic
activity (expressed as mmol/L of leucine equivadgid measured during milk fermentation w&h
thermophilus 99 (black triangle)L. bulgaricus 1932 (empty triangle)l.. caset PRA205 (black
circles) and.. rhamnosus PRA331 (black squares).

Fig. S2. Yogurt acidification kinetics. Triangles represent yogurt 1 (starter cultuges
thermophilus 99 andL. bulgaricus 1932), whereas circles and squares yogurt 2 €stauituresS,
thermophilus 99 andL. bulgaricus 1932 and probiotic straih. casei PRA205) and yogurts 3
(starter culturesS. thermophilus 99 andL. bulgaricus 1932 and probiotic straih. rhamnosus
PRA331), respectively. Data are represented byntban (n = 3); error bars (when visible) show
standard deviation. * meafs< 0.05 respect to the yogurt 1 used as controh-iNoculated yogurt

maintained pH of 6.53 + 0.2 for all the fermentattone and was omitted from the figure.
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Table S1.

Strain

Corréation curve

Conversion factor

ODsoo=1 (CFU/mL)

. thermophilus 99

L. delbrueckii subspbulgaricus
1932

L. casei PRA205

L. rhamnosus PRA331

y=6*1Cx + 51C°

y=3*10"x-6-10°

y=8*10x-6-10°

y=5*10x - 210°

6.0510°

2.410

7.410

4.810°
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Figurel
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Figure S2
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